Threshold and Dynamics in

Semiconductor Quantum Well Lasers

Thesis by
Bin Zhao

In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

California Institute of Technology

Pasadena, California

1994
(Defended November 24, 1993)



11

©1994
Bin Zhao

All Rights Reserved



i1

To My Parents and Hua



iv

Acknowledgments

I am very grateful to my advisor Professor Amnon Yariv who led me into this
fascinating field of optoelectronics by not just providing the invaluable guidance to
my research but also having me as a teaching assistant in his courses throughout my
entire years at Caltech. His dynamic vision and keen physical insight provided me
invaluable supervision in my research. His encouragement and trust in my abilities
have been inspiring me over the years and will always be remembered and appreciated.
In his group I found the atmosphere and resources necessary for exciting research and
for my growth as an independent scientist. It truly has been both a privilege and a
rewarding experience to work in the creative atmosphere of his research group.

Special thanks to Professor T. R. Chen and Y. H. Zhuang who taught me the
liquid phase epitaxy, device fabrication and processing and collaborated with me on
many projects. I enjoyed the collaboration and the friendship.

I would like to express my appreciation to Yoshiro Yamada, John lannelli, Ali
Shakouri, John Kitching, Nao Kuze, Dr. Shuwu Wu and Jing Feng who closely
worked with me on different research projects over the years. I thank Dr. Steve
Sanders, Randy Salvatore, Thomas Schrans, Dr. Lars Eng, Richard Boyd, Yuanjian
Xu, Gilad Almogy, John O’Brien, Bill Marshall, Dr. Ya'akov Shevy and Dr. Amir
Sa’ar for laboratory assistance and fruitful discussions. I would like to thank Markus
Kajanto who first taught me the liquid phase epitaxy and Dr. Michael Mittelstein

who first introduced me to the quantum well lasers when I joined the Yariv group.



Special thanks to Dr. Moti Segev, Songo Yagi, and Gert Cauwenberghs for their
friendship, many discussions and suggestions beyond the research. Thanks are also
extended to Dr. Giora Griffel and Dr. Sidney Kan. I would like to express my
appreciation to Jana Mercado, Ali Gaffari, Kevin Cooper, and Desmond Armstrong
for the help I received during my stay with the group. Thanks are also extended to
many ;)ther current and former members of the group.

I have also received invaluable help from many other faculty, students and staff
at Caltech throughout the years. Especially I would like to thank Professor Kerry
Vahala for his encouragement and advise. Thanks are extended to Dr. Mike Newkirk,
Dr. Peter Sercel, Charles Tsai, Jianhui Zhou, Namkyoo Park and David Geraghty for
their laboratory assistance and/or fruitful discussions. Special thanks to Yixin Liu
and Dr. Frank Shi for many fruitful and stimulating discussions. I thank Professor
Noel Corngold for his kindly help and support of my attending an international
conference in Japan. The help and kindness of Paula Samazan and Larry Begay
are truly appreciated.

I would like to thank Professors Keqian Zhang, Bingkun Zhou and Yanbiao Liao
of Tsinghua University, China for their very important help and support when I was
trying to get permission from the university to study abroad then.

This thesis is dedicated to my mother, father and Hua, whose love, expectation,

and faith in me have always inspired me for achievement of excellence.



vi

Publication List

This publication list shows the work done at Caltech. Some subjects are not covered
in the content of this thesis.

1. Books

[1] B. Zhao, and A. Yariv, “Quantum Well Semiconductor Lasers,” a chapter in the
book Semiconductor Lasers, Academic Press, 1994, in process.

[2] H. Wu, F. Barnes, A. Yariv, B. Zhao, W. Wu, and R. Hoffmeister, “Solution
Manual for Optical Electronics, 4ed.,” Saunders College Publishing, 1991.

II. Journals

[3] B. Zhao, T. R. Chen, A. Shakouri, and A. Yariv, “Performance Improvement in
Quantum Well Lasers by Optimizing the Band Gap Offset at Quantum Well Hetero-
junctions,” Appl. Phys. Lett., vol.63, p.432, 1993.

[4] B. Zhao, T. R. Chen, S. Wu, Y. H. Zhuang, Y. Yamada, and A. Yariv, “Direct
Measurement of Linewidth Enhancement Factors in Quantum Well Lasers of Different
Quantum Well Barrier Heights,” Appl. Phys. Lett., vol.62, p.1591, 1993.

[5] B. Zhao, T. R. Chen, J. Iannelli, Y. H. Zhuang, Y. Yamada, and A. Yariv, “State
Filling Effect on Spectral Linewidth of Quantum Well Lasers,” Appl. Phys. Lett.,
vol.62, p.1200, 1993.

[6] B. Zhao, T. R. Chen, and A. Yariv, “A Comparison of Amplitude-Phase Coupling
and Linewidth Enhancement in Semiconductor Quantum Well and Bulk Lasers,”

IEEE J. Quantum Electron., vol.QE-29, p.1027, 1993.



vii
[7] T. R. Chen, B. Zhao, L. E. Eng, Y. H. Zhuang, J. O’Brien, and A. Yariv, “Very
High Modulation Efficiency of Ultralow Threshold Single Quantum Well InGaAs
Lasers,” Electron. Lett., vol.29, p.1525, 1993.
(8] T. R. Chen, L. E. Eng, B. Zhao, Y. H. Zhuang, and A. Yariv, “Strained Single
Quantum Well InGaAs Lasers with a Threshold Current of 0.25 mA,” Appl. Phys.
Lett., vol.63, p.2621, 1993.
[9] B. Zhao, T. R. Chen, Y. Yamada, Y. H. Zhuang, N. Kuze, and A. Yariv, “Evi-
dence for State Filling Effect on High Speed Modulation Dynamics of Quantum Well
Lasers,” Appl. Phys. Lett., vol.61, p.1907, 1992.
[10] B. Zhao, T. R. Chen, and A. Yariv, “The Gain and Carrier Density in Semi-
conductor Lasers Under Steady-State and Transient Conditions,” IEEE J. Quantum
Electron., vol.QE-28, p.1479, 1992.
[11] B. Zhao, T. R. Chen, and A. Yariv, “Effect of State Filling on the Modulation
Response and the Threshold Current of Quantum Well Lasers,” Appl. Phys. Lett.,
| vol.60, p.1930, 1992.
[12] B. Zhao, T. R. Chen, Y. Yamada, Y. H. Zhuang, and A. Yariv, “Modulation and
Spectral Dynamics in Semiconductor Quantum Well Lasers,” Lasers and Optoelec-
tronics, Proc. SPIE, vol.1979, p.334, 1992.
[13] B. Zhao, T. R. Chen, Y. H. Zhuang, A. Yariv, J. E. Ungar, and S. Oh, “High-
Speed Operation of Very Low Threshold Strained InGaAs/GaAs Double Quantum
Well Lasers,” Appl. Phys. Lett., vol.60, p.1295, 1992.

[14] B. Zhao, T. R. Chen, and A. Yariv, “The Extra Differential Gain Enhancement



viii
in Multiple Quantum Well Lasers,” IEEE Photon. Tech. Lett., vol.4, p.124, 1992.
[15] T. R. Chen, B. Zhao, L. Eng, Y. H. Zhuang, and A. Yariv, “New Achievement in
Ultralow Threshold Lasers,” Lasers and Optoelectronics, Proc. SPIE, vol.1979, p.325,
1992.
[16] T. R. Chen, B. Zhao, Y. Yamada, Y. H. Zhuang, and A. Yariv, “Modulation
Bandwidth Enhancement in Single Quantum Well GaAs/AlGaAs Lasers,” Electron.
Lett., vol.28, p.1989, 1992.
[17] B. Zhao, T. R. Chen, and A. Yariv, “On the High Speed Modulation Bandwidth
of Quantum Well Lasers,” Appl. Phys. Lett., vol.60, p.313, 1992.
[18] T. R. Chen, B. Zhao, Y. H. Zhuang, A. Yariv, J. E. Ungar, and S. Oh, “Ultralow
Threshold Strained Layer InGaAs Multi-Quantum Well Lasers,” Appl. Phys. Lett.,
vol.60, p.1782, 1992.
[19] T. R. Chen, Y. H. Zhuang, Y. J. Xu, B. Zhao, A. Yariv, J. E. Ungar, and S. Oh,
“Second Quantized State Oscillation and Wavelength Switching in Strained-Layer
Multiquantum-Well Lasers,” Appl. Phys. Lett., vol.60, p.2954, 1992.
[20] B. Zhao, T. R. Chen, and A. Yariv, “Comparison of Differential Gain in Single
Quantum Well and Bulk Double Heterostructure Lasers,” Electron. Lett., vol.27,
p.2343, 1991.
[21] T. R. Chen, L. Eng, B. Zhao, Y. H. Zhuang, S. Sanders, H. Morkog, and
A.Yariv, “Submilliamp Threshold Current Strained Layer InGaAs/GaAs Quantum
Well Lasers,” IEEE J. Quantum Electron., vol.QE-26, p.1183, 1990.

[22] T. R. Chen, B. Zhao, Y. H. Zhuang, A. Yariv, H. Blauvelt, and N. Bar-Chaim,



ix
“High-Power and High-Frequency Operation of InGaAsP/InP Lasers at 1.3 pm,”
Fiber and Integrated Optics, vol.9, p.347, 1990.
[23] L. Eng, T. R. Chen, S. Sanders, Y. H. Zhuang, B. Zhao, A. Yariv, and H.
Morkog, “Submilliamp Threshold Current Pseudomorphic InGaAs/AlGaAs Buried-
Heterostructure Quantum Well Lasers Grown by Molecular Beam Epitaxy,” Appl.
Phys. Lett., vol.55, p.1378, 1989.
II1. Conferences
[24] B. Zhao, T. R. Chen, A. Shakouri, and A. Yariv, “Optimization of Bandgap
Offset at Quantum Well Heterojunction for Better Performance in Quantum Well
Lasers,” The Conference on Lasers and Electro-Optics, Baltimore, 1993.
[25] T. R. Chen, B. Zhao, L. E. Eng, Y. H. Zhuang, and A. Yariv, “5 GHz/mA'/?
Modulation Bandwidth in Ultralow Threshold Semiconductor Quantum Well Lasers,”
The Conference on Lasers and FElectro-Optics, Baltimore, 1993.
[26] B. Zhao, T. R. Chen, S. Wu, Y. H. Zhuang, Y. Yamada, and A. Yariv, "Ob-
servation of Large Variation in Linewidth Enhancement Factor of Quantum Well
Lasers,” The Optical Fiber Communication Conference and International Conference
on Integrated Optics and Optical Fiber Communication, San Jose, 1993.
[27] B. Zhao, T. R. Chen, Y. Yamada, Y. H. Zhuang, J. lannelli, and A. Yariv,
“State Filling and Dynamics in Semiconductor Quantum Well Lasers,” The DARPA
Optoelectronics Material Center Review, Pasadena, 1993.
[28] B. Zhao, T. R. Chen, J. Iannelli, Y. H. Zhuang, Y. Yamada, and A. Yariv,

“Influence of Quantum Well Barrier Height on the Amplitude-Phase Coupling and the



Spectral Linewidth in Quantum Well Lasers,” The Annual Meeting of IEEE Lasers
and FElectro-Optics Society, Boston, 1992.

[29] T. R. Chen, B. Zhao, Y. Yamada, Y. H. Zhuang, and A. Yariv, “Modulation
Bandwidth Enhancement in Single Quantum Well GaAs Lasers Through a Novel
Design of Graded Index Separate Confinement Heterostructure,” The Annual Meeting
of IEEFE Lasers and Electro-Optics Society, Boston, 1992.

[30] B. Zhao, T. R. Chen, Y. Yamada, Y. H. Zhuang, N. Kuze, and A. Yariv, “The-
oretical and Experimental Investigation of the Effect of State Filling on High Speed
Modulation Dynamics of Quantum Well Lasers,” The 13th IEEE International Semi-
conductor Laser Conference, Takamatsu, Japan, 1992.

[31] B. Zhao, T. R. Chen, Y. H. Zhuang, and A. Yariv, “Dynamics in Semiconductor
Quantum Well Lasers,” The International Conference on Lasers and Optoelectronics,
Beijing, China, 1992.

[32] T. R. Chen, B. Zhao, L. Eng, Y. H. Zhuang, and A. Yariv, “Very Low Threshold
and Very High Speed Single Quantum Well InGaAs/AlGaAs Lasers,” The 13th IEEE
International Semiconductor Laser Conference, Takamatsu, Japan, 1992.

[33] B. Zhao, T. R. Chen, Y. Yamada, Y. H. Zhuang, N. Kuze, and A. Yariv, “In-
vestigating the State Filling Effect in Quantum Well Lasers,” The Annual Meeting of
Optical Society of America, Albuquerque, 1992.

[34] T. R. Chen, B. Zhao, L. Eng, Y. H. Zhuang, and A. Yariv, “Recent Develop-

»

ment in Ultralow Threshold Semiconductor Lasers,” The International Conference

on Lasers and Optoelectronics, Beijing, China, 1992.



xi

[35] T. R. Chen, B. Zhao, Y. H. Zhuang, Y. J. Xu, A. Yariv, J. E. Ungar, and S. Oh,
“Wavelength Switching Between First and Second Quantized States in Multiquantum
Well Lasers,” The 8th Interdisciplinary Laser Science Conference, Albuquerque, 1992.
[36] B. Zhao, T. R. Chen, and A. Yariv, “Fundamental Examination of Gain, Dif-
ferential Gain and Modulation Dynamics in Bulk and Quantum Well Lasers,” The
Conference on Lasers and Electro-Optics, Anaheim, 1992.

[37] B. Zhao, T. R. Chen, and A. Yariv, “State Filling and Modulation Dynamics in
Quantum Well Lasers,” The 9th IEEE/LEOS Semiconductor Laser Device Physics
Workshop, Anaheim, 1992.

[38] B. Zhao, T. R. Chen, Y. H. Zhuang, A. Yariv, J. E. Ungar, and S. Oh, “High Speed
Operation of InGaAs/GaAs Strained Dual Quantum Well Buried Heterostructure
Lasers,” The Annual Meeting of IEEE Lasers and FElectro-Optics Society, San Jose,
1991.

[39] T. R. Chen, B. Zhao, Y. H. Zhuang, A. Yariv, J. E. Ungar, and S. Oh, “Very
Low Threshold Strained Layer InGaAs Double Quantum Well Lasers,” The Annual
Meeting of IEEE Lasers and Electro-Optics Society, San Jose, 1991.

