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ABSTRACT

In this thesis work, we characterize lasers based on self-organized In(Ga)As quantum dots
(QDs). Intrinsic static and dynamic lasing properties of QD lasers are surveyed in high

performance devices with a variety of device geometry, cavity loss and QD gain system.

At first, the carrier and gain processes are analyzed that affect the temperature dependence
of QD lasers. The characteristic temperature and spectral characteristics are correlated in
the analysis to pin down the major processes that determine various temperature
dependent behaviors in different temperature ranges and in devices with varied cavity
losses. The laser design strategy for extended temperature stability in QD lasers are
addressed.

In the next, the waveguide effects in QD lasers are investigated. The spectral hole burning
effects due to the cavity resonances modes are found to be responsible for the spectral
intensity modulations in ridge waveguide QD lasers. High performance narrow stripe QD
lasers with deep etched through waveguide are demonstrated. These results indicate that
laser waveguide design is critical for both spectral and spatial mode control in QD lasers,
and novel design elements can be incorporated in the active region without incurring
deleterious effects to the laser performance, due to the strong carrier localization effect in
QQDs. Potentially a variety of QD devices can be realized in a cost-effective way by using
novel fabrication techniques that are not suitable for the devices with conventional gain

media.

The spectral dynamics of QD lasers are surveyed in a wide range of devices with different
QD systems and at various temperatures. Antiphase mode dynamics feature all the
investigated QD lasers, no matter if the mode spectrum is modulated by the waveguide
effect and in both single- and multi-longitudinal-mode cases. Other than the vanishing
mode oscillation amplitude in the quantum well lasers with current, the QD lasers show
persistent strong oscillation intensity and are characterized by the frequency damping
effects. Both stable and chaotic mode oscillation regimes are observed without changing
the former oscillation frequency and amplitude characteristics. These spectral dynamic

features are related to the mode cross-saturation mechanism in Fabry-Perot lasers, i.e. the



dynamic grating effect, and the QD carrier and gain dynamic properties, particularly the

gain nonlinearity and various gain suppression mechanisms in QD gain.

For the dominance of multi-stacked QD gains, the basic lasing properties are characterized
for the multi-stacked QD lasers. The effects of multiple dot layers and bimodal dot
distributions on the temperature dependence are addressed. For multi-stacked QD lasers,
the low temperature lasing properties are strongly affected by the carrier transport effect.
The peculiar spectral features are surveyed with respect to a variety of device parameters
and are attributed to the gain inhomogeneity as induced by the bottlenecked carrier
transport across the multiple dot layers. The time-resolved study helps reveal the
underlying laser dynamics. Self-organization processes in this specific laser system are
analyzed to reproduce the dynamics. The transient lasing characteristics of narrow stripe
gain-guided QD lasers are also investigated concerning the dynamic instability processes.
The transient junction heating and the lateral spatial hole burning are found to be critical

for the triggering of destabilization processes.

Finally the emission properties of four-sided QD lasers are studied. The mode properties
specific to these near-square-shaped laser cavities are analyzed. The lasing characteristics
are related to the different lasing mechanisms for both the total-internal-reflection modes
and the leaky modes. The selection mechanisms for spectral and azimuthal modes are
addressed, and the results of ray optical analysis support the corner diffraction loss as the

major factor that determines the azimuthal mode structure.
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CHAPTER 0 INTRODUCTION

Contents:

0.1 Brief history of semiconductor quantum dot [asers .........ccveieivirieincinencnnennennennes 1
0.2 Recent development of QDD JaSELS.......ciieiuriiriniiririniiieeeeieieiesseeeeeee s ssesaeseens 5
0.3 Potentials and challenges for QDD 1aSers ..o 9

0.4 Organization of the thesis

0.1 Brief history of semiconductor quantum dot lasers

Since the first reports of working semiconductor lasers in 1962 by almost simultaneously 4
groups in USA," the physics and device concepts of semiconductor lasers™ has been
continually innovated. Up to the second millennium in the human history, the
semiconductor laser development has reached the climax in its short history, as highlighted
by the advancement in quantum dot (QD) lasers’ and the Noble prize for physics in the

year 2000 for two pioneers in the area of semiconductor heterostructure devices.

The first generation of semiconductor laser are based on degenerately doped p+-n+
homojunction.® These devices are characteristic of high current density and low
temperature operation, and remain only a curiosity in the laboratory. The introduction of
heterostructures in the laser waveguide leads to the second generation of semiconductor
lasers.”" The double-heterostructure (DHS) laser has reduced current density and its
continuous-wave operation at RT signals the beginning of practical application of
semiconductor lasers. Since the introduction of DHS laser, the active region has changed
from bulk to thin layer, in order to reduce further the current density and internal loss. In
the separate-confinement laser waveguide, the carrier and optical confinement is
decoupled, greatly facilitating the optimization of laser performance. Finally comes the
third generation of semiconductor lasers, which are characterized by the use of
semiconductor quantum heterostructures in the active region. Quantum well (QW) lasers
seem to be a natural extension of the DHS laser with thin active layers. But the quantum
size effect brings QW lasers significant advantage and potentials, compared to the

conventional lasers.

The envision of semiconductor QW lasers could be traced to the patent”’ of Dingle and

Henry, in which they proposed that size quantization effects, resulting in a strong



modification of the density of states (DOS), are very advantageous when used for the
active media of semiconductor lasers, as they allow suppression of the states at high
energies. These states are responsible for degradation of the device performance at high
temperatures, as the carriers effectively populate high energy states with temperature
increase, reducing the population of the near-band-edge states that are responsible for
lasing. Moreover, in size-quantized heterostructures also the DOS at the band edge is
strongly increased. This makes it possible to realize high performance lasers with high
gain/differential gain, extremely low threshold current density, high slope efficiency and
high modulation speed. The successful development of QW lasers'* prove the concept of
size quantization. To date, high performances QW lasers dominate the semiconductor laser

market.

However, the transition from the bulk DHS lasers to the QW lasers is the first step in the
application of size quantization concept to semiconductor heterostructure lasers. As was
stressed by Dingle and Henry, size quantization in more than one direction would cause a
singularity in the DOS near the band edge. The advantage of using 1- or O-dimention
quantum structures, ie. quantum wires and QDs as laser media over the QWs was

analyzed in the 807s,""

and it is predicted that compared to the bulk and QW lasers, the
QD lasers could have further reduced transparency current, increased material gain and
differential gain, high temperature stability, and last but not the least, decreased line
enhancement factor and frequency chirp. The QD lasers represent an ultimate case of

application of size quantization concept to semiconductor heterostructure lasers.

The predicted superior laser performance stimulated many courageous efforts towards the
device realization of a QD laser. With a QW laser subject to a perpendicularly oriented
strong magnetic field, the 2D carriers confined in the QW layer can be further localized,
that mimics the 3D quantum confinement in ideal QDs. This experiment demonstrates
clearly the improved temperature stability of threshold current density,” testifying a
principal aspect of the potentials of the QD lasers. To fabricate the QDs for integration
into the semiconductor heterostructure lasers, the QW structures are patterned in the
lithographical process.”” Artificially very high density and regular array of etched QDs can
be obtained with the only limitation set by the precision of the lithography and etching
processes. However, the performances of these etched QD lasers are inevitably frustrated
by large scattering losses and defect/sutface-related nonradiative recombination, as

introduced by the specific fabrication methods. The threshold current density kept high



above 7.5 kA/cm” (77K, pulsed operation),” and there is little hope to reduce it further
without a dramatic improvement in the existing technological routine. Albeit the genuine
QDs are still not in scene that can be integrated in the semiconductor heterostructure
lasers, researches on the electronic and optical properties of semiconductor nanostructures
start to take off. Semiconductor nanoctystals are intensively studied with respect to their
exciton gain mechanisms."” The seminar work by Zrenner et al’ on the exciton localization
by interface fluctuations in the QW eventually turned over the case, and lit the interests on

“QD heterostructure” study particulatly.