[40] B. Zhao, T. R. Chen, and A. Yariv, “Ultimate Modulation Bandwidth in Semi-
conductor Quantum Well Lasers,” The Annual Meeting of Optical Society of America,
San Jose, 1991.

[41] T. R. Chen, L. Eng, Y. H. Zhuang, B. Zhao, S. Sanders, H. Morkog, and A. Yariv,
“Submilliamp Threshold Current Strained Layer InGaAs Quantum Well Lasers, In-

ternational Conference on Lasers ‘89, New Orleans, 1989.



Abstract

The application of semiconductor lasers to optical communications and intercon-
nects requires low threshold current, high-frequency modulation, and low-noise char-
acteristics. Quantum well (QW) lasers have received considerable attention due to the
demonstrated low threshold current, predicted superior modulation and spectral dy-
namics due to the reduction of active layer thickness and corresponding modification
of density of states for the injected carriers in the extremely thin active region. How-
ever, in comparison with their bulk counterparts - double heterostructure (DH) lasers,
quantum well lasers have not experimentally demonstrated significant improvement
in the modulation bandwidth especially in the case of single quantum well (SQW)
lasers.

In a practical quantum well structure, the separate confinement heterostructure
(SCH) is usually used to confine the optical field in the waveguide and the injected
carriers in the quantum well region. The fundamental Fermi-Dirac statistics results
in that, in addition to the carrier population in the quantum well region, there is
also a significant carrier population in the optical confining region. In the previ-
ous differential gain evaluations, the carrier population in the energy states in the
optical confining region of the separate confinement heterostructure (referred as the
state/band filling effects in QW lasers) was omitted.

The state filling effects are, in principle, inherent in any QW structure due to

the Fermi distribution of the injected carriers. A re-evaluation of differential gain
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for typical GaAs/AlGaAs QW and DH bulk lasers with consideration of state filling
shows that (i) there is no differential gain enhancement in SQW lasers in comparison
to the bulk lasers; (ii) there is an additional differential gain enhancement in multiple
quantum well (MQW) lasers stemming from the reduction of state filling. These
conclusions are consistent with the experimental results of high speed modulation
bandwidth in semiconductor lasers.

These theoretical and experimental investigations provide useful guides in design
of QW lasers of ultra-high performance. Using these design criteria, strained InGaAs
MQW buried heterostructure (DH) lasers have been fabricated. These lasers have
demonstrated record low lasing threshold currents (0.25 mA) and high speed at low
operation current (3dB bandwidth of 5 GHz at 2.1 mA). These lasers are potentially

important for optical interconnects and local area network communication systems.
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Chapter 1

Introduction

1.1 Semiconductor Lasers

Since their invention in the early 1960s [4,5,21,30], semiconductor lasers have found
many applications such as cable TV signal transmission, telephone and image trans-
mission, computer interconnects and networks, compact disk (CD) player, code read-
ing in supermarkets and libraries, laser printers, two-dimensional display panels,
erasable optical data and image storage, and medical, welding and spectroscopic
applications. Semiconductor lasers have assumed an important technological role
and become the most important class of lasers. The main reasons behind this major
surge in the role played by semiconductor lasers are major improvements in their
performance specially in threshold current, direct current modulation speed, spectral
linewidth, optical output power and so on.

As shown in Figure 1.1, a semiconductor laser is basically a p-i-n diode. When it



is forward-biased, electrons in the conduction band and holes in the valence band are
injected into the intrinsic region (also called the active region) from the n-type doped
and the p-type doped regions, respectively. The electrons and the holes accumulate
in the active region and are induced to recombine by the lasing mode optical field
present in the same region. The energy released by this process (a photon for each
electron-hole recombination) is added coherently to the optical field (laser action). In
conventional bulk semiconductor lasers, as shown in Figure 1.1 and Figure 1.2(a) a
double heterostructure (DH) is used to confine the injected carriers and the optical
field to the same spatial region thus enhancing the interaction of the charge carriers
with the optical field.

It was showed that in order for optical radiation at frequency v to experience gain
(amplification) rather than loss in a semiconductor medium, the Fermi energy sepa-
ration for electrons and holes in the medium must exceed the photon energy kv [4,5].
To achieve this state of affairs for lasing, a certain minimum value of injected car-
rier density NN, (transparency carrier density) is required. This transparency carrier
density is maintained by a (transparency) current to a semiconductor laser, which is
usually the major component of the threshold current of a semiconductor laser and

can be written as

In=Jywl (1.1)

where w is the laser diode width and L is the laser cavity length as shown in Figure 1.1.
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Figure 1.1: A schematic description of a semiconductor laser diode (a) the energy
band structure of a forward-biased double heterostructure laser diode; (b) the spatial

profile of the refractive index which is responsible for the dielectric waveguiding of

the optical field; (c) the intensity profile of the fundamental optical mode.
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Jir 1s the transparency current density which can written as

CNt.,-d

Tsp

Jtr = (12)

where e is the fundamental electron charge, d is the active layer thickness, and 7,,
is the spontaneous lifetime for electron-hole recombination at N;. (1.1) and (1.2)
indicate the major strategies to reduce the threshold current of a semiconductor laser:
(i) reduction in the dimensions of the laser active region (w, L, d); (ii) reduction in
the necessary carrier density inversion Ny for the required Fermi level separation;
(iii) reduction of the carriers’ spontaneous decay rate (increase in 7,,). Each of these
strategies has stimulated research and technical efforts in semiconductor lasers. For
example, pursuing (i) has resulted in the generation of quantum well, quantum wire,
quantum dot, and micro cavity semiconductor lasers; pursuing (ii) has resulted in
electronic band structure engineering for the active region of semiconductor lasers,
such as the valence band effective mass reduction and large sub-band separation due
to the addition of strain and different substrate orientation; pursuing (iii) has led
to the research in squeezing and control of the spontaneous emission in micro cavity

semiconductor lasers.

1.2 Quantum Well Semiconductor Lasers

In conventional bulk semiconductor lasers, as shown in Figure 1.1 and Figure 1.2(a),
a double heterostructure (DH) is used to confine the injected carriers and the optical

field to the same spatial region thus enhancing the interaction of the charge carriers



with the optical field.

As shown in (1.2) a reduction in the active layer thickness d will lead to a reduction
in the transparency current density which is the major component of the threshold
current density. As the active layer thickness d is reduced from ~ 1000 A in con-
ventional DH lasers by an order of magnitude to, say, below 100 A, the threshold
current density, hence the threshold current, should be reduced by roughly the same
order of magnitude. However, as d approached the 100 A region, the structure shown
in Figure 1.2(a) cannot confine the optical field any more. To effectively confine a
photon or an electron, the feature size of the confinement structure needs to be com-
parable to their wavelengths. Thus, a separate confinement heterostructure as shown
in Figure 1.2(b) is needed. The injected carriers are confined in the active region of
quantum size in the direction perpendicular to the active layer while the optical field
is confined in a region with size comparable to its wavelength. The active layer is a,
so called, quantum well and the lasers are called quantum well (QW) lasers.

In addition to low threshold current, there are other performance characteristics
which are important. In Figure 1.3, are shown the schematic structures for bulk,
quantum well, quantum wire and quantum dot and their corresponding carrier den-

sity of states. The opticzﬂ properties of these structures strongly depend on the carrier

density of states. Since the carrier density of states is strongly structure dependent,
use of these different structures in semiconductor lasers thus results in different per-
formance characteristics.

The electrons and the holes in the QW display quantum effects evidenced mostly
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Figure 1.3: Schematic structures and corresponding carrier density of states (DOS) for
three-dimensional (3D) bulk, two-dimensional (2D) quantum well, one-dimensional

(1D) quantum wire and zero-dimensional (0D) quantum dot.



by the modification in the carrier density of states. In addition to the threshold
current reduction due to the scaling down of the active region in QW lasers, these
quantum effects greatly modify other device performance features. These include
modulation and spectral dynamics, radiation polarization, ultra short optical pulse
generation, as well as lasing wavelength tuning and switching.

Many of these technical achievements are based on joint progress in material
growth technologies and theoretical understanding of the quantum well lasers. The
pioneering work using the techniques of molecular beam epitaxy (MBE) [11,12,35,36,
52] and metal organic chemical vapor deposition (MOCVD) [15,16,17,18] to grow ultra
thin layers, on the order of ten atomic layers, for quantum well laser structures has
paved the way for the development of this new type of semiconductor lasers. In the
meantime, the improved theoretical understanding and corresponding experimental
investigations [43,22,9,18,6,1,5,56,15] in the properties of quantum well lasers have
speeded up the development.

Very low threshold current density and threshold current have been demonstrated
in QW lasers [52,11,17,9,19,7,16,2,58,63,11,4]. It has been theoretically predicted
that the differential gain should be enhanced by a factor of at least 2~4 in the QW
lasers and this differential gain enhancement would be independent on the number of
quantum wells [9,1,5]. The consequence of the differential gain enhancement is the
improvement of the high speed modulation bandwidth. However, high speed modula-
tion experiments to date indicate no significant improvement in QW laser modulation

bandwidth compared to DH lasers. In Figure 1.4, it is shown the highest modula-



tion bandwidth demonstrated in the semiconductor lasers of different materials and
different structures [26,17,59,40,41,32,33,29,36,30,13]. There exist two definite trends
in these lasers. First, in comparison to the bulk counterpart, the unstrained SQW
lasers do not show significant improvement in the modulation bandwidth. Secondly,
the use of MQW as active region leads to improvement in the modulation bandwidth
over the SQW counterparts. These two facts are contrary to the previous theoretical
predictions on modulation bandwidth in the QW lasers, and this motivated part of

the work in this thesis.

1.3 Outline of the Thesis

In Chapter 2, we discuss the fundamental issues essential to understand the behavior
of injected carriers in a semiconductor medium and how these injected carriers interact
with an optical field. We first state some elementary results about the electronic band
structures, i.e., the electronic states available for the injected carriers to occupy in
a semiconductor medium. Then, we discuss how these electronic states are occupied
by the injected carriers, i.e., the carrier distribution functions under the presence
of a optical field. Finally, we describe the optical transitions due to the interaction
between the injected carriers and an optical field. The discussions in this chapter are
very general so that they are applicable to various semiconductor laser structures,
i.e., bulk, quantum well, quantum wire structures.

In Chapter 3, the basics necessary to understanding the properties of QW lasers
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Experimental Achievements in High-Speed Semiconductor Lasers

3QW Bulk 6QW 7QW SQW  4QW  4QW
strain strain  strain  strain
p-doped p-doped
GaAs/AlGaAs InGaAsP/InP InGaAs/AlGaAs

1. Why no significant improvement in QW lasers?

2. Why MQW is superior to SQW?

Figure 1.4: The highest modulation bandwidth demonstrated in the semiconductor

lasers of different materials and different structures.
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are discussed. The modifications of transition matrix elements and density of states
in QW structures due to the quantized effects of injected carriers are discussed.

The physics specific to the threshold current and modulation bandwidth of QW
lasers is addressed in Chapter 4. It is found both theoretically and experimentally
that the state/band filling (the carrier population on the energy states in the optical
confining region of the separate confinement heterostructure) has significant influence
on the modulation dynamics. These conclusions are very consistent with the experi-
mental results of the high modulation bandwidth in semiconductor lasers and provide
very useful guides in design of QW lasers of ultra-high performance.

Using design criteria inspired by the arguments in Chapter 4, strained InGaAs
MQW buried heterostructure (BH) lasers have been fabricated for high performance.
The results are presented in Chapter 5. The lasers have demonstrated record low
lasing threshold current (0.25 mA) and high speed at low operation current (3dB
bandwidth of 5 GHz at 2.1 mA). These lasers are potentially important for optical

interconnects and local area network communication systems.
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Chapter 2

Fundamentals in Semiconductor

Laser Structures

Before dealing with the optical properties of a semiconductor medium or a semicon-
ductor laser structure, it is essential to understand the behavior of injected carriers
in a semiconductor medium and how these injected carriers interact with an optical
field. In this chapter, we first state some elementary results about the electronic band
structures, i.e., the electronic states available for the injected carriers to occupy in a
semiconductor medium. Detailed treatment of this topic can be found in numerous
references dealing with the wave mechanics of solids. Then, we discuss how these
electronic states are occupied by the injected carriers, i.e., the carrier distribution
functions under the presence of a optical field. Finally, we describe the optical transi-
tions due to the interaction between the injected carriers and an optical field. We will

make the discussions in this chapter as general as possible so that they are applicable
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to various semiconductor laser structures, t.e., bulk, quantum well, quantum wire and

quantum dot structures.

2.1 Electronic States in a Semiconductor Struc-

ture

In a semiconductor medium, the wavefunction of an electron in a given band is a
solution of the Schrédinger equation

Hoput Wa(6) = [ 4 U,0) + U 0a0) = B alr) (21

where p = —1hV is the momentum operator, my is the free electron mass, U,(r) is the
periodic potential of the bulk semiconductor crystal U(r) is the additional potential
(e.g., the potential due to the quantum well), and n designates the corresponding

band. If U(r) = 0, the solution to Eq.(2.1) is the Bloch function:

U, k() = uni(r) %e*‘” (2.2)

where u, x(r) has the periodicity of the crystalline lattice, k = k. X+ k,¥ + k.2 is the

wavevector of the electron, k, is quantized as

[\

ko=

= 2.3
q ] Lq bl ( )

Jj is an integer, L, is the length of the crystal in the ¢ direction (¢ = z,y,2) and

V =1L, -L,-L,. The functions ¥, x(r) form a complete set. For U(r) # 0, the
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solution of (2.1) can be written as an expansion in the basis set ¥, x(r)

Bult) = 3 Fnll) i) \/Lve*k* : (2.4)

Note any periodic function can be expanded by the Bloch functions at the band edge

(k = 0) which are complete with respect to periodic functions:

Uy k(T) = ;cmz(k) wo(r) . (2.5)

Therefore
\I/n(!‘) = Z@I(r) um(r) = Z q)l(l‘) ul(r) (26)
where

Bi(r) = 3 F(K) cru(k) —e™” (2.7)
mk

is called as the envelope functions. u;o(r) = w/(r) satisfies
<ui(r) |up(r) >= = [y v () de = G (2.8)
Q Jeell ’

where ) is the volume of the unit cell. In the envelope function approximation,
which has assumed that ®;(r) varies slowly within one unit cell of the crystal, a k-p
approximation up to the second order of the wave vector shows that the ®;(r) are

governed by a set of coupled Schrodinger equations [7,8,5,6]

Z{Z[Dﬁf"(—iaa)(—iaa')] + 6wU(r)}®u(r) = [En — Ep)®i(r) (2.9)

U oo
where 0, = 585, ({a} = {z,y,2}), Ey is the energy of a free electron in the semi-
conductor medium at the band edge (i.e., for U(r) = 0 and k = 0). D§ are a set

of constants depending on the crystal symmetry, the choice of the coordinate system
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and the basis functions {u;}. The symmetry of the crystal, proper choices of the
coordinate system and {w;} will significantly simplify (2.1) since many of the D§*’
vanish.

If 0U/3q = 0 but 9U/ds # 0 where {q,s} = {z,y, z}, the envelope functions can

be written as

®(r) = D4, 4,(s) ket (2.10)

q

®,, x,(s) satisfy

S ANIDE (=i8a)(—i0u)] + 6uU(r)}Puy by (s) = [En(ky) = Enol®r,i,(s)  (2.11)

I aal
with —i0, is replaced by k,.

The above argument is general in the sense that it applies to various semiconductor
structures, such as bulk, quantum well, quantum wire and quantum dot structures.
In Table I, we show how to choose the coordinates in the analysis for these different
structures. E,(k,) can be obtained by solving (2.11). Essentially, knowledge of the
dependence of E, (k,) gives the description of the electronic states in a given band of
a semiconductor structure.

If the band-to-band coupling is very weak and negligible, as is the case for electrons

in the conduction band, the wavefunction can be written as a single term

1 .
Wa(r) = n(r) D, () et (2.12)
9
where @, ; (s) satisfies the Schrodinger equation
R h?
T k2 L U(8)] @y (5) = [Balky) = Eug) @up(s)  (213)

_an ds?  2m,
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_1_ otk Fa "

Structure q VL, s 32

1 oilkaxrhyy+ka)

Bulk Xyz VL. L, L. / / "

1 ei(k,gc«t—lcyy) 32
Quantum Well | xy VL. L, z 32, H
1 ety _ai . _3_2_ "

Quantum Wire | VL, Xz FONE
L ¥

Quantum Dot / / xXyz 5—2;+:9;;+5ZJ]

Table 2.1: The coordinates choice in analysis of energy band structures in bulk,

quantum well, quantum wire and quantum dot semiconductor structures.
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or

h? 5?
2mn -5;3—5 + U(S)] Qnaykq(s) = Eﬂa Qﬂaykq(s) 3 (2'14)

[_
where the electron energy is

h2

2m,

E,.(k)) = E,, + Eno + k? (2.15)

q

so that E,, is the quantized energy due to the potential U(s). (2.15) shows that
E.(k,) is parabolic in k,. The constant m, is the effective mass of the electron (or
hole) in the n band. The electronic band structure [E,(k,) relation] is characterized
by the constant of effective mass m,, and E,o+ E,,,. This is the well known parabolic
band approximation.

If the band-to-band coupling (such as that in the degenerate valence bands) is
taken into account, The E,(k,) relation in these bands can be obtained by solving
the coupled Schrédinger equations (2.9) or (2.11). The E,(k,) is no longer parabolic

and the band structures are more complicated.

2.2 Carrier Distribution Functions and the In-

duced Polarization

In the previous section, we discussed the electronic states in a semiconductor struc-
ture. In the following we will discuss the interaction between an optical field and the
carriers occupying these electronic states.

In the presence of an optical field in a semiconductor medium, the Hamiltonian
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of the Schrodinger equation (2.1) H,,ysa changes to

[p + eA(r,t)]?

H =
2m0

+ Up(r) + U(I‘) = Hcrystal + HI (216)

where A(r,t) is the vector potential of the optical field (V - A(r,t) = 0, Coulomb
gauge), and the interaction Hamiltonian is

2

1o £ D - 2 & :
H = moA(r,t) p+ S |A(r,1)| mOA(r,t) pP- (2.17)

The |A(r,t) |? term yields zero matrix elements for interband transitions due to the
fact that < u; |up >= 0(I # I’ and that A(r,t) varies slowly within one unit cell of

the crystal.

It can be shown that the interaction Hamiltonian H’ can also be written as [9,12]
H = — (—er)-E(r,t) = 4 - E(r,t) (2.18)

where E(r,t) = —0A(r,t)/0t = E(r,t)a is the optical field and & is the unit vector
along the direction of the optical field polarization.

The semiclassical theory is used here to treat the interaction between the semi-
conductor medium and the optical field. The carriers in the semiconductor medium
are described quantum mechanically by the Schrodinger equation. The optical field
1s described classically by the Maxwell equations. The transition matrix element for
the optical field induced transition of an electron from the conduction to the valence

band, or in reverse, is

H, = <V,|i|¥ > Er,t) (2.19)
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e'Fect gy

e ¥ (A1) u(r)®,, k.. (s
\/E‘; ( ) ( ) sc,kq ( ) \/'L_q

x E(r,t) .

= ¢ [u(02;, 4,.(5)

Notice that ®,,, x,(s) and e*«9 (I = ¢, v) vary slowly within one unit cell of the crystal

and <u,(r)|uc.(r)> =0, so that

H), = e<u,(r)|a-r|ul(r)> (2.20)

"'kqvq Q'n'.sc ch(s) __etkqu dr g(r’ t)

/‘I’nw koo (S) _\/"'-"'; , \/Z:

where

<up(r) [a-rlug(r)> = = [ wi(r) & r ud(r) dr . (2.21)
Q Jeell

(2.20) indicates that H!, = 0 unless
kgy = koe = ky . (2.22)

(2.22) is a necessary condition for band-to-band optical transition in a semiconductor

structure and is called “k-selection rule.” The transition matrix element becomes
H) = (&) E(r,t) (2.23)
where
i(&) = e <uy(r)|a-r|ur / 4 (8) Bopopy(s) ds (2.24)
and & represents the quantum numbers {ky, 14y, N4}, sy and n,. are the quantum

numbers associated with the wavefunctions &, (s) and ®,,. i, (s) in the s direc-

tion(s), respectively, which are determined by the potential U(s).
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We assume a single mode monochromatic optical field propagates along the y
direction, in which direction there is no spatial variation in the potential U(r), i.e.,
oU/dy = 0,

E(r,1) = % £, €= 4 cc (2.25)

then

H! == ji(@) [ &P 4 cc) (2.26)

o=

where 3 is the propagation constant and w is the optical frequency.

The density-matrix formalism is used to obtain the carrier distribution functions
- the probabilities that carriers occupy these states in a semiconductor medium in the
presence of an optical field. We use the density-matrix formalism for two-level systems
[9,12] and treat the semiconductor active medium as an ensemble of two-level systems
[13] with quantum number n,. and n,, and a rigorous k-selection rule applied to the
recombining electron-hole pairs, i.e., ke = kg = k;. We rewrite the density-matrix
equations in terms of the distribution (occupation) functions for electrons p..(&), and

holes pj,(@), in the presence of an optical field

Lpul@)) = HHL po@) — ) - 2= (2.27)

Lip(@)] = LIH., pn(@) - c.c) - 220 (2.28)

Llpal@)] = LHS [pe(@) + pun(@) = 1] (2:29)
B, p(@) - per(&)
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where
1
fe = fe(kgyne, Fe) = —— (2.30)
q exp(Ec kk,B?ls Fg) + 1
and

1
= k ,TL,.U,F =
fh fh( q h) eXp(Eh!kg,;:;:!_Fh) +1

(2.31)

are the quasi-Fermi distributions that the electrons and the holes tend to relax to
in the absence of the optical field perturbation, E.(k,,n,) and Ex(k,,n,,) are the
energy of an electron and a hole with wavevector k, and quantum numbers n,. and
ns, respectively, F. and F}, are the quasi-Fermi energy levels for electrons and holes
respectively, pe, (&) is the off-diagonal (electron-hole) density matrix element, Ej is
the transition energy of a electron-hole pair with wavevector k, and quantum numbers
ns. and n,,, T and 7, are the intraband relaxation times for electrons in the conduc-
tion band and holes in the valence band respectively, T, is the interband dephasing
time.
pee(@) and pyx(&) can be obtained from Eq.(2.27)-(2.29) as [13]

L(E - Ea) &

Te

Pee(&)=fe“7_ +Th[fe+fh_1]].+£(E—-E')£' (232)
€ o Ps
L(E —E)E
pri(@) = fr = = :frh [fe + fn — 1]1 +(£(E - ;f";f_ (2.33)
[4 o }).s
where
‘C(E - E&) = E%z/[E%z + (E - E&)z] 3 (2'34)

Eg, = h/T,, E = hw is the photon energy of the optical field, P = 1e,n?|&*/E is

the photon density, P, = he,n2/[| (&) E(7. + 74)T2], and n, is the refractive index.
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Eqgs.(2.32) and (2.33) show that the presence of optical field causes spectral “holes”

in the Fermi-like distributions. The spectral “holes” are the terms involving P.

The solution for p.(é&) is

1 ! '
I U 3 . i{(By—wt)
pen(&) = —5 " (&)[pec(@) + pin(&) 1](E — Es) +1Eg, boe '

The induced polarization can be written as

Pin(r3t) = %Pin,o ei(ﬁy*m) + c.c.

= T i(-i/V)]=-% %”(—’;g{pem A(&) + cc)

50D 12 )12 (@) + pan(@) — 1]

goei(ﬁy—wt)

X

(E — E3) + iEr,

1 , e
= 5 et +ix)Ee M e

where V(&) is the confinement volume of electrons and holes and

1 [r inside V(a)]
{(r,&) =
0 [r outside V(a) ]

(2.35)

(2.36)

(2.37)

Thus the susceptibility x = x,+tx; can be obtained. The real part (x,) and imaginary

part (x;) of the susceptibility can be written as

Xr = =2 f(;(z)) |2(&)|? [pee(&) + pru(&) — 1] Lr(Es — E)
=~ X L@ (e + pua(@) ~ 1] £i(Es - )

(2.38)

(2.39)
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where

Es—E
L,(E;—E) = Bt (B, 7 (2.40)
L(E;—E) = Er, : (2.41)

E} + (Es — E)?

2.3 Optical Transitions and Gain Coefficients

In section 2.2 we have obtained the polarization P;, due to an optical field induced
transitions in the active region. (2.36) and (2.37) indicate that the active region
is the region where electron wavefunctions and hole wavefunctions co-exist. In the
active region the electron density and hole density can be related by a quasi-neutrality

condition

1 1
—_— e(koy ey, F,) = v ko, nys, Fr) = Nyp . 2.42
Vs qu:n“f( q ) . kq%:“ Tu(kq k) MD (2.42)

In (2.42) Vjyp represents the “dimensional volume” of a semiconductor laser structure

in which the injected carriers are regarded as M-dimensional, e.g.,

;

V= L,-L,-L, (M=3,bulk)
Vup=4 S= L,-L, (M=2, quantum well) - (2.43)

L= L, (M =1, quantum wire)

\

and Npp is the M-dimensional carrier density. Using the unperturbed quasi-Fermi
distributions [(2.30) and (2.31)] to calculate the carrier density is very good approx-
imation. The relative error due to the spectral hole burning is less than 1% [13] for

the values of carrier density and photon density of interest.
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Next we analyze how the optical field induced transitions will in turn contribute

to the optical field. We start with the Maxwell wave equation in the form

2

V2E(r,t) - poe(r)-a%g(r,t) = po%’P;n(r,t) (2.44)
where p, and €(r) are the magnetic and electric permeabilities, respectively. The
variation in €(r) = ¢(s’) (where s’ = {z,z}) manifests the lateral and transverse
optical confinement of the laser structures. Assume that the optical field & in (2.25)
can be written as

& = Ao(t) Eo(s) (2.45)
where Ap is a complex number including both the amplitude and the phase of the

optical field and Ey(s’) is the eigenmode of the optical confinement structures with
52
(a7 — B)Eo() + wipoe(s) Eo(s') = 0 . (2.46)

In most semiconductor lasers, the lasing action occurs in the fundamental eigenmode.

Substitution of (2.25),(2.36),(2.45) and (2.46) in (2.44) leads to

. ’ ! dAO _ C(!‘,&) ~raN2 ~ ~
2 o) Bols) G2 = = o DG @ (@) + pun@) = 1) (247
1 ,
(B —Ea) +iEg, o) Ao
where we assume slow variation so that
d*A, dAg

We take the product of (2.47) with Ej(s’) and integrate over s’ = {z, 2z} from —oo to

+00. The result is

ddo _ iw 1 J{(r,&) | Bo(s') |*ds’
dt ZAO;V(&) [ e(s') | Eo(s') |2ds'

(2.49)
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1
(E — E;)+1iEg,

X “2(&) 12 [pee(&) + phh(&) - 1]

When the summation over k, has to be made for the evaluation of the carrier density
[Eq.(2.42)] and the right term in (2.49), one needs to make an integration over the
carrier density of states. For different laser structures (e.g., quantum well, quantum
wire), there is no additional potential in the ¢-dimension(s) for the injected carriers.
It is convenient to take the “dimensional volume” Vpp [see (2.43)] out of V(&) in
(2.49) and define

v(nse, ) = V(&)/Vmp - (2.50)

v(Nsc, Nsy ) can be regarded as the “dimensional volume” associated with the s-dimension(s).
Assume that the photons has a normalized distribution ©(s’) = ©(z, z) in a semicon-

ductor laser structure

O(s") = e(s') | Bols') 12/ [ (') | Bols') 245" (2.51)

If the carrier localization is much stronger than that of the optical field, ©(s’) in
the active region can be approximated by its value at the center of the active region

(s’ =0). In this case, (2.48) can be written as

dAg _ 1w 1 o i )
dt  2e,n? Ao ; Tmp Vb |1(&) |° [pee(@) + pra(@) — 1]  (2.52)
X 1 ,
(E - E&) + 2ET2
where
SGC
Tap = 0(0) (2.53)

v(ncsa nus)
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is the coupling factor reflecting how the injected carriers in different semiconductor
structures (which might be 3D bulk, 2D quantum well or 1D quantum wire structures)
interact with the 3D photons in the active region and S,. is the area of the active
region normal to the direction of mode propagation, i.e., in the £ — z plane. In
Table II, we have listed the corresponding parameters for different semiconductor
laser structures. In the case of 3D bulk lasers, the coupling factor is the conventional

confinement factor. (2.52) can be re-written as

dAo

1 . 1 .
-—Jt— = -2-U9(FMDG - IFMDN,-)AQ = -é-vg(g - 219)/40 (254)

where v, = ¢/n,, g = TmpG(FE) is the so called modal (exponential) gain coefficient,

6(8) = =S ML B s +on@ -0 LE-B) )
= LS HOPE G+ (@) - 1] £(E - Es)

VMmp hceon, Eg,

nE) = Tl

pee(a) + Phh(a) - 1] ‘C (E E) (256)

hceon,

and ¥ = T'ppN.(E). If the photon density inside the active region is denoted by P
1 2 ! 2 1 2 2
P= 6o |&(t, s’ =0)|°/E = 56 | Ao Eo(0)|°/ E, (2.57)

we get from (2.54)

dP
=7 lstim. = v 9 P = v T GP (2.58)
which is the photon density increase rate due to the stimulated optical transitions in

the active region.