Stranski-
Frank- van der Volmer- Krastanow
Merwe (2D) Weber (3D) (2D —=>3D)

A A

| | v
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Fig. 0-1 Various epitaxi growth modes on semiconductor crystal surfaces.

In the meantime, epitaxial growth of coherent semiconductor nanostructures is becoming
possible owing to the remarkable progress in the understanding of universal phenomena of
self-organization of epitaxial nanostructures on semiconductor crystal surfaces.””
Principally there are three possible growth modes, as shown in Fig. 0-1. In Frank-van der
Merwe mode, the substrate surface energy v, is larger than the sum of the epilayer surface

energy Y, and the interface energy y,,, so only the thin film can be formed. In Volmer-

Weber mode, v, < 7y, + V5, and 3D islands can be formed. In comparison, the Stranski-
Krastanow (S-K) mode is a rather special growth mode. With the deposition of layer above
the critical thickness, the thick layer can self organize into the array of 3D islands that are
seated on a thin wetting layer. The S-K growth mode requires stringent control of growth
conditions, so generally only a small growth window in parameters is available. But it can
be implemented in the otherwise deleterious lattice-mismatched material system, like
InGaAs/GaAs, to grow QD heterostructures. This bottom-up approach takes advantage

of self-organization formation of 3D islands, and the relaxation of strain energy in the



small islands can help reduce greatly the possibility of defect formation. This is particularly
advantageous for the device application. The outcome of the self-organized growth is well
beyond the expectation, and the naturally formed rather regular array of pyramid- or lens-
shaped islands is shown to be the genuine QDs that emit in discrete sharp luminescence
lines corresponding to & function DOS.” The further development of the self-organized
growth technique brings about almost defect free dense arrays of In(Ga)As QDs. Based on
the self-organized QDs grown by Molecular Beam Epitaxy (MBE), the first optically
pumped QD laser,” and then the first QD injection laser are realized in 1994.** Large
material gain and differential gain are measured in these QD lasers.” The later QD growth
by Metalorganic Chemical Vapor Deposition (MOCVD) provides better quality, and the
InGaAs capping technique is applied to improve the luminescence efficiency and tailor the
QD emission wavelengths. To decouple the dot size and density control, the dot seeding
approach is devised. That uses a layer of high density small dots as the seeding layer to
trigger the growth of large dots of the same high density on the upper layers. Lasers based
on the optimized InGaAs QDs show dramatically improved performances and RT CW
operation of 2 MOCVD InGaAs QD laser is demonstrated.” In Fig. 0-2, the TEM
pictures of the high quality MOCVD grown InGaAs QD array (a) and a single dot cross
section (b) are shown. The dot density is about 6.3 x 10" /cm? and the base size of the
lens-shaped dot is around 30 nm. To increase the saturation gain and differential gain,
multi-stacked QDs are generally required in the QD lasers. In Fig. 0-3, the cross section
STM of 3 vertically coupled QDs (a) is shown, along with the cross section TEM of
InGaAs/GaAs short petriod supetlattice (b). These pictures demonstrate coherent growth

of multi-stacked QDs and the spatial correlation of QDs.

6.3x10"° /ecm’®

(0)

Fig. 0-2 TEM pictures of MOCVD grown InGaAs QDs. (a) plan view, (b) cross section view.

The promising results in GaAs based material system have triggered the survey of similar

effects in other material systems, like InAs on Si, InP,” Si(Ge),® and GaSb” etc.



Particularly, it is realized that in the newly developed InGaN QW lasers™ the exciton
localization in the nanoscale fluctuations of indium content helps overcome the deleterious
effect of nonradiative recombination from the high density misfit dislocations, which are

currently deemed in the GaN based material system. This leads to the subsequent

development of (In)GaN-based QD lasers.3’

(a) X-STM (b) X-TEM InGaAs/GaAs QD superlattice
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Fig. 0-3 (a) Cross section STM of 3-fold stacked InGaAs QDs with vertical correlation. (b) Cross section
TEM of InGaAs/GaAs supetlattice.

0.2 Recent development of QD lasers

While the original predictions of QD laser properties were based on simplified

assumptions:

infinite bartiers

ideal quantum dots of identical shape

temperature-insensitive homogeneous broadening

one confined electron and hole level

bimolecular e-h-recombination

ultrafast energy relaxation of injected carriers

quasi-equilibrium carrier distribution

lattice matched heterostructures and similar confinement volumes for electrons

and holes

the laser properties of actual QD lasers are generally based on the more realistic

assumptions:

e finite barriers
e size and shape dispersion of QDs



e many electron and hole levels and the impact of the continuum states of wetting
layers and barriers

® cxcitonic recombination

e nonequilibrium carrier distribution

e strained heterostructures with completely different potential wells for electrons and
holes

Since 1994, the overwhelming part of potential advantages of QDs has been verified on
actual devices,”” and new previously unexpected advantages are also demonstrated. It

appears that the use of QDs in diode lasers has several decisive technological advantages:”

Largely extended tunability of emission wavelength by QD size and composition on a
given substrate. Lasing wavelengths from 1.3 — 1.6 um, important for telecom and free-

space applications, can be realized on GaAs substrates.™

e Very low threshold current densities (< 6 A/cm® per dot layer) and,
simultaneously, very low internal losses (~1-3 cm™) and high quantum efficiencies

(~100%) are demonstrated.

e Carrier confinement in narrow gap QDs placed in a wide gap matrix can prevent
nonequilibrium carrier spreading and nonradiative recombination. This improves
radiation hardness and suppresses the facet overheating, increasing the catastrophic
optical mirror damage (COMD) level for the high power lasers. The suppression of

3536

filamentation in QD lasers™" will benefit the high power operation in narrow

stripe lasers.

e For future metropolitan area networks the demand for cost-effective ultrafast
amplifiers can exceed that of lasers. Semiconductor optical amplifiers (SOAs) are
expected to play a decisive role in this area. SOAs based on self-organized
In(Ga)As QDs show gain recovery times of 130 fs,””” 4-7 times faster than the
InGaAsP bulk and QW SOAs. Additional advantages of QD SOAs can be

reduced chirp, larger saturated gain, no cross gain modulation, etc.

In addition, the GaAs-based QD lasers are conceived as the most cost-effective solutions
for the massive telecommunications market, compared to the current InP-based QW
lasers. This economic concern provides a strong impetus to the recent rapid development

32,34,39

of long wavelength InAs QD lasers emitting in the 1.3 — 1.5 um spectral range.



Specifically for the growth of large sized dots emitting in 1.3 um range, the growth
technique incorporates both the Dot-in-a-well (DWELL) scheme and activated alloy phase
separation.”” As shown schematically in Fig. 0-4(a-c), at first the S-K mode is used to grow
the small InAs QDs, next a thin InAlGaAs alloy QW layer is deposited above the QDs,
and then the temperature is increased to activate the alloy phase separation process. In the
latter process, the Indium atoms segregate to the top of QDs due to strain gradient, and
the effective dot size is increased. The cross section TEM of the enlarged InAs QDs can
be seen in Fig. 0-4d, along with the plan view TEM of the 1.3 um QD array in Fig. 0-4e.
These pictures demonstrate the potential in tailoring the QD size, shape and composition
by advanced growth technique. This flexibility would facilitate the application of QD

media in different area.

(a) Formation of self-organized InAs QDs in S-K mode

i, P ~| . Dot-in-a-well scheme for 1.3 ym InAs QDs

(e) Plan view TEM

(b) Deposition of a thin InAlGaAs QW

)

y
(c) Activated alloy phase separation increases QD size 'p' v
T A % ey Ly

(d) Cross section TEM

15 nm 100 nm

Fig. 0-4 (a-c) Schematic illustrations of DWELL and activated alloy phase separation technique. (d) and (¢)
TEM pictures of MBE grown 1.3 um InAs QDs.

Besides edge emitting lasers, vertical-cavity-surface-emitting lasers (VCSEL) can benefit

from the specific QD properties.” The reduced carrier spreading in the small aperture

VCSEL can be rather advantageous for decreasing the threshold current density,

improving the laser modulation properties and enhancing the lasing stability. The use of

AlGaAs/GaAs Distributed Bragg reflectors (DBR) along with the InAs QDs also leads to

a system advantage over that based on InP material system."'

QDs can be incorporated in a variety of special laser structures. The much reduced carrier
diffusion length due to carrier localization in QDs allows fabricating open waveguides cost-
effectively by direct etching through the active region.”” Laterally coupled distributed

feedback (DFB) laser * and ultra short edge emitting lasers with etched DBR mirrors®



have been realized with reasonable single mode performance. Electrically pumped InGaAs
QD ring and cylindrical cavity lasers* could replace the QW counterpart in the gyroscopic

48-51

application. Microdisk QD lasers are important devices for exploring the strong
coupling regime between the high-Q cavity modes and QDs. Optically pumped photonic
crystal QD lasers™ is also demonstrated recently, but there is still a long way to go towards

the realization of the first electrically pumped thresholdless laser ever.

In the device design area, there are certain developments that are worth to note. For
example, in funnel injection QD lasers, the QW adjacent to the QD layer is used to inject
cartiers (i.e. electrons) in the dot ensemble through LO-assisted tunneling,” that helps
eliminate the hot carrier effect and greatly enhances the modulation bandwidths.™ In p-#pe
modunlation doped QD lasers, the crowded hole energy levels of QDs are intentionally filled to
avoid the hole redistribution effect under temperature change or in high speed
modulations. As a return, high characteristic temperature T, of ~ 200K (from 0°C to 80°C)
is obtained in the 1.3 um QD lasers,” and this approach improves the high-speed laser
performance as well.® Above all, these innovative developments are based on the
improved understanding of the laser principles in QD lasers. It is believed that new
concept QD lasers may herald the development of powerful lasers that include more
unprecedented design elements. Just as formulated by one of the semiconductor laser

pioneers, the QD lasers and their variations will be developed in width and in depth.”

Accompanied by the rapid technological development, the QD lasers are also prepared to
enter the commercial market. The successful development of 1.3 um InAs QD lasers™ in
University of New Mexico, USA, has lead to a spin-off. The company, named Zia Laser,
Ine., was founded in Albuquerque, NM, in May 2000, aiming to develop and commercialize
the long wavelength QD lasers for the communications networks market. The company’s
product development list includes ultra broadband QD gain blocks, ultra wide tunable
external cavity QD lasers, and the recent debuted uncooled DFB lasers, among others.
This signifies that, after near a decade R&D, the QD devices are beginning to erode the
market occupancy of the QW ones and even prepared to take on new markets. Another
company named NSC-Nanosemiconductor GmbH, situated in Dortmund, Germany, is
recently spun out of the Ioffe Physico-Technical Institute in St Petersburg, Russia, and the
solid state physics institute of Technical university of Berlin, Germany. It aims to offer
semiconductor wafer nanoepitaxy services for solutions in optoelectronic and

microelectronic applications. The high performance QD edge emitting and VCSEL laser



wafers head the company’s portfolio. One noteworthy point is the QD laser wavelength
range from 0.85 to 1.5 um, which are all based on GaAs substrate. With the high
performance QD laser wafer available in the market, it can be expected that the pace will
be accelerated for the QD lasers to replace the QW lasers in the major laser market

sections.

Finally it is noted that, besides the semiconductor QD heterostructure lasers, lasers based
on semiconductor nanocrystals™ are making advances as well. The synergetic effect in the
development of different types of QD lasers could facilitate their implementation in
widespread application areas, and help explore the advantages of QD media in distinct

device configurations.

0.3 Potentials and challenges for QD lasers

In fact, the epitaxial growth of QD heterostructures has experienced great advances in the
last decade, with a wide range of material systems being tested. This early stage of
development gave birth to high quality, dense, coherent QD arrays applicable in a variety
of devices. Owing to many newly developed material systems, QD lasers now can emit
from near ultraviolet to near infrared by interband transition, and mid-infrared by
intersubband transition. We have already high power laser diodes, datacom and telecom
lasers and VCSELs,” all based on self-organized QDs. The QD lasers are delivering
superior performance in many of the basic laser characteristics than ever before. To date,

the QD lasers have proved to be advantageous all around over their QW counterpart.

However, the potentials of QD lasers are still not fully explored. The major potential of
QD active media lies in the flexibility of tailoring the QD properties*”*"® by the adapted
growth technique for the intended application. Currently, many growth techniques for the
QD heterostructures have been developed, but the control on the QD size and
composition dispersion is still at large. With the currently achievable dot area density ~
10" /cm?, the modal gain is limited to ~ 10 /cm per dot layer. The large dot dispersions,
though potentially advantageous in certain application areas, mount up a waste of injected
carriers in most cases, which cuts the lead that QD lasers otherwise could provide over the

conventional lasers.

On the other hand, with improved dot uniformity, the saturation gain/differential gain can
be enhanced, which increase the dynamic range of laser operation and the thermal stability

by avoiding the gain saturation effect. High degree of spatial order in QD arrays is essential



for the realization of QD superluminescent devices, and for the exploration of novel
electro-optic nonlinear effects and electromagnetic diffraction and interference effects in
QD superlattices.”* Ideal QD array is particularly attractive in optic and electronic storage,”
for it enables massive parallel processing, and facilitates individual addressing. Moreover,
the vertical stacking and electronical coupling of QDs are unique aspects worthy of
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exploration for engineering the QD properties.” The electronically coupled QD pairs are

. . . . (8 . .
% and in spintronic devices.” The polarization

potentially useful for quantum computing,
anisotropy associated with the stacked QDs affects the performance of QD amplifiers. The
electron tunneling between stacked QD layers is critical for the development of QD
unipolar quantum cascade devices, which could greatly advance the performance of the
quantum cascade lasers and cause widespread impact on the related technological field.
Recently, the shape engineering of truncated pyramid shaped InAs QDs is shown to
enhance the thermal stability.”” Lateral coupling” of QDs is also intensively addressed,
because it is critical for reaching long wavelength range (1.5 — 1.7 um) based on GaAs
substrate, and provides efficient carrier coupling among QDs that may help engineer the
carrier thermal redistribution and gain properties.””” The abovementioned potential and
apparent benefits may provide a strong impetus for the advance of QD growth technique.

The surging nanotechnology revolution let us in hope that these expectations are not far

away from the reality in the near future.

Besides the challenge in the QD heterostructure growth area, the design, fabrication and
characterization of QD devices are facing challenges as well, and they are critical for the
full exploitation of the potential advantages pertaining to QD media. The multifaceted
electronic and optical properties of QD gain media can bring new phenomena and effects
into play, which demand novel concept to take advantage of the benign and useful aspects
but meanwhile to avoid the possible deleterious side effects. Wide ranges of device
configuration are usually needed to have a full characterization of particular device
properties, in order to glean the intrinsic roles of QD media. This is reflected in the present
case in the study of waveguide effect in the QD lasers. In the eatly stage of study, many
uncertainties evolve due to the limited device and QD quality and disparate device
geometry pertaining to the weirdly varied fabrication technique. These facts make the
reported results too device-specific. In addition, certain basic QD parameters, like the
homogeneous linewidth, are less understood. Only after these problems are solved, a
systematic study becomes possible, that help reveal the intrinsic effects. The understanding

of intrinsic waveguide effects, in turn, feedback the laser design, and lead to potentially

10



important spectral or wavelength control mechanisms. The fabrications of laser waveguide
then can be directed to make use of or avoid the spectral intensity modulation in the
emission spectrum of QD lasers. The study of temperature effect in QD lasers shows a
similar pattern. A number of temperature dependent effects exist in QD media, and the
temperature dependence of lasing characteristics also depends on the device parameters,
like the cavity loss that determines the threshold gain. With high quality QD devices of
extremely low internal loss, we can approach the lowest limit of device loss in the high
reflection coated lasers, thus a wide range of gain can be probed. In this way, the roles of
ground state (GS) gain saturation, excited states (ES) gain and bimodal dot distribution can
be revealed, along with the intrinsic temperature dependence in the low linear gain region
just above transparency. These general temperature effects form the base for the
understanding of temperature dependence in a variety of particular QD lasers. They can be

reckoned on in the laser design to obtain extended temperature stability in QD lasers.