The total optical power generated due to the stimulated optical transitions in the
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Sac Vup | v(nsns) | ©(0) I'np

Bulk w d, vV 1 1/(wt,) d./t,

Quantum Well wd, S d, 1/(wt,) 1/t,
Quantum Wire d, d, L d, d, /(¢ t) | 1/(t )

Table 2.2: The coupling factors and associated parameters in semiconductor bulk,

quantum well, and quantum wire structures.
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active region is

d’Pm(r t)

- [<een=2rl s g =~ f L Re[€o(=iwPao)ldr  (2.59)

where < >; denotes to an average over the time. (2.59) and (2.36) lead to

dNump
dt

|stim. = —v,G(E) P . (2.60)
—Vump(dNpp/dt) |stim. is the total injected carrier transition number at the active
region due to the stimulated emissions which is equal to the total number of photons
coherently added to the optical mode. Npsp and Visp are defined in (2.42) and (2.43),
respectively.

(2.58) and (2.60) are two very important relations to describe the interaction be-
tween the injected carriers and the photons in various semiconductor laser structures.
Based on (2.58) and (2.60), rate equations for photon density and carrier density can
be obtained to describe the static and dynamic characteristics of a semiconductor
laser.

Using (2.55), (2.32), (2.33) and assuming P/P, < 1, the “dimensional gain coeffi-
cient” G(F) can be approximately written as

P

G(E) = Go(E) - Gi(E) 5 (2.61)

where

[fe(@) + fa(@) — 1] L(E - Ea) (2.62)

Gu(E) = g T

Gi(E) = 1 EI

hceon, E;r2

[fe(@) + fu(@) — 1] LY(E ~ Es) . (2.63)

ﬁceon, ET2
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Gy is the linear gain coefficient and G, is the nonlinear gain coefficient. G; # 0
describes the gain decrease at photon energy F due to the presence of the optical
field, i.e., the spectral hole burning [3,10,11,2,4,1].

The definition for the “dimensional gain coeflicients” Gy and G; seems to be
superfluous. However, since the “dimensional differential gain” dG/dN has a universal
unit in all different structures where N is the “dimensional carrier density,” this
facilitates the comparison between different laser structures. As we will show later,
many dynamic properties of a semiconductor laser are determined by the differential

gain values.
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Chapter 3

Basics in Semiconductor Quantum
Well Lasers and Their

Performance

In Chapter 2, we have presented a general analysis of the optical transitions, car-
rier distribution functions, and gain coefficients in semiconductor lasers of various
structures. In order to obtain the description of optical properties in various semi-
conductor laser structures, one needs first to obtain the transition matrix elements
| Z(&) | 2. In addition, one needs to know how to calculate V:?E > s for these laser
structures. As we will show next, the calculation of V}.’l}; S5 can be done by obtain-
ing the density of states for the carriers and then integrating over those electronic

states. Both transition matrix elements and the density of states are dependent on

the electronic band structures of the semiconductor active media. From now on, we
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concentrate our analysis on the QW laser structure.

3.1 Transition Matrix Elements and Density of

States

The expressions for Go(E), G1(E) and P, depend on the transition matrix element
| i(@) | 2. (&) is given in (2.24) for a single band model. The transition matrix
elements are quite different for different semiconductor laser structures due to the
different spatial symmetry. We will first study the transition matrix elements in
a bulk semiconductor structure and then the ones in quantum well semiconductor
structures.

As we discussed in Section 2.1, to obtain the solutions for the electronic states one
needs to solve the Schrodinger equation or coupled Schrodinger equations. Usually,
the coordinate system is chosen such that the z, y and 2z axes are along the crystalline
axes. So the matrix elements in the coupled Schradinger equation can be significantly
simplified because of the symmetry of the crystal. This will also facilitate the treat-
ment of the interaction between the optical field and the semiconductor medium since
the polarization of the optical field is usually also along one of the crystalline axes.

In a zinc blende crystal with large direct band gap, the conduction band structure

is well described by the single band model [(2.12) - (2.15)]. The Bloch functions at
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the conduction band edge are written as

|S>-|1>
u(r) = (3.1)

|S> - 1>
where | S > is the S-like isotropic spatial function, |T> and ||> are the spin functions
with the spin along the z and —z directions, respectively. The envelope function for

the electrons in the conduction band and the conduction band structure E.(k) can

be obtained by solving

h2

Me

(ko + k24 £, + U.(r)] 8.(r) = E, ®.(r) (3.2)

where m, is the effective mass of the electrons in the conduction bands, k, = —id, =
—10/0, (r = z,y,z), and the electron energy is measured from the bottom of the
conduction band (i.e., assuming E,o = 0).

For the zinc blende direct band gap semiconductor with large spin-orbit energy
separation, the valence bands have a four-fold degeneracy (including the two-fold spin
degeneracy) at the band edge. The Bloch functions at the valence band edge can be

written as [8]

12> = H(X>+i|Y>) 1>

oo B2 T HXS YR 202>
|-1> = F(IX>-i|Y>) [I>+2]|Z2> - [1>]
|-3> = H(X>-1|Y>) |I>

where | X >, |Y >, |Z> are the P-like spatial functions. |3 > and |—3> correspond

to the heavy hole valence bands; | -;— > and | ——-15 > correspond to the light hole
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valence bands. The valence band structure can be obtained by solving the coupled

Schrodinger equations [(2.9) and (2.11)] which can be written explicitly as [8,9]

P + Q L M O Qh,% (r) @h'%(r)
2 = FE, 2 (3.4)
M)k 0 P —Q “"'L Qh’_%(r) @h,_%(r)
0 M* -L* P+@Q @h,_%(r) (Ph,__%(r)
where
h? A2 A2 a2
P = — v [ks +k, +k, +U,r)] (3.5)
2m0
K2 ~2 a2 .2
Q =t -2—-"2—0 ’72 [kz + ky — 2kz ] (3'6)
R
L = —iV12 S [k, — ik, )k, (3.7)
h? 2 a2 Ao
M = 3 5 {vlk: = k] — i273k.k,) (3.8)
My

71, 72 and 73 are the so called Luttinger parameters, and the valence band energy is

measured downward from the top of the valence band edge, i.e., assuming E,o = 0

and E;, = —F, > 0. The wavefunction of a hole in the valence band is written as
) .31 1 3
Wn(r) = Z,: 17> ®u,(r) G=3535-3"3" (3.9)

(3.4)-(3.8) were obtained by a k - p approximation up to the second order in the
wave vector (k?). There should be some linear k terms in (3.4)-(3.8) due to the lack of
inversion symmetry in zinc blende structure in comparison with that for the diamond
structure (such as Si and Ge) [8,6,7]. However, these linear k terms are negligible for

the zinc blende crystals with large spin-orbit energy separation [6,7,5].
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For bulk semiconductor structure U,(r) = 0 and U,(r) = 0, the conduction band
structure E.(k) and the valence band structure Ej(k) can be obtained by taking
the envelope functions ®;(r) o exp(ik - r)/+/V in (2.9). (3.2) results in a parabolic
relation E.(k) = h?k?/(2m,.) where k =| k |. Under spherical approximation [4]
Y2 =43 =7 = (272 + 373)/5 in (3.5)-(3.8), (3.3) can be diagonalized under a unitary
transformation [9,7]. The new Bloch functions at the band edge under the unitary

transformation are

|%’> = 715[(cos¢c039—isin¢) | X >
+(singcosf +icos @) |Y > —sind | Z>] |T'>
1> = 7‘;{[(cos¢cos€—isin¢) | X >

+(singcosf +icosd) |Y> —sinb | Z>]- [T'>
—2[cos ¢sinf | X > +singsinf |Y >

+cos8 | Z>] ||'>}
uv(r) =‘jl>= <

|-'> = 715{[(cos¢cos()+isin¢) | X >
+(singcosf —icos¢) |Y > —sinb | Z>]- |I'>
+2[cos ¢sinf | X > +singsinf |Y >

+cosb |Z>]-|1">}

|-2'> = 7"5[(cos¢cosﬁ+isind>) | X >

+(sin¢cosf —icos ¢) |Y > —sinb |Z>]- ||'>
(3.10)

where ¢ and 6 are the angles specifying the wave vector k in a bulk semiconductor
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structure as shown in Figure 3.1, |7'> and ||’> are the spin functions with the spin
along the k and —k directions, respectively. | %' > and | -—-%’ > correspond to the
heavy hole valence bands; | %' > and | —%’ > correspond to the light hole valence
bands. For the new Bloch functions, the heavy hole valence bands and light hole
valence bands are completely decoupled with effective masses of my, = mo/(71 — 27)
for the heavy holes and my = mo/(y1 + 27) for the light holes, respectively. Thus,
the valence bands can also be treated by the single band model and the valence band
structures are described by the parabolic relations with the corresponding effective

masses, i.e., Eyu(k) = h%k?/(2my;) and Ey(k) = A%k?/(2my;). The corresponding

Bloch functions for the conduction band under the unitary transformation are

|1S>-[|1">
u.(r) = . (3.11)

|1S> - |I">
Assuming the optical wave propagates along the y direction, the corresponding
transition matrix elements | (k) |2 and their average over ¢ and 6 are shown in
Table 3.1 for the TE mode (4 || X) and the TM mode (a || Z). The transition matrix

elements shown in Table 3.1 are in unit of u? with
€2 o2 e2
p? = T |<S|z| X >|*= T |<S|y|Y>|*= T |<S|z|Z > (3.12)

and < >4 represents the average over ¢ and 6. Table 3.1 can be summarized as that
the conduction band to heavy hole band transitions and conduction band to light
hole band transitions have the same transition matrix elements (¢?) for TE and TM

modes in bulk semiconductor structure.
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Lo v o om m o § o e r e - o o m a on e

Figure 3.1: The representation of the wave vector for an electron or a hole in the

crystalline coordinate system.
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TE
ls>-1T> ls>-11>
I %'> <%(cosztpcosze+sin2¢)>g'9=l 0
I 1! 1 2 . 2 1 2 .2 2
'2' > <5(COSZ(P cos @ + sin (p)),,'e:g <2cos(p5m 9>‘,’3=5
-1 2 2 _ 2 1, 2 20 o2 1
2 > < 2cos"p sin 6>“9-——3— <-£(cos¢pcose+sm ¢)>¢'9-—§
|'%'> 0 <-g(cosz<pcosze+sin2<p)>,,,g=l
s {
H [s>-1T> ls>- 11>
| %'> <-§—sin26>“9=1 0
l l'> 1 .2 1 2 2
py L —8IN0 Dgpg = — <2¢08°0 >og= =
2 2 L 3 1.3 3
-1 2 _ 2 1 .2 _1
| 5 > <2cos9>q9-—§ <‘2‘s“‘9>w0—’§
1 .
“ I'% > 0 <—32—sin26 >ge =1
e e e e s e ermsmmteied

Table 3.1: The transition matrix elements and their angular average for TE and TM

modes in bulk semiconductor structure in unit of u?. See text for definition of uZ.
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In quantum well semiconductor structure, there exists a thin layer of semicon-
ductor material of smaller energy bandgap E,; bounded on either side by semicon-
ductor materials of bigger energy bandgap Ej;, as in Figure 3.2. Correspondingly,
this introduces the additional potential U(r) for electrons in conduction band and
for holes in valence band. Assume that the z direction is perpendicular to the E,
layer, then U(r) = U(z), i.e., s = z and ¢ = z,y for the formalism of Chapter
2. The thin E, region acts as a trap for the electrons in the conduction band
and for the holes in the valence band, respectively. If the thickness of the E,
active region approaches the 100 A region, t\he confined electrons and holes dis-
play quantum effects. The depressed potential region (E,; layer) is called quantum
well and the resulting lasers are called quantum well (QW) lasers. The energies
and wavefunctions of electrons and holes in the QW are determined by the E,
layer thickness d and the energy depth of the QW. As an example, consider the
Al;Ga;_.As/GaAs/Al,Ga;_,As QW structure as depicted in Figure 4.2. The con-
duction band edge is lower by AE. ~ 0.67 - AE, in the GaAs inner region compared
to the two side where AE, = E (Al,Ga;-,As) — E,(GaAs) = z - 1.27eV. Con-
sequently, there exists a discontinuity in the valence band edge AE, =~ 0.33 - AE,.
Correspondingly, U.(z) and U,(z) are the conduction band edge and the valance band
edge, respectively.