The grasp of basic lasing characteristics and device character paves the way for the
exploration of high-level device properties of QD lasers. Like in the present study of the
spectral dynamics of QD lasers, the intrinsic multimode dynamics are revealed along with
the peculiar spectral and dynamic features as induced by the carrier transport across the
QD multilayers. Laser dynamics are basically dependent on the nonlinear gain properties.
The intrinsic dynamic features thus help understand the nonlinear gain processes in QD
lasers, and refine the laser modeling, especially concerning the gain suppression and
saturation mechanisms. This knowledge will benefit the study of laser dynamics in all
semiconductor lasers. Except the fundamental aspect, the intense antiphase dynamics in
QD lasers are attractive features that may be exploited in the future generation of optical
processing unit as self-generating and self-pacing multichannel sources. Because the multi-
stacked QD (MQD) media are indispensable in the current generation of high power and
high-speed QD lasers, the present study of lasing properties in MQD lasers is particularly
important. Other than the basic characteristics, the carrier transport effect is still at large in
MQD lasers. However, it is critical for the high-speed properties of MQD lasers. The
present study of low temperature dynamics in MQD lasers should provide a first sign of
the impact of carrier transport effect on the laser dynamics. In the future, the carrier
transport effect in MQD lasers needs be investigated at ambient temperature and high-
speed regime. This would require a good modeling of carrier and gain dynamics in MQD
waveguide, and could be a rather challenging step towards optimized high-speed MQD

devices.

11



Above all, the design, fabrication and characterization of high performance QD lasers are
becoming highly integrated processes, not only for the optimization of certain device

properties, but also for the exploration of novel properties provided by QD devices.

0.4 Organization of the thesis
In this thesis, we present the characterization study of high performance laser diodes based
on self-organized In(Ga)As QDs, in an effort to explore the static and dynamic properties

in width and in depth.”

In Chapter 0, after a brief introduction of the semiconductor laser history, the recent
development of semiconductor QD lasers are overviewed, in addition to a short discussion
of the potential and challenges. In Chapter 1, the basic carrier and gain processes and laser
parameters of QD lasers are described in detail. They are then explored for a general
understanding of the temperature dependent aspects in the basic characteristics of QD

lasets.

Chapter 2 is devoted to the waveguide effects on the light-current and spectral
characteristics of ridge waveguide QD lasers. A systematic study with varied waveguide
parameters helps resolve the so-called mode-grouping problem. Specifically the lateral-
cavity spectral hole burning effect’ is shown to be responsible for the frequently observed
spectral intensity modulation features in the longitudinal mode spectra. The impact of
mesa etch profiles on the lasing spectra is studied to demonstrate the spectral hole burning
effect of cavity resonance modes in different types of laser cavities. The potential spectral
control mechanisms for QD lasers are discussed in this context. In addition, high
performance narrow stripe QD lasers with deep etched waveguide are demonstrated,
testifying one of the major advantages induced by the strong carrier localization in QD

media.

In Chapter 3, we turn to multimode dynamics in QD lasers. Antiphase mode fluctuations
are observed in all the investigated QD lasers, and they are attributed to the dynamic
grating effects in Fabry-Perot lasers. The spectral and spatial cross relaxation processes in
QD and QW gain are compared to explain the different dynamic characteristics and their
dependence on the current. Specifically, the weak spatial cross relaxation is identified as the
main factor that keeps the dynamic grating effect strong in QD gain. A modeling taking
account of Auger capture in QD gain and dynamic grating effect is discussed. Besides the

antiphase character, the mode oscillation frequency is observed in damping in laser

12



transients, and this is exclusively associated with QD lasers, as it is absent in the
comparative study with the QW lasers of similar laser structures. The frequency-damping
effect is discussed with respect to the experimental signature of the synchronization
process of low relaxation oscillation frequencies. In addition, some typical transient spectral
behaviors of QD lasers are discussed concerning the waveguide effects and the gain

suppression effect of homogeneous broadening.

In Chapter 4, lasers based on multi-stacked electronically uncoupled QDs are studied. The
multilayer effect and bimodal dot distribution effect on the basic lasing characteristics are
analyzed. The lasers based on different QD systems are compared in their temperature
dependence with regard to the different carrier confinement energy. The laser properties
are characterized as a function of device losses to reveal the intrinsic temperature

dependence.

In Chapter 5, we continue to study the spectral dynamics in multi-stacked QD lasers. The
analysis of spectral characteristics shows the impact of bottlenecked carrier transport on
the low temperature lasing spectra. The related peculiar spectral features are associated
with the gain inhomogeniety induced by the carrier transport effect. The followed time-
resolved studies help clarify the spectral peculiarity by resolving the transient dynamic
aspects. Particular dynamic features, like the spectral waving pattern formation and phase-
shifted collective mode relaxation oscillations, are observed. They are discussed concerning
the underlying carrier and gain dynamics processes in multi-stacked QDs. A self-
organization mechanism involving the carrier transport and lasing processes is proposed to
explain the gain adaptation processes in the laser transient. In the next, we also studied the
transient dynamic instability in narrow stripe QD lasers. The transient junction heating
effect and transverse spatial hole burning effect are shown to be responsible for the
dynamic destabilization process in the narrow stripe gain-guided devices. The dynamic
variations at low temperature of the narrow strip QD lasers are discussed by taking account

of both the carrier transport effect and the transient mode-guiding dynamics.

In the end, as a special topic, we investigate the emission properties of the four-sided lasers
in Chapter 6. The far field emission profiles and light-current characteristics are measured,
and they are discussed with regard to the mode confinement properties and lasing
mechanisms in the square laser cavity. The spectral characteristics of four-sided lasers are

specifically addressed, including the true spontaneous emission background and the

13



resolution-limited lasing peaks. The far-field-resolved emission spectra are measured to
reveal the spatial and spectral lasing mode structures. The observed strong selection of
azimuthal modes is attributed to the corner diffraction loss effect, as confirmed in the
followed ray-tracing analysis. Concerning the spectral mode selection, the role of discrete
ray dynamics in the four-sided laser cavity is emphasized, and the mode scattering and gain

suppression are discussed as two possible selection mechanisms.
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11 Introduction

Temperature effect on the basic lasing properties has been a traditional issue haunting the
research and development of semiconductor lasers. Thermal heating in the active region
not only effects the carrier thermal redistribution and subsequent loss, but also induces
thermal optical guiding effect. The laser threshold and slope efficiency suffer deterioration,
and the emission properties, such as lasing modes and wavelengths, can also vary
significantly with temperature. The high power performance will be limited, and the cost
soars for the sophisticated thermal management in keeping the high current or stable
wavelength operation of laser diodes. Strong temperature sensitivity of lasing
characteristics would inhibit cost-effective solutions for applications in ambient
environment with widely varied temperature. In this context, the temperature stability has

been recognized as an important index in evaluating the comprehensive performance of
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laser diodes. For the threshold current, the characteristic temperature T is introduced as

the index for the temperature stability, as in I (T) = 1" (T”) - exp ((T-T")/T,). High absolute

value of T indicates a high degree of temperature stability, vice versa.

In the past few decades, the performance of laser diodes have been dramatically improved,
especially since the introduction of semiconductor quantum structures as gain media.
Lasers based on the quantum wells' (QWs) demonstrate much lower threshold current,
higher external efficiency and temperature stability than any of the conventional
semiconductor lasers. These superior characteristics are attributed to the modified DOS in
the QWs, which enhances the gain capacity and increases the carrier confinement and
thermal activation energy. However, the temperature stability of the QW lasers is still
limited in the temperature range (-50 to 80°C) critical for communications application.
Especially the long wavelength laser operation in the communications waveband (1.3-1.6
um) is inevitably accompanied with strong threshold current contributions from Auger
recombination, free carrier absorption and intersubband absorption, which are all
temperature sensitive and severely reduce T. To counter these temperature effects, lasers
based on the strained-layer QWs have been introduced to take advantage of the modified
valence band structures in reducing further the threshold current and enhancing the

temperature stability.”’

The advent of self-organized QD lasers brings a breakthrough in the laser diode
performances, with some important parameters being pushed to the ideal limits, such as
internal quantum efficiency ~ 100%, internal loss ~ 1-3 /cm. The clear advantages of QD
lasers over conventional lasers increase also the expectation level for a much higher degree
of temperature stability in QD lasers. This is heralded by the prediction of an infinite T, for
the quantum-box lasers.” While such a prediction is nothing wrong by itself, it should not
be taken for granted as suitable for the analysis of the actual QD lasers. In the simplified
model that generates such an optimistic prediction, the 8-function DOS of idealized QDs
is emphasized, but apparently some important intrinsic properties of QDs are ignored, like
the homogeneous broadening linewidth and its temperature dependence, the complex
energy structure, among others. In addition, the inhomogeneous broadening effect is
inevitable in the self-organized QDs, so the temperature change could induce variations in
the gain maximum level and spectral profile, due to the carrier and gain redistribution. We
can assort all these ignored parameters as non-ideal QD ones, as compared to the ideal

ones considered in the simple model. In fact, theoretically, a part of these non-ideal
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parameters have been treated™ somewhat quantitatively to estimate the gain and laser
performance. Experimentally, in the actual QD lasers, strongly varied T, values have been
measured in different temperature sections, with typical negative T, at low temperature and
positive T, at high temperature, and persistent temperature sensitivity near RT. In certain
cases, temperature insensitivity is observed in medium and low temperature range, and this
has sometimes been misinterpreted as a proof of the formerly discussed infinite T,
prediction, causing a confusion on the actual mechanisms underlying this phenomenon.
With many aspects of the QD laser performances approaching the ideal limits, it becomes
a subtle issue to estimate the significance of each individual temperature relevant laser
parameter on the T, for apparently an otherwise trivial temperature dependent
perturbation can mean a great impact on, for example, an extremely low threshold. With in
mind many other superior performances of QD lasers, the temperature stability issue
becomes even critical in promoting the QD lasers for applications in many technically

challenging areas, such as communications and high power application.

Taking account of the realistic parameters of QD lasers and understanding their
temperature dependent aspects can be the first step in order for the interpretation of the
widely varied T, values in different temperature range and device conditions. The
eventuality of the temperature stability issue of QD lasers would rely on the use of this
knowledge in the laser design and optimization to achieve a high T,, with the other

advantageous performances of QD lasers maintained.

In the following, we first introduce the basic aspects of QD gain media in relation to the
carrier and gain processes in QD lasers and their temperature dependence. Then we
analyze the temperature dependent lasing characteristics of typical devices based on the
self-organized InGaAs QDs grown by Metalorganic chemical vapor deposition (MOCVD).
For the temperature effect is deeply involved and prevailingly relevant in the present work,
we refer to the later chapters for detailed analysis of other featured QD lasers, like those
based on 1.3 um InAs QDs grown by Molecular Beam Epitaxy. We conclude with

considerations for the laser design issue in getting high temperature stability.

1.2 Basic properties of QD gains and their temperature dependences
In this section, the basic properties of QD gains are discussed, and the related temperature

dependent aspects are addressed.
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1.2.1 Electronic properties of the QDs

As can be seen in Fig. 1-1, QDs are 0D electronic systems characterized by their discrete
DOS. Compared to the continuum DOS characteristic of the QW and the bulk, the
discrete energy levels of the QD enforce a much reduced thermal broadening effect, which
would mean a constant linewidth when the carrier thermal energy £7 is smaller than the
thermal activation energy, that is the energy level splitting. Actually this is the main point
that leads to the prediction of infinite T, for the idealized QD lasers with only one
confined energy state." However, for the actual QDs, we have to consider their finite
confining potentials and the realistic energy structures, important for a consistent

understanding of the temperature stability issue in QD lasers.

Bulk Qw QD
A A A

Energy

Density of states

Fig. 1-1 DOS schematics for the bulk, QW and QD.

The band diagram and the schematics of the QD energy level system are shown in Fig. 1-2.
Here we take the example of the InGaAs/GaAs QDs system, as studied in this work.
Apparently, the electron energy splitting is generally larger than that of holes, due to the
larger hole effective mass. Considering the exciton notion and with the ambipolar
approximation active (or charge neutrality condition), the exciton confinement energy
would be the sum of the confinement energy for the electron and hole. The ground state
(GS) excitons have the largest confinement energy among others and they provide the gain
for the desired GS lasing. To the advantage of QDs, much larger exciton confinement
energy can be realized in self-organized QDs than in the QWs for a similar materials
system. The growth of QWs with large band offsets will inevitably meet the problem
associated with the large lattice mismatch, and the resulting incoherent growth is
characterized by defect and dislocation formation that inhibits the possible lasing action
with these QWs. In contrast, the standard QD growth technique, in the Stranski-

Krastanow mode, takes advantage of the large lattice mismatch and its associated strain
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energy to activate the nanoscale dot formation. The faceted dots help relax the large
portion of strain energy, and reduce or practically eliminate the possibility of defect
formation. The ability in growth of device quality QDs with deep confining potential
enables a large exciton confinement energy that is unachievable in the QW system, and

opens the window to the long wavelength range within the GaAs-based materials system.

Barrier
WL | | Continuum
states

—— v - E1
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—— = h1
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I

Fig. 1-2 Band diagram and energy level scheme of QD heterostructure.
The wetting layer (WL)/barrier states generally have large DOS, so thermal distribution on
these states can cost a great amount of carriers, and carrier radiative/nonradiative
recombination thereupon can severely quench the QD GS emission,"” and suppress the
maximum gain levels."" Large exciton confinement energy can help suppress the thermal
population in the high-lying 2D /3D states, thus reduce the threshold and the strengthening
of internal efficiency at elevated temperature, for the thermal activation energy of the
carriers is increased and the adverse thermal effects are shifted to higher temperature range.
It is noted that concerning the temperature stability of QD lasers, the GS-ES splitting'” is

as important as large exciton confinement energy.

The large confinement energy makes the QDs efficient carrier traps. Carriers on the WL or
barrier are captured into the QDs, and relax to the lowest available energy states. The
carrier capture processes rely on the emission of multiple optical phonons, and the capture
rate increases with temperature for the apparent role of phonon scattering. Near RT the
capture time is found < 8 ps.13 With increasing dot-filling factors, the carrier-carrier
scattering helps further increase the capture rate. Depending on the dot-filling factor, the

carrier relaxation rate can be quite different. For long it has been speculated that the
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phonon bottleneck effect occur to the electron relaxation processes in the QDs, because
the energy separation between the discrete energy levels may not match well with the LO
phonon energy such that phonon emission or absorption is inhibited. Experimentally the
phonon bottleneck effects'*" are actually observed. However in these few cases, a very low

dot-filling factor (smaller than one exciton per dot) is found as the necessary condition,

14,15 14,15

with non-geminate electron capture also

or weakened LLO phonon-exciton coupling
emphasized. When the QDs are filled with one exciton or more carriers in average, the
carrier-carrier scattering will ensure efficient carrier relaxation, which is the generally
observed case. The electron relaxation time in a InGaAs QD laser is found to increase with
temperature for the Auger relaxation process involving hot electron and cold hole."® So the
electron-hole scattering can be the dominant mechanism for the relaxation of hot carriers.'’
At higher dot-filling factors, other carrier scattering processes will hasten further the carrier
relaxation. Because the transparency condition of QD lasers is fulfilled at a dot-filling
factor of one exciton per dot, the operation of QD lasers is borne immune to the phonon
bottleneck effect, which would otherwise be very deleterious to the laser performance.
Recently ultrafast intraband pump-probe spectroscopy experiments show that in InAs