In a QW laser structure, the envelope function of an electron in the conduction
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Eg Egq
1
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Figure 3.2: The layered structure and the conduction and valence band edges of a

AlGaAs/GaAs/AlGaAs quantum well laser structure.
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band can be written as

B.(5) = 0s(z) e (3.13)

where r)| and k| are the position vector and the wave vector in the plane of the QW

plane, respectively, and S = L, - L,. Substituting (3.13) into (3.2) will result in

R? 02
[_2me '5;‘5‘ + UC(Z)] ®..(2) = E..%..(z) , (3.14)
and
h2k?
E. = S + E,, (3.15)

where k =|kj|, the E, . are a series of quantized energy levels and the ®. .(z) are the

corresponding wavefunctions
E..=FE..(n.), ®.(z)=2..(z,n.) (ne=1,2,--+). (3.16)

The envelope functions for the holes can be written as

q)h,j(r) = q)hj,z(z) ieikll'rll ] =

VS

In (3.13) and (3.17), the wave vectors ky for the electrons and the holes are not

3
- 3.17
- (3.17)

(R

1
727

N W

distinguished since for interband transitions the wave vectors must be the same for
the electrons and the holes under the k-selection rule. Substitution of (3.17) into
(3.4) will result in a set of coupled differential equations similar to (3.4) with @, ;(r)
replaced by ®4;.(2), ky and k, replaced by k; and k,, respective]y. The solutions to

this set of coupled Schrodinger equations are a set of energy levels Ey, = Ej(ny, ks, ky)

W

and the corresponding envelope functions ®4;,(2) = ®pj.(2z,n4) (7 = 3, %, ——35, —% and

np=1,2,--).
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In a QW semiconductor structure, the transition matrix elements are quite differ-
ent from that for the bulk semiconductor structure since some of the crystal symme-
tries are not present due to the addition potential U(z) in the QW structure. The

transition matrix elements in QW structures can be generally written as
(&P =] i(nes nn, ks k)P = 426 (3.18)

where 6 is called as polarization modification factor for the transition matrix elements.
In Table 3.2, the polarization modification factors for TE and TM modes are shown

for various transitions where
< By, |0, >= / ;. (2, 74)®e (2, )dz . (3.19)

The transition matrix elements in the QW structures can be obtained from the
electron wave functions @, .(z,n.) and the hole wave functions ®4;.(z,n). The gain
coefficients can be evaluated based on (2.62) and (2.63) by summations over k,, k,,
n, and ny.

In the QW structures, the process of solving coupled Schrodinger equations (3.4)
for the holes in the valence band is much more complicated and difficult than that
of solving (3.14) for the electrons in the conduction band. There have been several
approximation methods used to simplify the process in order to obtain the wave func-
tions for the holes and the transition matrix elements. (3.4) can be block diagonalized
into 2 x 2 blocks under a unitary transformation [5]. Thus, the number of the coupled
equations can be reduced from 4 to 2. Further, under the axial approximation, solving

the valence band structures can be further simplified [10,1] since the band structures
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TE

| T> %I<®h' 3/2|¢)e>| 24 é—|<(bh‘ 1/2|(D¢>’2 - iﬁ Im[<<b;,‘ 3/2|(D¢> <¢¢'(D;,_ 1/2>]

14> | 3ty 30@0>]? + L<p 101> + if3 Im[<®), 30l0> <OclDs 10>]

T™
1 T> 2 |<(D;,__1/2|d)¢>l 2
[i> 2 |<®y, 110>

Table 3.2: The polarization modification factors for TE and TM modes in QW struc-

ture. The definition of < &, ;|®. > is given in text.



52

have a rotation symmetry in the k; — k, plane. The axial approximation assumes
that 75 = va =5 = (72 + 73)/2 in the M term of (3.4) [2].

The most simple model used is the decoupled valence band approximation. In this
approximation, in order to obtain the transition matrix elements in QW structures it
has been assumed that the electrons and the holes have a virtual wave vector k, along
the 2 direction which is associated with their corresponding quantized energies along
the z direction [13,3,11,12]. Then, as the case for the bulk structure, (3.4) can be
diagonalized under the spherical approximation and a unitary transformation. The
new Bloch functions are the same as given in (3.10). The valence bands are then
decoupled and two equations similar to (3.2) can be obtained with corresponding
heavy hole effective mass my, and light hole effective mass mys, respectively. The
polarization modification factors é for the TE and the TM modes are shown in Table

3.3. 6 shown in Table 3.3 have been averaged over ¢, i.e., averaged over various k;

and k, for given value of k = /k2 + k2, and

Ee,z + Eh,z

oz TE 2
E. + E,4 (3.20)

cos?f =

where E;, and E; (i = e, h) are the quantized energy associated with the z direction
and the total energy for the electrons and the holes, respectively.

The quantized energies E. . for electrons can be obtained by solving (3.14). The
solutions can be found in many books on quantum mechanics. Similar results with
me — my; (j = h,1) and U, — U, apply to the holes in the valence bands under the

decoupled valence band approximation. The quantized energy levels and correspond-
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TE
Is>-1T> fs>- 14>
| 3'> 3 (cos?6 + 1) 0
| 15'> jj(oosza+1) 1-cos’@
1 1 - cos?8 1 (cos?6 + 1
I > > cos 4(co + 1)
|-3'> 0 4i(coszeu)
2
™
ls>-1T> ls>- 14>
| 3_'> 3(1-cos%0) 0
l ;_'> %(1_00529) 2 cos28
-1 2 cos’@ L(-cos?
I 5 > cos 2( cos?6)
-3 0 3Q1-cos?
| 5 > 2( cos“6)

Table 3.3: The polarization modification factors for TE and TM modes in QW struc-

ture under the decoupled valance band approximation. cos? 8 is defined in text.
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ing wavefunctions for the holes in the valence bands are
Eyj: = Epj-(nh;) , ®njz(2) = ®njo(z,mh;) (G =h0, np;=1,2,--1) . (3.21)
The total energies for the holes in the valence bands are given by

h2k2
Eyj(k,np;) = 5

+ Eh.‘iﬂ(nhj) (] = hal’ np = 1,2’ o ’) . (322)
mhj

It is easy to verify that for deep QW

1 Ne = Npj
[ @221 (5, 2)d2 = . (3.23)
0 Ne 75 nhj

(3.23) gives another selection rule
Ne = TNpj . (324)

Transitions thus take place between electron and hole states with the same transverse
momentum and the same quantized well states.
Since there is no quantum confinement in the r and y directions, the transverse

wavevector has the values

k, = mz?L-’i my =0,%1,42,- -- (3.25)
k, = myi—" m, =0,+1,42,--- . (3.26)
Yy

Thus every electronic state occupies a “volume” of 47%/L, L, = 47*/V;p in k| space.

The number of electron states with transverse wavevector less than k (k =|ky|) is

k*Vap

N(k) = 27k?*/(47%/S) = 5

(3.27)
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where a factor of two was included to account for the electron spin degeneracy. The

number of states between k and k + dk is

p(k)dk = ‘Z—JZ dk=8 = dk (3.28)

so that the number of states with total energy between E, and E. + dE. is

dN dN dk

DC(EC) dEe = E—E: dEe - -27;;— m dEe . (329)
From (3.25) and (3.26) with n, =1
2m,
b=/ 20 (£, — Ea(0) (3:30)

so that the number of states between E. and E. + dE. per unit area is

1

3 dE. . (3.31)

pe(E.) dE, = = D,(E.) dE. =

712
In the reasoning leading to (3.31), we consider only one transverse quantum state
n. = 1. But once E > E, ,(2), as an example, an electron of a given total energy E.
can be found in either n, = 1 or n., = 2 state so that the density of states doubles.

The total density of states increases by m./7h? at each of the energies E. .(n.), thus

%mwz$MEEmw (3.32)

where H[z] is the Heaviside function which is equal to unity when z > 0 and is zero
when z < 0. Replacing E,, m. and E, ,(n.) in Eq.(3.32) by E4;, my; and Ey; ,(ng;),
respectively, we can obtain the density of states for the holes in the valence bands

pri(Er;) (7 = h,1). So we have

‘/2D Z Z - /dk D(k) - /dEe hj Pe hJ(Ee h]) (333)

ku
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pPeu(E)

Figure 3.3: The volumetric electron density of states for bulk and infinite deep QW
structure. The volumetric density of states for the QW is defined as the 2D density

of states divided by the QW thickness.
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The first two steps of the staircase density of states are shown in Figure 3.3. In
the figure, the volumetric density of states for electrons in an infinite quantum well
medium p;p/d is plotted so that it can be compared to the density of states for the
bulk structures. The QW volumetric density of states equals to the bulk density of
states value p3p at each of the energy steps as shown in the figure.

(3.33) can be used to calculate the carrier density N;p by an integration of the

density of states and the Fermi function over the electron energy or the hole energy

Nyp = / dEcp; pepi(Eepi) fehi(Eens) - (3.34)

Notice that, in the expression for the susceptibility and the gain coefficients [(2.38),
(2.39), (2.62) and (2.63)], L;(Es—E), L,(Es—E) and L(E — E;) are simple functions
of the electron-hole transition energy Ej, it is convenient to perform the integration

over the transition energy £ (£ = E;) instead of over the electron energy E. using
£= Eg + E. + Ehj . (335)

Using (3.15) for the electrons and similar result for the holes we have

My

Ee - Ee,z(ne) = [8 - Eg - Ee‘z(ne) - Ehj,z(nhj)] (3.36)

LY

where the reduced mass is defined as m;} = m,':jl +m; .

From the transition selection rule n, = n;; = n we have

E, = E.,(n) + —Z[€ — E, — E. ,(n) — Ep;(n)] . (3.37)

My;
Me

And similarly, for the holes

My;

Eyj = Epjz(n) + —2[€ — Eg — Ec2(n) — Enj:(n)] - (3.38)

mhj
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Thus

/ dE, p.(E.) = / dE, Z ¢ H[E. — E..(n)] (3.39)

_/dE Em”HE E, — E. .(n) — Ey;,(n)] -—.-/dg p.i(E) .

pr;i(€) is called reduced density of states. (3.37) and (3.38) can be used to express the
Fermi distributions f.(E.) and fy(E}) as functions of the transition energy £ instead
of the electron energy or the hole energy. The polarization modification factor § can

be also expressed by the transition energy £ by noticing

(3.40)

cos?f =

E..(n) + Ehj,Z(n)
£-E, )

Using these results the gain coefficients or the susceptibilities can be calculated by

the integration over the transition energy £.

3.2 Rate Equations, Statics and Dynamics

In this section, we will first introduce a set of rate equations which can be used to study
the statics and dynamics of a QW laser. As we will show later, with proper change of
the terminology in these rate equations, we can obtain the rate equations of the same
form for other laser structures. Based on these rate equations, some basic results on
the statics and the dynamics of a semiconductor laser are generally discussed. These
discussions are applicable to semiconductor lasers of various structures. Thus, the
predicted performance in various semiconductor lasers can be compared.

In the case of a separate confinement heterostructure (SCH) QW structure as
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schematically shown in Figure 3.4, based on (2.58) and (2.60), a set of rate equations

can be obtained to describe the static and dynamic behavior:

dP p? P N

E = FGo’UgP Pleg—ﬁ:——-—p+§I‘;; (341)

dN N’ P? N

-E = ;:'-Go Uy P+G1 Vg E—';: (342)
’ ! 1

v _ J_N_N (3.43)

dt e T Tn

where P is the photon density at the quantum well active region, N and N’ are,
respectively, the two-dimensional (2D) quasi equilibrium carrier density and non-
equilibrium carrier density in the SCH QW structure as schematically shown in Figure
3.4, 7, is the carrier lifetime, 7, = (v,a;)~! is the photon life time and a; = o; +
1 7 In 57 ) is the total loss constant, L, R; and R, are the cavity length and mirror
reflectivity, respectively, 7. is the equilibrium transport or relaxation time of the
carriers, J is the injection current density, £ is the spontaneous emission coupling
factor defined as the ratio of the rate of spontaneous emission into the lasing mode
to the total spontaneous emission rate.

From the analysis above, the linear and nonlinear gain coefficients G4 and G can
be written as

2

Go(E) = Z / 8 pri (fot fo—1) L dE (3.44)

heeon, ET2 iz

2

Gi(E) = £ / 82 pos (fu+ fo — 1) L2 dE (3.45)

hce,n, ET2 i=Th

pr; 1s the step-like 2D reduced density of states for the carriers in the SCH QW

structure, j designates either light holes (; = [) or heavy holes (7 = &), §; is the
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Figure 3.4: The schematic SCH QW structure and the carrier densities. N and N’
are, respectively, the two-dimensional (2D) quasi equilibrium carrier density in the
SCH QW region and the non-equilibrium carrier density in and out the SCH QW

region.



61

polarization modification factor of the transition matrix elements for light and heavy

holes, P, is the saturation photon density
P, = he,n? [[WPE(Te + 7)T3] . (3.46)

From (2.53) and Table 2.2, the coupling factor I' for a QW structure is T' = 1/t,,
where t, is the effective optical mode width along the z direction. Assume that the

photon has a normalized distribution function ©,(z) along the z-direction

/ T 0.(z)dz =1 (3.47)

-0

and 0.(z) has its maximum value at the QW active region (z = 0). Then we have
t; =1/0.(0). The 2D treatment of the carrier density N is justified by noticing that
the thickness of the equilibrium carrier population region of the SCH QW structure
is usually much smaller than the carrier diffusion length.

The photon density at steady state can be obtained as [15]

Tn Ug

(FGO — at) -+ \/(FGO — at)Z + 5_1}’_41"’213gl

s - 48
G, (348)
If the spontaneous emission coupling is omitted, i.e., £ — 0, we have
0 I'Go <
p= TG0zl TGl p TR e
B 2I'G, ’ ' '
E%G_—TO(-‘- P, (TGo> o)

From (3.49) it follows that ¢ = I'Go > «; is a necessary condition for coherent output
power, i.e., the threshold is determined by the linear gain coefficient. g¢;;, = o is

called threshold modal gain. The gain coeflicients only characterize the coherent
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optical output power. § # 0 will soften this threshold condition since part of the
cavity loss is compensated by the spontaneous emission coupling.
Applying a small-signal analysis to Eqs.(3.41)-(3.43), the modulation response can

be obtained as

_ D) _ponm
R(f) = Eats = B -R() (350)
1 4

B 177 A A Ve o e e

(3.51)

where i is the small signal amplitude of the sinusoidal current component and p
is the corresponding modulation amplitude in the optical output power, f is the
modulation frequency, R.(f) is a response function like that for an RC low frequency
filter. f. = 1/(2n7,) represents the carrier transport or relaxation into the SCH QW
active region and the device parasitics as well. Both are associated with the carrier
storage outside the carrier equilibrium region of SCH QW structure. In the expression

for the intrinsic response R;(f), f, is the relaxation resonance frequency

2
9 ng

G, 1
ff - 47{_2

Py
/
1P,) t P, v,

(Go - &%’-)(Ga - | Py, (3.52)

the damping rate v is given by

P, TG,
15,

1

P, is the stationary photon density in the QW active region, Gy = dGp/dN and
G} = dG1/dN are the differential gain coefficients. Note that if we neglect gain

suppression, t.e., G; = 0, the conventional result f, = 2%\ [vyGoPo/ T, can be obtained.



63

The intrinsic response R;(f) is more fundamental in the sense that it is determined

by the interaction between the quasi equilibrium carriers and the photons at the active

region. The 3dB modulation bandwidth of R;(f) is obtained as

foan = sz “ L - se. (3.54)

(3.52)-(3.54) indicate that the intrinsic 3dB modulation bandwidth fi;5 depends on
the stationary photon density F,.
In the limit of low optical output power (low Fp) or low bias current, the damping

term + is negligible so that
1.55v
fas 2 V1I+V2 f =~ o= ¢ JTGoGhPs (3.55)

155 [0,GhPR
Y T

As P, increases, f, increases, which leads to an increase in fsqp.

As P, increases further, the damping term 4 can not be omitted. From (3.54)
one can see that the presence of damping leads to a reduction in f3;p. Notice that
because f? o< P, and 42 « P2, there exists a value of P, that maximizes fa;p. For
P, larger than this value, an increase in P, leads to a decrease in fizg. For a better
understanding of the modulation bandwidth limit, we consider the 0dB modulation

bandwidth which can be written as

-, / v
foap =\[2(f? = 55) - (3.56)

It is straightforward to show that fosp has a maximum value which can be explicitly
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mazr
0dB

Q

at a photon density

64

g I'Go /
5% GLITG.P, O (331
1 Go ., ,
> v, P, ZJ_? G} (usually Gy < T'G1/P,)
_ TGG,
o= (Gy+TGy/P,)? (3:5%)

(3.55) and (3.57) indicate that the differential gain directly influence the modula-

tion bandwidth. Higher differential gain will lead to larger modulation bandwidth.
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Chapter 4

State Filling Effects on Threshold
and Modulation Dynamics of

Quantum Well Lasers

4.1 Introduction

Because of the confinement and quantization of the injected electrons and holes in the
extremely thin active region, the QW semiconductor lasers has been predicted to be
superior to the conventional bulk double heterostructure (DH) lasers in nearly all of
the important device characteristics [9,18,6,3,4,5,56,15,61]. Chief among these are the
threshold current density reduction and the enhancement of the differential gain in
the QW lasers due to the reduction of active layer thickness and the step-like density

of states for the two-dimensional carriers in the QW, respectively. The reduction
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of threshold current density and the enhancement of differential gain should lead to
reduction in threshold current and improvement in high-speed modulation bandwidth,
respectively.

Very low threshold current density and threshold current have been demonstrated
in QW lasers [52,11,17,9,19,7,16,2,58,63,11,4]. It has been theoretically predicted
that the differential gain should be enhanced by a factor of at least 2~4 in the QW
lasers and this differential gain enhancement would be independent on the number of
quantum wells [9,1,5]. However, high-speed modulation experiments to date indicate
no significant improvement in QW laser modulation bandwidth compared to DH
lasers (see Figure 1.4) [26,17,59,40,41,32,33,29,36,30,13].

Many theoretical models have been proposed to explain the anomalous behavior
in the high-speed modulation bandwidth of QW lasers. These models include the
carrier well-barrier hole burning [42,55], the carrier diffusion limited transport mech-
anism [37,38,39,46], the quantum capture [23,24] and bottleneck [47,48,49] of injected
carriers, and the state-filling mechanism [64,16,67,68]. Although these models have
different names and different approaches, they have one thing in common; i.e., they
all consider the carrier population outside the quantum well which can not be simply
neglected.

The separate confinement heterostructure (SCH) QW structure is commonly used
in QW lasers to achieve low threshold current and high quantum efficiency. In the
SCH QW structure, the quantum well active region is sandwiched between optical

confining layers (CL). The larger thickness of the confining layer structure compared
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to that of the QW results in a large density of states in the CL region. Obviously,
at finite temperatures the injected carriers populate not only the energy subbands of
the QW but also those of the CL structure. This is the state/band filling effect, i.e.,
the carrier population of upper subband states of quantum well laser structures.
The state-filling effects directly affect the threshold current and modulation dy-
namics due to their influence on the quasi Fermi energies of injected carriers. The
transparency carrier density and the differential gain depends on the increase rate of
the quasi Fermi energies with respect to the increase of injected carriers. The pres-
ence of upper subbands with large density of states tends to clamp the Fermi energies
and leads to a degradation in the gain increase thus leading to a larger transparency
carrier density and lower differential gain. The state-filling effects have been shown
to have significant influence on the threshold current [34,35,67] and modulation dy-
namics [64,16,67,68] of the QW lasers. Specifically, this theory can explain the two
experimental facts in modulation dynamics: (i) the unstrained SQW lasers do not
show improvement in the modulation bandwidth in comparison to the bulk counter-
part; (ii) the use of MQW as active region leads to improvement in the modulation

bandwidth over the SQW counterparts.

4.2 Simple Quantitative Arguments

First, we present a simple model which leads to a simple accounting of the state/band

filling effects. A simple two-level model is shown in Figure 4.1. The energy level E,
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Me= Mp

(a) (b)

Figure 4.1: The schematic diagram for the simple two-level model accounting of
the state filling effects: (a) the QW structure; (b) the electronic band structure for

electrons and holes.
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represents the first quantized state (band) n=1 of the carrier in the QW. The optical
transition is assumed to occur between the first quantized states of electrons and holes
in the QW. The energy level E; represents the subbands of the CL structure. D is
the effective number of these subbands. Typically, at room temperature the effective
number of states, i.e., within one kT from the top of the QW in the CL structure is
on the order of 20 for a typical SCH QW structure, where T is the temperature and
k is the Boltzmann constant. And these states are on the order of 80 meV above the
first quantized state of the QW. We also assume for the sake of simplicity that the
electrons and holes have the same parabolic electronic band structure (m, = my;).
Neglecting dephasing collision (T3) broadening, the maximum optical gain (at
E = E,) is written as
Go = Ap p, (2fe - 1) (4-1)
where Ao is a material-dependent parameter, p, = $ 2% = }p, is the reduced density
of states for the first quantized state optical transition, and the Fermi function is

given by
1

fom .
1+ exp(——kff)

(4.2)

F is the quasi-Fermi energy level of electrons measured from the first quantized band

Ey = 0. The 2D carrier density is obtained by integrating the density of states as

N =p. kT [ In(1 + exp(-]gf)) + DlIn(1 + exp(FI:TE1 N (4.3)

From (4.1)-(4.3), it is straight forward to derive the differential gain

k
dG Ao 1 L4D 1 + exp(F/kT)

dN ~ kT 1+ exp(£) [+ exp(E;/kT) +exp(F/kT)]_l ) (44)
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For given value of gain Gy (i.e., given value of F'), (4.3) and (4.4) show clearly that the
presence of (D) upper subbands increases the (injected) carrier density and reduces
the differential gain. They also indicate that a large separation between the ground
state and upper subbands (parameter E;) diminishes the effect of these CL states
resulting in a smaller carrier density and a larger differential gain. The reduction in
the number of the upper subbands (D) leads to the same conclusion.

In Figure 4.2, we show the maximum gain G as function of carrier density n, and
the differential gain % as function of G for different values of the separation energy
E,. We have taken a calculated typical value of D = 20 for the results shown in
Figure 4.2. It is shown that the optical gain is dramatically affected by the presence
of a large number (D) of upper subbands. As the separation energy E; increases the
differential gain is increased and the transparency carrier density is reduced.

Figure 4.3 shows the calculated linear gain and differential gain coefficients for a
typical GaAs/AlGaAs SCH single quantum well (SQW) structure with and without
inclusion of the injected carrier population in the SCH CL region. The calculations
were based on a more accurate model [see (3.44)]. It is shown that the exclusion of
injected carrier population in SCH CL region leads to an overestimation on differential
gain and an underestimation on the transparency carrier density. The differential gain
is overestimated by about a factor of 2, if the injected carrier population in the CL

region is omitted.
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Figure 4.2: The computed gain vs carrier density (a) and differential gain vs gain (b)

by the simple model for D = 20 and various E; values.
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4.3 Comparison Between Quantum Well and Bulk

Structures

QW lasers have been previously predicted to have enhanced differential gain compared
to the conventional bulk double heterostructure (DH) lasers [9,3]. This differential
gain enhancement was attributed to the abrupt step-like two-dimensional (2D) density
of states in QW lasers. As shown above, the differential gain is significantly affected
by the carrier population in the optical confining layers in the QW structure. Thus,
the conclusion concerning the differential gain enhancement in QW structures might
be modified.

For 3D DH bulk structure lasers, their characteristics can be described by the set
of rate equations (3.41)-(3.43) with J — J/d, where d is the active layer thickness.
N and N’ are the corresponding 3D carrier density. The gain coefficients G and G,
are given by (3.44) and (3.45) with 6, = 1 (j = [, k) and p,; is the 3D reduced density

of states
1 2m,; 3/
pilE) = 503 ()2 \E~ E, (45)
where m,; are the reduced effective masses (j = [, ). The coupling factor for the DH

structure is obtained from (2.53) and Table 2.2 as

1 wd, d. d
wt, 1 t, t

which is the conventional confinement factor.

The results related to the threshold and the modulation bandwidth in Section 3.2
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are also valid to describe the characteristics of the bulk DH lasers [Egs.(3.48)—-(3.58)).
Notice that the modal gain I'Gy, I'G;, and differential gain G = dGo/dN have the
same units, respectively, for the different 2D QW and 3D bulk DH structures, the
modulation dynamics can be compared between the QW and DH lasers in the term
of differential gain.

Figure 4.4 shows the calculated differential gain Gy at the peak of Go(E) as a
function of peak modal gain ¢ = I'G, for typical GaAs/AlGaAs bulk DH and QW
structure lasers at room temperature. The calculations were made for the dominant
TE modes in these structures. The typical 3D DH laser structure was assumed to
be an GaAs/Alp35GapesAs DH structure with GaAs active layer thickness 0.1 pm.
The confinement factor (or the coupling factor) for the DH structure was estimated
as I'py = 0.33. The typical SCH QW structures under study consist of a pair of
2000 A AlosGagsAs/Alg25Gag7sAs graded index separate confinement (GRIN-SCH)
structures and 100 A quantum well or quantum wells located at or around the center
of the GRIN-SCH structure. The differential gain is calculated for the GRIN-SCH
QW laser structures with a single quantum well (SQW), three quantum wells (3QW)
and five quantum wells (5QW), respectively. The coupling factors for the QW GRIN-
SCH structure is evaluated as Tow=3.9%10%m™! from the effective optical mode
width. It is assumed that the quantum wells are uncoupled and they are very close
to the center of the GRIN-SCH structrue.

In Figure 4.4, it is shown that there is no differential gain enhancement in the

SQW structure compared to the DH structure. The differential gain of the SQW
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Figure 4.4: The differential gain at gain peak above transparency as a function of

modal gain for typical bulk DH and QW structures with different number of quantum

wells.
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structure is comparable with that of the DH structure in the very low modal gain
region. In the large modal gain region, the DH structure possesses higher differential
gain. The decrease in Gj with increasing modal gain in the SQW structure results
from the finite available gain per quantized state. The abrupt increase in G} for
the SQW structure is due to the onset of the second quantized state lasing of the
QW. The qualitative physical reason for the smaller differential gain of the SQW
structure than that of the DH structure is as follows. An increasing fraction of the
injected carriers goes into occupation of the large density of states in the GRINSCH
optical confining region. These electrons (and holes) contribute very little to the
peak gain because of the (£ — E)? term in the denominator of £ in (3.44). On the
other hand, the optical gain is limited due to the flat feature of the 2D step-like
density of states for the QW structure. The result is a lowering of differential gain
Gy = dGo/dN in the SQW structure. It was shown that at low temperatures, there
is differential gain enhancement in SQW structure in comparison with DH structure
[64]. At lower temperatures, the Fermi-Dirac occupation factor for the states in the
GRIN-SCH optical confining region is reduced considerably. The more abrupt cutoff
of the Fermi-Dirac occupation functions at low temperatures take advantage of the
step-like 2D density of states profile in contributing to relatively large increase in Gg
with increasing N. -

In QW structures, above transparency the differential gain decreases as the carrier
density (or the modal gain) increases because of the sublinearity in the gain vs carrier

density dependence. This sublinearity is attributed to the flat feature of the two-
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dimensional step-like density of states in the QW structures. For a given value of
modal gain, the differential gain increases as the number of quantum wells (Ng,)
increases because the carrier density (or the modal gain) associated with one single
QW decreases with the increase of N,. This is the conventional differential gain
enhancement in MQW structures. Without inclusion of the state-filling effect, it has
been predicted that larger differential gain should be achieved at lower carrier density
(or at smaller modal gain) and that the maximum attainable differential gain is not
affected by the number of quantum wells [1].

Figure 4.4 indicates that the inclusion of confining layer state-filling considerably
modifies this picture. The use of multiple quantum wells (MQW) as active region
actually leads to an extra differential gain enhancement. More specifically, the maxi-
mum attainable differential gain increases as the number of quantum wells increases.
A N,,=5 QW laser with a loss of 40 cm™!, for example, will have a differential gain
which is appreciably larger than the mazimum attainable differential gain in a SQW
laser and nearly three times as large as a SQW laser with the same loss value. At
the loss of 40 cm™?, the differential gain of a MQW laser with N, =5 is about 60%
larger than that in a DH laser.

The physical reason for the extra increase in differential gain in MQW structures
is the following. In a SQW laser the need to obtain a sufficient optical gain (to
overcome the losses) forces the Fermi energy F to rise toward the top of the quantum
well as the pumping level is increased. The confining layer states, say at energy E.,

whose occupation is determined by the factor exp[—(Ey — F)/kT] are thus more
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heavily populated. This increase in the CL carrier density contributes negligibly to
the increase in the peak gain because of the nonresonant nature of these carriers’
transitions with the transitions at the peak gain. This leads to reduced differential
gain since part of the injected carriers are “wasted.” The wasted carriers in the CL
region must be there due to the fundamental Fermi-Dirac statistics. In a MQW laser,
there are several active quantum wells contributing to the gain. The necessary total
gain is reached with a much lower population in any one well. This results in a much
lower F' and consequently the CL states occupation factor exp[—(Euy — F)/kT] is
smaller.