QDs both the carrier capture and relaxation occur on the ps scale and the stepwise

relaxation through the QD ES is the most efficient relaxation pathway."®
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Fig. 1-3 Size dependence of electron and hole energy levels of pyramidal InGaAs QDs. After Ref. 19.
Compared to the simplified energy level scheme in Fig. 1-1, the actual QD energy structure
can be much complex. One example of the static QD electronic structures is shown in Fig.
1-3, which is calculated within the 8-band k-p scheme."” With the varied dot base size, the
energy of single particle states shows systematic shifts, so that both the confinement energy
and energy splitting change significantly. In general, the QD energy structure is a sensitive

function of the dot size, shape, strain, and composition, and so is the oscillator strength
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distribution. This property makes QDs a name as artificial atoms, and provides great

20,21

flexibility in QD engineering through refined growth technique.

The exciton recombination lines observed in the single dot spectroscopy™”

possess a
complex of fine structures impacted by few-particle effects and many-particle effects.”* The
whole set of exciton lines can be sorted by their energy shell structure.” Specific in the
InGaAs QD system, the hole energy state separation is much lower than that of electrons.
The electron or hole levels may be denoted in a similar way as for the atom levels. So the
transitions between the electron GS (Is) and the first few hole states (1s, 2s, 2p...) form
the so-called s-shell, those starting from the electron 1" ES belong to the p-shell, and so
on. As for QD filling, the s-shell is filled at first. When the dot-filling factor is higher than 2
excitons per QD, the carriers will fill up the p-shell and higher ones due to the Pauli

blocking effect. So the QD emission spectrum shows typical state filling effect.””

In the energy shells other than the s-shell, the exciton lines can be rather crowded, due to
the large degeneracy of the electron ES and their possible splitting caused by symmetry
breaking. Importantly, for the s-shell, there is one dominant exciton line originating from
the electron and hole GS, which contributes the most to the GS exciton gain. From the
consideration of the symmetry property of wave functions, this GS exciton line would be
the only dipole allowed transition in the s-shell for the otherwise symmetrical QD
confining potential. However, in the actual self-organized QDs, their QD shape,
composition and strain are all imposing symmetry breaking in the QD confining potential.
Perturbation to the symmetry property of wave functions and possible In-Ga intermixing
makes those originally forbidden transitions assume finite transition probability. It is

estimated, based on the actual dot parameters,%

that these sidelines may gain an intensity
ratio of about 1 - 20% to the dominant GS exciton line. The sidelines with sizable intensity
ratio would increase the complexity of the GS gain composition, especially when the
inhomogeneous broadening is considered. That may induce only a slight quantitative
change in the gain level, and affect little the basic laser properties, like threshold and
efficiency. But its implication to the coherent optical properties of the QDs can be

significant and may manifest itself in the dynamics of QD lasers.

Assuming the QD confining potential is affected little by temperature change, as is the case
in InGaAs QD system, the exciton transition energy of the QDs will decrease with

temperature, following the trend of the band gap reduction as common to the bulk and
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QWs. The temperature effect on the electron and hole energy distribution in the QDs is
closely related to their energy structure. In the usually surveyed temperature range (50 K <
T < 300 K), the holes are thermally distributed on their close-lying energy states with
typical energy splitting ~10-20 meV. In comparison, the electron energy splitting can range
from typically 25 meV up to 108 meV**” for various InGaAs QDs, as realized by tailoring
the growth technique. The electron thermal distribution on the ES and higher energy states
is quenched at low temperature, and only takes up at relatively high temperature. So the
thermal distribution effect of electron and hole could have a pivotal role in determining T,

for different temperature ranges.12

1.2.2 QD ensemble effects
In the last section, we discussed the main electronic properties of singular QDs. In the
following, the main ensemble effects are introduced, knowing that it is an ensemble of

QDs being used as gain media in the current generation of QD lasers.

a) Inhomogeneous broadening

An ensemble of self-organized QDs are characterized by their dispersion in size, shape,
strain and composition, so the discrete energy states are generally inhomogeneously
broadened. Due to the inhomogeneous broadening effect, the fine structure of single QD
spectra is smeared out in the QD ensemble. For the desired GS lasing, the GS spectral gain
then possesses an inhomogeneous broadened profile. Depending on the specific dot
dispersion characters, the gain profile can be single-modal or multi-modal, which usually

. . 2829
can be approximated by one or more Gaussian peaks.””

When the inhomogeneous
broadening becomes comparable or goes beyond the GS-ES energy splitting, the overlap
of the GS and ES gain can greatly enlarge the gain bandwidth. Therefore, while the
inhomogeneous broadening property of QD gain definitely reduces the otherwise
achievable levels of saturated gain and differential gain, it actually gives the QD lasers a lead

in the applications like widely tunable lasers or wide band sources.” A wide band and

flattop gain profile will provide a rather stable laser tuning property.

Interestingly, the time-resolved single QD spectroscopy shows that the QD exciton
recombination energy is often experiencing random fluctuations” reminiscent of
telegraphic signals. This perturbation is attributed to the quantum confinement stark effect,
as induced by the dynamic electronic environment, which can be impurity- or defect-

related electric field fluctuations. The energy jitter patterns are characteristic to every single
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QD, so this effect is another inhomogeneous property of the QDs, though its broadening
effect is almost negligible compared to the former static inhomogeneous broadening

effects.

For the inhomogeneous broadening leads to a distributed GS exciton confinement energy
in a wide range, this makes possible the carrier redistribution among the QDs with
different confinement energy. The following gain redistribution can be strongly
temperature dependent, because it is the thermionic emission process that limits the carrier
shuffling® between the QDs, and the exciton confinement energy is directly related to the
thermal activation energy. In the spectral range of the nominal GS exciton gain, the
contribution from the 1" ES will be present if the inhomogeneous broadening is large
enough to cause the GS and ES overlap.”” The 1% ES may contribute gain or loss,
depending on the dot-filling factor. The temperature sensitivity of the 1% ES contribution
can thus lead to strong temperature dependence of threshold and lasing wavelength. With
multi-modal QD dispersion, the carrier distributions among the different QD groups can
show quite complex temperature dependent behaviors, as determined by the ratio of QD
numbers in different groups and their respective confinement energy.” The impact of
inter- and intra-dot carrier and gain redistribution on the laser properties and their
temperature dependence will be addressed frequently in this work for its pertinent
importance. By the way, the notion of energy states here has a one-to-one correspondences
with that of the energy shell structure, that is, the GS refers to the s-shell, the 1" ES the p-

shell, and so on.

b) Carrier statistics

Besides the inhomogeneous broadening effect, the QD ensemble is characterized by its
specific carrier statistical property. The ensemble statistical effect exists even in the
ensemble composed of uniform QDs, but in the self-organized QDs, it is coupled with the

inhomogeneous broadening effect.

In a single or multiple layers of electronically uncoupled self-organized QDs, the QDs are
spatially isolated. In this situation, carrier capture into individual QDs can be justified to be
a stochastic process. At the typical area dot density, ~ 10" /cm® there is no tunneling
possible between the neighboring QDs, and the carrier thermalization processes among the
QDs are mediated by the carrier escape (through thermionic emission) and recapture

processes. Inside every QD, carrier relaxation and scattering processes work together to
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reach an internal thermal carrier distribution.” Thus the random capture and weak link of
carriers in isolated QDs distinguish the carrier statistics in QDs from those in conventional
gain media. Taking account of the entire carrier processes and treating the different carrier
distribution configurations in the individual QDs as microstates, the carrier statistics
problem of the QD ensemble in principle can be solved. Apparently in single QDs, the dot
filling is in digital format, for example, in the GS, 0, 1, or 2 excitons are the only possible
filling states (ambipolar approximation). So one of the main conclusions on the carrier
statistics in QDs is that for any average dot-filling factor, there exists a distribution of
probability for various digitally filled QD microstates. With current, the dominating
microstates in the distribution shift from the lowly filled states to the highly filled states.
The sound effect following the microstate distribution is that at even low carrier density
the ES of a reasonable number of QDs can be filled with more excitons than expected

from the thermal distribution on the ES at the average dot-filling factor.