Using the simple two-level model in Section 4.2, we represent the CL states by a
fixed number D (equal to the total number of states per unit area within k7' from the
top of the quantum wells) and take the bottom of the quantum well n=1 state energy
as E = 0. It is a straightforward task to show that the differential gain is given by

[16,67]

‘_ig_ozfi‘l 1 1+ D 1+ exp(—F/kT)
dN kT 1+ exp(77) Ny 1+ exp[(Eq — F)/kT

@D

Note that the increase in dGo/dN with increasing number of wells (N,,,) is due to
the explicit dependence on N, as well as to the implicit dependence on F since the
latter decreases with increasing Ng,. The explicit term N%' in Eq.(4.7) shows that
the penalty due to CL state-filling is reduced by “distributing” it among the Ng,

quantum wells in the MQW structures.

These results about the differential gain agree well with experimental observations
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of differential gain enhancement in MQW structures [53,54,45] and improved high
frequency performance over SQW and DH in MQW lasers as we have mentioned
above. For example, a 3dB modulation bandwidth of 11 GHz was demonstrated in
GaAs/AlGaAs DH bulk lasers [26] and the best 3dB bandwidth reported in unstrained
GaAs/AlGaAs MQW lasers is 16 GHz [41]. However, for the GaAs/AlGaAs SQW
structure lasers, the typical bandwidth was just 5 to 6 GHz [17]. Using larger QW
barrier, the bandwidth was improved to 9 GHz in an unstrained GaAs/AlGaAs SQW
laser due to the reduction of state filling [14]. For other material systems, similar
trends exist {32,33,29,36,30,57].

In consideration of the modulation bandwidth, another factor - the operation
condition to reach the maximum bandwidth - must be taken into account as well. It
was shown that the MQW structure are superior to the SQW structure in the terms
of operating injection current density and optical power [65]. Generally the thermal
degradation is very severe if the injection current density is beyond 10 kA/cm? in a
semiconductor laser. The thermal effect will reduce the differential gain and thus the
modulation bandwidth. The operating optical power reduction in MQW structures
will give reduction in the damage to the laser structures under high optical intensity.
The use of MQW as active region makes the QW lasers much easier to approach their

optimized high-speed bandwidth limits.
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4.4 Some Arguments About the Influence of Strain,
Substrate Orientation, and Separate Confine-

ment Structure

The improvement in crystal growth technology has made it possible to grow a semi-
conductor laser active layer with relatively large built-in strain. This is realized by
growing very thin QW layer with its thickness smaller than the critical thickness. The
built-in strain in the QW layer significantly modifies the electronic band structures,
especially the valence band structures of the QW layer. Since the strained QW layer
thickness is smaller than the critical thickness, there are no defects that cause large
internal loss and degradation in the optical properties of the QW layer.

Strained QW lasers have shown improved modulation bandwidth and reduced
threshold current density compared to their unstrained counterparts [11,19,16,3,58,2,
40,41,50,63,13]. This feature can be first attributed to the reduction of the effective
mass of holes in compressive strained QW lasers [60,1,44,28]. The smaller effective
mass of holes will cause the Fermi level for holes to increase more quickly with respect
to the increase of the injected carriers. This leads to a larger value of differential gain
and a smaller value in the injection carrier density to achieve the threshold gain.
In addition to the reduction of the hole effective mass, the computed larger energy
separation between the ground state subband and the upper subbands of the strained

QW compared to the unstrained QW [2,31,43] suggests another possible reason for
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the improvement in the strained QW lasers: reduction of state-filling.

It is shown in Figure 4.5 the calculated valence band structures for a 75 A
Ing25Gag 7sAs/Aly 2GagsAs QW and a 75 A GaAs/Aly2GagsAs QW, respectively.
The valence band structures are obtained by solving the 4x4 Luttinger-Kohn Hamil-
tonian via the axial approximation (see Chapter 3), i.e., the valence band mixing
effect has been taken into account. It is evident that the subbands of the strained
QW not only have smaller effective hole masses but also possess larger separation
between the subbands of the QW. Most importantly, the energy separation between
the ground state and the top of the QW, where there exists a large number of states
for the holes, is larger in the strained QW due to the smaller energy band gap of
InGaAs compared to GaAs in GaAs/AlGaAs QW laser structures.

In quaternary InGaAsP /InP material system, both compressive and tensile strained
QW are available. Recently improved laser performance (modulation response and
threshold current) are also observed in tensile strained QW (with wide QW width)
structures [50,63]. We would like to point out that these improvements in tensile
strained QW lasers might be mainly due to the possible larger subband separation
induced by tensile strain. In order to show how the gain constant is affected by the
separation between the ground state, where the optical transition occurs, and the
upper subbands of the QW, we employ the simple model in Section 4.2. But we take
D =1 to account for a single upper state in the well. The G-n and %-G relations
are shown in Figure 4.6 for different values of E; (the energy separation between the

lasing ground state and the upper subband) in the simple model. The differential
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Figure 4.5: the calculated valence band structures for 75 A GaAs/Alg2GaggAs QW

(above) and 75 A Ing 25Gag75As/Alg2GagsAs QW (bottom), respectively. The va-

lence band mixing effects have been taken into account under the axial approximation.
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gain is enhanced and the transparency carrier density is reduced when the separation
energy E, increases. The reduction of hole effective mass and the larger subband
separation induced by the tensile strain [43] are both responsible for the performance
improvement in the tensile strained QW lasers.

It was shown that, in valence bands, the energy separation between the ground
state and first excited state is larger and the ground state is farther away from the top
of the QW in (111) GaAs/AlGaAs QW structure than those in (001) GaAs/AlGaAs
QW structure if the GaAs QW width is less than 100 A [7,20]. As the consequence
of reduction of the state filling effects, it has been observed in experiments that the
(111) GaAs/AlGaAs QW lasers possess consistently lower threshold current densities
than the (001) GaAs/AlGaAs QW lasers for QW width less than 100 A [21,22].

In addition to the QW barrier height or the QW depth, the shape and dimension
of the SCH optical confining region also influence the state filling effect. First, the
density of states in the SCH optical confining region (most importantly, the number
of states within one kT at the top of the QW) is directly influenced by the shape and
dimension of the SCH optical confining region. Secondly, the shape and the dimension
of the SCH optical confining region will affect the optical confinement or the coupling
factor I'. Tight optical confinement (a large I') will cause the threshold gain to be
reached at low injection carrier density. The low threshold carrier density, in turn,
will result in a large value of differential gain in the QW structure. It was shown
experimentally that the smaller density of states in the optical confining region and

tight optical confinement resulted in reduction of threshold current and enhancement
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in modulation bandwidth [62,8,39].

4.5 Evidence for State Filling Effects on High
Speed Modulation Dynamics of Quantum Well

Lasers

The above analysis indicates that the increase in the energy separation (E;) between
the ground lasing states of the QW and the large number of states in the optical
confining region will result in an increase in the differential gain and a reduction in
the carrier population necessary to reach a certain gain value.

Experimental investigations have been carried out to study the influence of the
QW barrier height or the QW depth on the performance of the QW lasers by using
different composition for the optical confining layers or using different material for
the quantum wells. Since the differential gain is not a constant in the QW lasers due
to the sublinearity in the gain and carrier density relation caused by the flat feature of
the 2D step-like density of states of injected carriers in the QW structures, we need to
be cautious when comparing the dynamic properties in the different QW structures.

Two GaAs/AlGaAs graded index (GRIN) SCH single quantum well (SQW) laser
structures, we refer to them as A and B, were grown by molecular beam epitaxy
(MBE) on (100) n*-GaAs substrates. As schematically shown in Figure 4.7, the

profiles and dimensions of the two GRIN SCH structures are identical. As are the
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doping levels and profiles. The only difference between them is the different Al
concentration in the GRIN SCH region. The GRIN SCH structures consist of (i)
1 pm n*-GaAs buffer layer, (ii) a 1.7 pm n-Al,Ga;_,As lower cladding layer (A:
z = 050, B: z = 0.35), (iii) a 2000 A undoped Al,Ga,_,As composition graded
layers (A: z = 0.50 —0.30, B: z = 0.35—0.15), (iv) an undoped 100 A GaAs quantum
well, (v) a 2000 A undoped Al,Ga;_,As composition graded layers (A: z = 0.30—0.50,
B: r = 0.15 — 0.35), (vi) a 1.7 pm p-Al,Ga;_,As upper cladding layer (A: z = 0.50,
B: z = 0.35), and finally (vii) a 2000 A p*-GaAs cap layer. The identical profiles and
dimensions of the GRIN SCH structures assure a nearly identical carrier transport
effect and optical confinement in these two structures. The different Al concentration
in the GRIN SCH structures results in a different energy separation between the
quantized states of the QW and the large number of states in the GRIN SCH optical
confining region which, in turn, results in very different state filling effects in these
two structures. For example, the energy separation between the first quantized state
of the QW and the lowest energy state of the GRIN SCH optical confining region are
estimated to be 225 meV (structure A) and 102 meV (structure B), respectively, for
electrons.

Following the MBE growth, mesas with an active.stripe width 4 pm were chem-
ically etched and then a buried heterostructure (BH) was grown by a liquid phase
epitaxy (LPE) regrowth. Following the regrowth, the wafers were processed into BH
lasers using conventional fabrication techniques. The wafers were then cleaved into

lasers and the lasers were mounted in standard microwave packages. The high fre-
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quency modulation of the lasers were carried out by a standard experimental arrange-
ment including an S-parameter test set and a network analyzer. We have measured
modulation response of 2 sets of lasers of the same cavity length, each of them con-
sists of 5 lasers fabricated from the same wafer of structure A or structure B. The
modulation measurement was very consistent in each set of lasers. The variation in
the measured differential gain were within 18% for the lasers in each set. Figure 4.8
shows the square of the measured response peak frequency f, as a function of the
optical output power for two typical lasers of the same cavity length of 300 um. The

f% - P curves do not go through the zero point due to the presence of the constant

i
i

damping term in the modulation response [65]. Due to the structural and dimen-
sional identity of the two lasers, the carrier relaxation/transport effect and the device
parasitics are almost the same, which results in almost the same value of f, in the
two lasers. Thus, the characteristics difference in the two lasers shown in Figure 4.7
1s mainly attributed to the different state-filling effects in the two structures. The
differential gain values were measured to be 2.8x107¢ ¢cm? (A) and 0.9x107'® cm?
(B). The threshold currents of these lasers are 10 mA (A) and 14 mA (B), respec-
tively. The internal loss constants were obtained to be 8 cm™ (A) and 12 cm™?! (B)
from the measured differential quantum efficiency.

It is well known that the differential gain decreases as the gain increases in QW
lasers because of the sublinearity in the gain and carrier density relation caused by
the flat feature of the 2D step-like density of states of injected carriers in the QW

structure. The mirror loss of these two lasers of cavity length of 300 um is about 40
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cm™!. From the measured internal loss constants, we find these two lasers have almost
the same value of modal gain. Since the optical confinement in these two structures is
almost identical, the two lasers were biased at such a point that the carrier population
gave almost the same material gain. However, the carrier population is not the same
in the two lasers to reach such a bias point. There is an appreciable carrier population
in the SCH optical confining region of the laser structure B due to the smaller energy
separation between the quantized states of the QW and the states in the SCH optical
confining region. The significant difference in the carrier population of the SCH
optical confining region in these two structures gives rise to different impact on the
high-speed dynamics. In Figure 4.9 we show the theoretically estimated ratio of
differential gain in these two structures as a function of the modal gain, where the
state-filling effect has been taken into account. It is shown that the differential gains

1 which is quite

can differ by as much as a factor of 3.5 at the modal gain of 50 cm™
consistent with the experimental results. In addition, this carrier population is also
responsible for the threshold current difference and internal loss constant difference
(due to free-carrier absorption) in these two lasers.

The difference in differential gain definitely results in different modulation band-
widths in these two structures. In Figure 4.10, we show the measured small signal
modulation response for the lasers of cavity length of 300 pm. It is shown that laser
A is superior to laser B in the modulation bandwidth. The modulation bandwidth

of laser B is severely limited by the state-filling effect. A better high frequency re-

sponse is expected in the lasers of structure A since this structure possesses a larger
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differential gain due to the reduction of the state filling.

Due to the presence of the damping we can not increase the modulation bandwidth
unlimitedly by only increasing the photon density within the laser cavity. For a
laser with given device parameters, there exists a maximum modulatic;n bandwidth
at a certain photon density [65]. Both this maximum modulation bandwidth and
corresponding photon density depend on the laser device parameters. The higher
value of differential gain in the SQW structure A gives the potential of an improved
high speed performance. To actually achieve higher speed, a careful tailoring of the
laser device parameters such as cavity length and mirror reflectivity is required.

For a laser with cavity length L = 300pum and cleaved mirrors, i.e., By = R, = 0.3,
a maximum modulation bandwidth of 5.6 GHz is obtained. The threshold current of
this laser is 10 mA and the lasing wavelength is about 0.85 m. For an uncoated 150
pm long laser with threshold current of 16 mA, the maximum modulation bandwidth
was about 6.2 GHz. However, when the reflectivity of one mirror was increased to
0.7 by a dielectric coating (Si/Al;03 A/4 stack), a maximum modulation bandwidth
in excess of 9 GHz was demonstrated as shown in Figure 4.11, which is the largest
modulation bandwidth ever reported in unstrained GaAs SQW lasers with a uniform
current pumping [14].

A further increase of the mirror reflectivity to 0.9 resulted in a decrease of the
maximum modulation bandwidth to about 7.5 GHz. It is therefore concluded that
for the GaAs SQW laser a cavity length of 150 ym with mirror reflectivities of 0.3 and

0.7 is a good (if not the best) combination for high-speed operation. The maximum
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modulation bandwidth versus threshold current for the SQW lasers is plotted in
Figure 4.12 to show the device parameter optimization procedure.

To summarize, in this section we have shown experimentally that the state-filling
effect plays a major role in the high-speed modulation dynamics of QW lasers. By
using different separate confinement structures for otherwise identical quantum well
lasers, we find that the differential gain can vary over a factor of three, which signifi-
cantly affects the high speed modulation bandwidth in such lasers. These observations
are in agreement with the conclusions of the theory which takes the state-filling into
account in QW lasers. They bear directly on the design and fabrication of QW lasers

of superior high-speed performance.
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Chapter 5

Quantum Well Lasers of Low
Threshold Current and High

Modulation Bandwidth at Low

Operation Current

5.1 Design Considerations

Low threshold current semiconductor lasers are key components in high density ap-
plication, such as optical interconnect in the computer circuits. High packing density
and low power consumption are the two critical requirements for this kind of appli-
cation. Therefore, threshold currents in the submilliampere or microampere region

is of importance. In addition, low threshold lasers often exhibit improved reliability
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and enhanced modulation bandwidth and also offer the possibility of direct digital
modulation under zero bias current condition.