The basic aspects of carrier statistics in the QDs have been revealed in the ultrafast
coherent optical experiments, which confirmed the existences of QD microstates
composed of digital numbers of excitons.”” Photoluminescence and electroluminescence
of the QDs have been widely studied as a function of temperature and excitation intensity.
For the interpretation of these emission spectra, microstate master equations are solved for
the carrier statistics, which turn out to agree well with the QD state filling spectra.” In
general, the correct handling of the carrier statistics in the QD ensemble is important for
understanding the separate roles of Pauli blocking effect, the temperature effect and the

microstate statistics characteristic of the QD ensemble.

The carrier statistics of the QDs essentially determine the QD gain properties, which are
fundamental in understanding the static and dynamic properties of QD lasers. The solution
of microstate master equation’ shows that the resulting carrier radiative recombination
current depends strongly on the choice for the carrier capture mode, that is, either exciton
capture or separate electron and hole capture. However, it is noted that in QD lasers the
carrier filling is intrinsically violating the charge neutrality in QDs due to electrostatic field
effect.’ This intrinsic effect affects the radiative recombination current and thus the
threshold current. Its temperature dependence also contributes to the temperature

sensitivity of QD lasers.’
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1.2.3 Homogeneous broadening

The discrete density of state is the main characteristics of the QD media. However, in rare
cases the line shapes of the discrete QD energy levels can be approximated by the 6
functions. Besides the inhomogeneous broadening, the QD energy levels can have finite
homogeneous broadening linewidth. In the following we discuss the homogeneous

broadening mechanisms and the implication to the QD gain.

a) Homogeneous linewidth
The homogenous linewidth is related to the decay time of the exciton polarization, as
formulated in the general relation I''t = h/2m, with I' and 1 being the homogeneous

linewidth and the dephasing time, respectively.

For the QDs, a basic linewidth broadening mechanism originates from the radiative
recombination. It leads to a natural lifetime broadening of the discrete energy levels. The
natural linewidth amounts to a few peV, for the spontaneous emission lifetime lies at ~1
ns. The radiative recombination rate may vary with temperature and current, causing a

slight increase in the natural linewidth.”

|E(w)[* (arbi. unit)

4 2 0 2 3
Energy (meV)

Fig. 1-4 Power spectra of time-integrated four-wave mixing field at various temperatures. After Ref. 41.
Besides the natural lifetime broadening, the exciton-scattering-induced dephasing process
makes another important linewidth broadening mechanism. The QD GS excitons can
interact with other carriers, such as those on the ES or the 2D/3D carriers in the
WL/bartier, and they can also couple with the crystal vibrations, i.e. phonons. Much work

38-40

has been done both theoretically”* and experimentally”>***

in exploring the roles of these
different scattering processes. In the following we discuss the main experimental results

obtained from the InGaAs QDs system.
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The transient four-wave mixing spectroscopy has been used to measure directly the
dephasing time and line shape of the GS exciton transitions of the InGaAs QDs
embedded in 2 QD amplifier structure without electrical injection.” As can be seen in Fig.
1-4, at T < 100 K, the line shape is characterized by a sharp Lorentzian zero-phonon line
(ZPL) with a broad band. The ZPL is broadened due to inelastic processes, such as
radiative recombination and phonon-assisted activation into higher energy exciton states.
The broad band is attributed to the pure dephasing originating from the elastic scattering
with acoustic phonons. Below 50 K, the sharp ZPL dominates the line shape that has
negligible broadband component. A linewidth of 2 ueV was measured for the ZPL at 7 K,
which corresponds to an ultralong dephasing time of 630 ps. The ZPL width changes
marginally with temperature, at a rate of 0.22 ueV/K. In contrast, the broadband part
broadens nonlinearly with temperature at a greater rate than that of the ZPL, and its weight
in the line shape also grows up. The resulting non-Lorentzian line shape in total has a
dominant broadband part above 75 K, with the linewidth reaches the meV range at 100 K.
The situation above 100 K looks much simple. Ultrashort dephasing times < 1 ps were
generally measured for 125 K <'T < 300 K. The homogeneous linewidth increases linearly
at a rate of 0.02 meV/K, reaching 6 meV at RT. With temperature, it is natural to have
intensified elastic scatterings with acoustic phonons, due to the increased phonon
population. However, compared to that of acoustic phonon broadband below 100 K, the
change of the homogeneous linewidth with temperature has a higher rate above 100 K.
This indicates that at high temperatures additional dephasing processes set in. For example,
the LLO optical phonons can be involved in the elastic scattering processes, thus enhancing

the whole dephasing rate.

In the InGaAs QD amplifier under electrical injection, the complex dephasing mechanisms
of the multiexciton states are investigated using differential transmission spectroscopy and
four-wave mixing.”> The microstates associated with different multiexciton configurations

are characterized by their distinct dephasing times. For example, at 10 K,

Microstates with only GS carriers have a typical decay time from 1 ns to 200 ps for I = 0 to

high current, determined by the interplay between radiative recombination and capture;

Microstates with only one ES carrier have slow time constants of 4 ps and 35 ps, attributed

to the relaxation of a hole or an electron;
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Microstates with more than one ES carrier have a much fast relaxation time of 0.33 ps, due

to the high number of final states available for the phonon-assisted relaxation.

Note that up to 200 K, the multiexciton excited states (b, c) are current independent in
their dephasing times. But above 200 K, their dephasing times show a current dependence
that increases also with temperature. The homogeneous linewidths are shown in Fig. 1-5
for different temperatures and currents. At RT, the corresponding homogeneous linewidth
goes up from 6 meV at I = 0 mA to 20 meV at high current. This strong current and
temperature dependence is attributed to the elastic coulomb scattering with carriers
thermally populating the wetting layer. A further study shows that such current and
temperature dependence of the dephasing time is suppressed in the deep confined InAs
QDs emitting at 1.3 um. This supports the elastic scattering with the carriers in the wetting
layer as an efficient dephasing process in less-confined InGaAs QDs, due to the thermal

population in the wetting layer, which is quenched in deep confined InAs QDs."
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Fig. 1-5 Homogeneous linewidths (solid) and lifetime broadening (open) at various temperatures and as a
function of current. After Ref. 35.

It is noted that the homogeneous linewidth measured by the four-wave mixing technique is
inevitably a characteristic value for the relevant QD ensemble. In reality, each QD may
have its distinct homogeneous linewidth due to the different energy structure and the
environment.” In deed, the homogeneous linewidths of single QDs have been studied by

near field optics. The experimental results under weak excitation confirm that every single
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QD has a distinct linewidth, which mainly originates from the electron-LO phonon
interaction and increases slightly with the GS-ES splitting, indicating the existence of

strongly coupled electron-phonon modes in QDs.*

The strong excitation density
dependence of the linewidths is attributed to the Auger-type scattering between the

electron and hole via coulomb interaction in the highly excited QDs.*

b) Homogeneously broadened gain

Homogeneous linewidth of QD exciton transitions is one of the fundamental aspects in
the optical and electronic properties of QDs. It defines the linewidth of absorption and
gain spectrum of single QDs. In the following, we give an overview on the gain properties

affected by the homogeneous broadening effects.