The threshold current density of a semiconductor laser will be reduced if the
thickness of the active layer d is reduced. However, once d is reduced to the quantum
regime of the injected carriers, any further reduction in d will not lead to significant
reduction in the threshold current density since the carriers are quantized in the
direction perpendicular to the active layer and are two dimensional in the active
layer. In terms of the state filling, there exists an optimal range for the thickness of
the QW. If the thickness of the QW is too large, there exist many very closely packed
(in the energy domain) subbands for the QW. This will result in a significant carrier
population in the upper subbands of the QW at the threshold. If the thickness of
the QW is too small, the first quantized states are very close to the top of the QW.
This results in a significant carrier population in the optical confining region at the
threshold.

For DH bulk semiconductor lasers, the modal gain and injection current density

has a linear relation [12,14]

g=TB (J-J) (5.1)

where B is a constant, transparency current density J;, includes the radiative carrier
loss due to the spontaneous emission, nonradiative carrier loss such as the carrier

leakage in a particular laser device structure used to confine the current injection. At
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threshold,

1, 1
g=a,~+—L—ln§. (5.2)

From (5.1) and (5.2) the threshold current can be obtained as

; 1.1
I = wldy = w [L(Pi'é +Je)+ ppln gl (5.3)

where w and L are the laser strip width and cavity length, respectively. So the strategy
to achieve low threshold current in the bulk DH lasers is to reduce the internal loss
a;, to reduce the transparency current density J;,, to reduce the device dimension w
and L, to increase the optical mode confinement I', to increase the differential gain
(x B), and to use high reflectivity (R) coating.

The lowest threshold current density demonstrated in QW lasers is less than 50
A/cm? in a long cavity InGaAs SQW laser [2]. To achieve ultralow threshold current,
it is also necessary to consider the device dimensions. As shown in the following, in
the QW lasers there exists an optimal cavity length to achieve the lowest threshold
current at a given mirror reflectivity R. As the lateral dimension w is reduced to the
quantum regime, the lasers become quantum wire lasers.

In QW lasers, the modal gain and injection current density relation is nonlinear
due to the flat feature of the step-like density of states for the QW structures [1,10,8,5].
If the quantum well number N,,, is not very large, as shown in Figure 5.1, the modal
gain g will be roughly scaled by Ng,. The nonlinear relation of the modal gain and

injection current density relation can be simply written as

g=N,TB In 7{— . (5.4)
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Figure 5.1: The schematic structures of SQW and MQW indicating the modal gain

roughly scales as the number of quantum wells N, in the case that N, is not too

large.
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We find that the minimum threshold current

min __ ir @i l
ar=w N,.TB exp(quFB +1) In 7 (5.5)
is achieved at a cavity length
1 1
=———In—. .
L N..TB n - (5.6)

These results indicate that the strategy to achieve low threshold current in the QW
lasers is almost the same as that in bulk DH lasers except that there exists an optimal
cavity length for the minimum threshold current in the QW lasers.

From (5.5) and (5.6) one can determine how the number of QW will influence the
threshold current behavior in the QW lasers. Both J;, and «; consist of two parts:
one part scales as N, and another is independent of N,,. For Ji, the radiative
loss of the carriers within the QW scales as N,,, but the radiative carrier loss of
the carriers in the optical confining region and the nonradiative carrier leakage are
basically independent of N,,. a; consists of the free carrier absorption due to the
carriers within the QW, the free carrier absorption due to the carriers in the optical
confining region, and the waveguide scattering. The first one scales as Ng,. The
next two are independent of N,,. These features plus the extra differential gain
enhancement in the MQW structure (B o differential gain) make MQW structure
possess advantages in obtaining low threshold current for given mirror reflectivity R.
(5.6) shows that the lower threshold current is obtained at shorter cavity length in
MQW lasers in comparison with SQW lasers.

It must be borne in mind, however, that the low threshold lasers need to be



116

modulated at rates up to a few gigabits/sec. and the low power advantage will be lost
if the current needed to reach the required modulation bandwidth is excessive. From
Eq.(3.55), at low optical power levels, the 3dB modulation bandwidth is proportional

to the relaxation resonance frequency

1.55 [vgm;

faap ® 1.55f, = ——

I - I,)Gq .
e = 1) (57)

where 7; is the internal quantum efficiency and V,,: is the optical mode volume,
Vopt = wtL. From (5.7) it follows that for a given injection current I the achievement
of high fi4p requires a low threshold I;;, a large differential gain Gj, a small optical
mode volume V,,, and a high internal quantum efficiency.

QW lasers become the main contenders for this kind of applications due to the
demonstrated submilliampere threshold current [9,7,3]. A lower threshold current
can be achieved by increasing the number of quantum wells, using a shorter cavity
length and a narrower active strip width. At the same time, shorter cavity length and
narrower active strip width lead to smaller optical mode volume, which, in turn, leads
to a larger modulation bandwidth. However, shorter cavity length entails operation
at higher current (and carrier) densities because of the large threshold modal gain
required. This inevitably reduces the differential gain constant G in QW lasers due
to the flattening of the gain vs. carrier density characteristics of such lasers. High
reflectivity coatings on the facets of such lasers with short cavity lengths can dra-
matically reduce the threshold current and the threshold modal gain, thus retaining

a high value of differential gain. On the other hand, the use of MQW as the active
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region will lead to a higher differential gain at low threshold modal gain compared
to SQW structures due to the reduced effect of confining layer state filling [16]. And
the use of strained QW structure leads to further improvement since strained QW
lasers have demonstrated lower threshold current density and higher differential gain

due to the strain induced valence band modification.

5.2 Laser Device Structures

Using design criteria inspired by the arguments in previous section, a graded index
separate confinement heterostructure (GRIN SCH) MQW laser structure was grown
by low pressure metalorganic chemical vapor deposition (MOCVD) on (100) n-GaAs
substrate. The MQW laser structure is a double quantum well (DQW) laser structure.
As shown in Figure 5.2, the GRIN SCH DQW structure consists of a 1.5 pm n-
Aly 4GageAs lower cladding layer, a 2000 A undoped Al.Ga;_,As linearly graded
region (z = 0.4 — 0.05), a 150 A undoped GaAs spacer layer, two undoped 75 A
Ing.2GaggAs quantum wells with undoped 150 A GaAs barrier layer, a 150 A undoped
GaAs spacer layer, a 2000 A undoped Al,Ga,_,As linearly graded region (z = 0.05 —
0.4), a 1.5 um p-Alp 4GageAs upper cladding layer, and finally a 3000 A pt-GaAs cap
layer.

After the MOCVD growth, mesas with an active stripe width 2 ~ 3 um were
chemically etched in order to fabricate buried heterostructure (BH) lasers. The top

GaAs cap layer was removed immediately prior to loading the wafer into a liquid phase
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Figure 5.2: The schematic structure of the InGaAs/AlGaAs/GaAs double quantum

well laser structure and the schematic structure for the buried heterostructure lasers.
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epitaxy (LPE) system for regrowth. A p-Alg4GageAs layer and an n-Alg4GageAs
were grown successively to form a blocking junction. The schematic structure for the
BH lasers is shown in Figure 5.2 After the regrowth, the wafer was processed into BH
lasers using conventional fabrication techniques. The wafer was subsequently cleaved
into laser bars of various cavity lengths and HR dielectric coatings were applied on

some of the laser facets. The device performance will be discussed in the following

[4,17].

5.3 Threshold Current

The threshold distribution of the DQW lasers versus the cavity length is plotted in
Figure 5.3. For comparison, the results on SQW [3] and triple quantum well (TQW)
InGaAs lasers are also presented in the same figure. The SQW lasers are also of ~ 2
pm wide active stripes. It is seen that the optimum cavity length for low threshold
current operation in our BH quantum well laser decreases with increasing number of
wells. Approximately, the optimum lengths are 300 ~ 400 pym for SQW, 200 ~ 300
pm for DQW, 100 ~ 200 gm for TQW lasers, respectively. From the data of Figure
5.3, we find that the lowest threshold current obtained is 1 mA for an uncoated DQW
laser at ~ 200 pm cavity length. The threshold current of TQW lasers are somewhat
higher. The lowest threshold current measured is 1.6 mA for a laser of ~ 1.5 um
active width (not shown in Figure 5.3).

To further reduce the threshold current, high reflectivity (HR) coatings were ap-
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Figure 5.3: The threshold current versus cavity length for SQW, DQW, and TQW

lasers. The width of the active stripe is ~ 2 um.
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plied to the facet mirrors of DQW lasers of ~ 110 um cavity length. Typical results
are shown in Figure 5.4. The CW threshold current of the laser was 1.5 mA with
cleaved facets, the external quantum efficiency was 0.4 mW/mA and the lasing wave-
length was 0.995 pm. When an HR coating of ~ 0.95 was applied to the rear facet,
the threshold current dropped to 0.9 mA and the external quantum efficiency from
the front facet rose to 0.67 mW/mA. A further application of an HR coating of ~
0.95 to the front facet of the DQW laser led to a threshold current of 0.35 mA. Under
pulsed operation condition, the laser displays a threshold current as low as 0.25 mA.
The main performance parameters of the laser with different mirror reflectivities are
summarized in Table 5.1.

The lasers operate in a single lateral mode with far field divergence angle of ~ 25°.
They also operate dominantly in a single longitudinal mode (Figure 5.5). The lasers
show very good power performance. The uncoated 150 um long lasers deliver more
than 40 mW CW power per facet at room temperature.

The threshold current value of 0.25 mA is the lowest so far obtained in any materi-
als or any structures. In comparison, a CW threshold current as low as 0.5 mA (pulsed
threshold 0.35 mA) has been achieved in a patterned quantum well GaAs/AlGaAs
laser [7]. In the InGaAsP long wavelength lasers, submilliampere threshold current
(in the vicinity of 0.9 mA) have been demonstrated by using dielectric HR coating
[15] and low temperature operation [11]. A threshold current of 0.7 mA was obtained
in the vertical cavity surface emitting laser configuration [6).

Theoretically, it appears possible to continuously reduce the threshold by using
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Figure 5.4: The light vs current characteristics of a DQW laser with different mirror
reflectivities. The cavity length of the laser is 110 um and active stripe width is 2

pm.



123

Mirror Reflectivities | CW Ipp (mA) Np (mMW/ma) A, (pm)
Rf = 0.30 , R = 0.30 1.50 0.40 0.955
Rf = 0.30 , Ry = 0.95 0.90 0.67 0.961
Rf = 0.95 , Ry = 0.95 0.35 0.10 0.975

Table 5.1: Threshold current, differential quantum efficiency and lasing wavelength
for a laser with different facet coatings. The cavity length is 110 gm and active stripe

width is 2 pm for this laser.
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Figure 5.5: Lasing spectra of the device shown in Table 5.1 with different facet

coatings. The cavity length is 110 um and active stripe width is 2 gm for this laser.
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shorter SQW cavities and simultaneously increasing the facet reflectivity. However,
in practice, very high reflectivity coating (> 95%, e.g.) on a short cavity SQW laser
are difficult to achieve due mainly to sensitive dependence of lasing wavelengths on
the mirror reflectivities [3]. In MQW lasers, the dependence of lasing wavelength
on cavity length and mirror reflectivities is reduced, which allows for operation with

more easily achieved reflectivities.

5.4 High Modulation Bandwidth at Low Opera-

tion Current

The high frequency modulation of the lasers were carried out by a standard experi-
mental arrangement including an S-parameter test set and a network analyzer. Figure
5.6 shows the 3dB modulation bandwidth as a function of the operating current for
several lasers with different active strip widths, cavity lengths and HR coatings. The
measurements were made on the optical output from front facet (R;). The corre-
sponding values of active strip width, cavity length, mirror reflectivities, threshold
current and differential quantum efficiency (np) for each laser are listed in Table
5.2. The corresponding values of K factor are also shown in Table 5.2, which were
evaluated from the modulation response by a curve fitting method.

A comparison of the K values among the lasers suggests that the K is a function of
threshold modal gain g, = a + Ell', In Elf%;' Although the 3dB modulation bandwidth

strongly saturates as the operating current increases in laser IV and it has a large
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Figure 5.6: 3dB modulation bandwidth vs operating current for lasers with different
active strip widths, cavity lengths and facet mirror coatings. See Table 5.2 for detailed

description about the lasers.
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Differential
Active Cavity Threshold quantum
strip width length Front facet Back facet current efficiency
Laser w L reflectivity reflectivity Iy N K factor
number (um) (um) R, Ry (mA) {mW/mA) (ns)
1 3 um 300 um 0.3 03 34 0.40 0.23
i1 3 um 150 um 0.3 0.95 2.6 Q72 0.24
I 2 um 150 um 0.3 0.95 09 0.63 0.23
v 2 um 150 um 095 0.95 0.5 0.095 0.44

Table 5.2: A list of laser structures and corresponding obtained results in InGaAs

strained DQW BH lasers.
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value of K, a 5 GHz 3dB modulation bandwidth has been achieved at an operating
current 2.1 mA in this laser as shown in Figure 5.7. This is attributed to the lower
threshold current (0.5mA), smaller optical mode volume (short cavity and narrow
active strip width) and high differential gain at low modal gain in this laser. The 0.95
HR coatings on both facets of this laser lead to very small threshold modal gain.
These lasers are attractive for the applications of optical interconnects and short
distance local area communication systems. Due to the damping effect on the modu-
lation response, at high operation current levels, the operation current increase does
not efficiently increase the modulation bandwidth as schematically shown in Figure
5.8. For example, the highest modulation bandwidth of 30 GHz was obtained at an
operation current of 114 mA [13]. To obtain 30 GHz communication bandwidth, we
can use a system consisting of 6 lasers of 5 GHz at 2 mA. As shown in Figure 5.8, the
power consumption of this system is about three orders of magnitude less than that
of using one single 30 GHz laser. In the meantime, the requirements for high speed

(30 GHz) photo-detectors and other supporting electronics can be relaxed to 5 GHz.
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Figure 5.7: The modulation response of a DQW laser. A 5 GHz 3dB modulation

bandwidth has been achieved at an operating current 2.1 mA. The threshold current

of this laser is 0.5 mA.
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Figure 5.8: The advantages of using lasers of moderate high speed at very low oper-

ation current to construct optical interconnect and local area networks.
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