The homogeneous line shape determines the spectral gain profile when the
inhomogeneous linewidth is smaller than the homogeneous linewidth. In this case, the
change of homogeneous linewidth affects the spectral gain at most. The maximum gain
level will decrease and the gain linewidth increase, when the homogeneous linewidth
increases with temperature or other factors. In the opposite case, when the
inhomogeneous linewidth becomes comparable to or larger than the homogeneous
linewidth, the change of homogeneous linewidth will not only affect the maximum gain
level but also have edge effects on the inhomogeneously broadened gain profile. Currently
this opposite case represents the reality in the self-organized QDs for the overwhelming

dot dispersion.

Whether large or small inhomogeneous linewidths, finite homogeneous linewidths mean
that the light can interact with the QDs whose energy levels lie within the homogeneous
linewidth. For a compulsory single mode operation, a large homogenous linewidth would
be rather advantageous in making full use of the gain source dispersed by the
inhomogeneous broadening. In free running lasers without mode selection, a large
inhomogeneous broadening would enforce multimode lasing. With homogeneous
linewidths varied with temperature, the evolution of multimode lasing width with current
could show distinct behaviors, and this aspect has been speculated for long in the
literature.**"” The related spectral characteristics of QD lasers will be one of the main issues

explored in this thesis work.

The notable facts about the homogeneous linewidths in the QDs are not only their

temperature dependence, but also their variation in individual QDs according to the
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specific energy level scheme and dot-filling factors. The QD ensemble effect dictates the
existence of the dispersed homogeneous linewidths at any temperature and current. To
date it is difficult to appreciate this specific property, but it would be certainly relevant
when fewer QDs are used in the lasers and therefore the fluctuation in the dot-filling

factors becomes significant.

124 QD gains

a) Materials gain of QDs

Compared to the conventional gain media, such as the bulk and QWs, the QDs have much
reduced effective volume. Transparency condition will be met by filling the QD GS with
one exciton per dot in average. Therefore, the transparency current density for a QD laser
can be extremely low. A further filling of QD GS would provide gain. Due to the discrete
energy levels and enhanced DOS, the material gain of QDs is much stronger than that of

conventional gain media, and a value of 6.8 x 10" /cm has been obtained in lasers based on

the self-organized InGaAs QD.* These QDs also show enhanced differential gains.

As discussed in the above three sections, the actual QD gains are not a simple
multiplication of the gain of single QDs. The inhomogeneous and homogeneous
broadening effects would broaden the gain spectral width and reduce the maximum gain
level severely. They also lead to the possible gain mixing or ovetlap effect, which can be the
GS-ES overlap, or the overlap between two QD groups in a bimodal dot distribution,””
as documented in Chapter 4. The QD ensemble statistics increase further the complexity
of gain compositions. The nominal gain is actually a combined result of gain and
absorption originating from many QD sub-ensembles that have characteristic dot-filling

factors distributed in a wide spectrum. Here we see the big difference between QD gain

and those of QW' or the bulk in their gain compositions.

The QD gain spectral is determined by the carrier distribution in the QD ensemble. In
single QDs, the efficient relaxation and scattering processes ensure a thermal carrier intra-
dot distribution. For the hole energy separation is much lower that that of electron, the
hole thermal distribution at high energy states becomes significant from medium to high
temperature. This greatly reduces the gain capacity at high temperature, and has been
conceived as the one of the main hurdles towards high T, at RT.* In the inhomogeneously
broadened QD ensemble, the carrier distribution is far from settled as can be described by

a global quasi-Fermi level like in the bulk or QWs. The lack of efficient inter-dot carrier
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relaxation mechanisms makes nonequilibrium distribution among QDs prevail. With little
carrier shuffling among QDs, the carrier distribution is simply determined by the detailed
balance of carrier capture and radiative recombination, and the varied confinement energy
among QDs makes no difference. At the typical dot area density (~10"/cm?), QDs are
spatially isolated without tunneling channels. So the only possible way for the carrier
redistribution among QDs is through the carrier escape and recapture processes. This kind
of local carrier exchange will take the wetting layer or barrier states as the medium station
and is delineated somehow in its spatial range by the carrier diffusion length in the wetting
layer and barrier. The carrier escape process is strongly temperature dependent, and its
thermal activation energy is directly related to the carrier confinement energy. So with
temperature, the carrier shuffling among QDs becomes frequent, and the carrier
distribution among QDs can gradually assume a partial thermalization status. In general,
the thermal redistribution favors the filling of deeper confined QDs. It is important to note
that, even at RT, a pure exciton thermal distribution model is not suitable for QD lasers,
and a partial free carrier thermal distribution is needed to account for the lasing
characteristics properly.” This compromised model implies the intrinsic nonequilibrium
nature of carrier distribution in QD lasers. Thus the usually claimed quasi-Fermi carrier
distribution inferred from the RT gain measurement is rather a coincidence than the

intrinsic carrier distribution characteristic of QDs.”!

With temperature and current, the contribution of QD ES becomes significant. This is
most pronounced when the inhomogeneous broadening is comparable or larger than the
GS-ES splitting. It could result in asymmetry in an otherwise symmetrical GS gain
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profile.

b) Modal gain of QD lasers

The modal gain of the QD laser is still limited by the finite dot area density per layer, with a
typical value ~10 /cm.” Using multiple layers of QDs can make up the gain deficiency.
The more QD layers, the higher the transparency current. This is still affordable for QD
lasers due to the extremely low transparency current. While the introduction of multi-
stacked QDs can reduce the carrier density, it could lead to gain inhomogeneity due to the
carrier transport effect across the QD heterostructure. The deep confined QDs act as
efficient carrier traps, so carriers can be trapped in the transport across multiple QD layers.

The carrier transport effect in multi-stacked QD lasers are addressed in Chapter 4 and 5.
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¢) Temperature effects in long wavelength QD lasers

As the main temperature dependent aspects of QD gains have been discussed, there are
still certain concerns with other temperature effects typical in long wavelength lasers, like
free carrier absorption, intersubband absorption, and Auger recombination. These effects
are closely related to the valence band structure, and responsible for the temperature
sensitivity of long wavelength QW lasers. Strained-layer QWs have been taken advantage
to help reduce the temperature sensitivity through the modified valance band structure,
such as the splitting of the previous degenerate uppermost valence bands and the reduced
hole effective mass.” Self-organized QDs are generally strained for their large lattice
mismatch with the matrix materials, so their modified valance band structure could help
suppress the related temperature sensitive effects. Actually the extremely low internal
losses, achieved thus far, reflect the much-reduced loss contribution from free carrier and
intersubband absorption in QD lasers. With very low threshold carrier density, Auger
recombination component in the threshold can be much reduced as well. Experimentally it
has been shown in one InGaAs QD laser that Auger recombination coefficient decreases
with temperature.'® Therefore, for long wavelength QD lasers, these temperature effects
are much reduced or even have reversed temperature dependence. However, as
emphasized, the role of these effects on the final temperature stability of QD lasers should
not be underestimated, for the extremely low threshold can be more susceptible to the
residual temperature effects, not to say, for high threshold current density the Auger
recombination current can sour up” due to its exponential dependence on the carrier

density.

d) Gain nonlinearity in QDs and QD lasers

Finally, it can be emphasized that QD gains possess strong nonlinear effects. One simple
nonlinear gain effect is related to the dot-filling factors. Like for GS, it can contain maximal
two excitons. So with current, QD GS gain naturally saturates.”* The differential gain is
also current dependent, and retreats to zero when the saturated gain is approached. The
beginning of carrier population on the ES and higher energy state would lead to a more

149 meanwhile

complicated situation. These thermal population will suppress the GS gain,
the addition of ES gain would disguise the saturation effect from the GS gain. The GS-ES
gain overlap thus makes the temperature dependence of maximum gain levels vary with the

dot-filling factor.
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Fig. 1-6 Simulated lasing spectra for QD lasers with different homogeneous broadening. The
inhomogeneous broadening is kept the same in both cases (a) and (b). After Ref. 46.

Another nonlinear gain effect comes from the gain suppression effect, as phenomenally
called in semiconductor lasers. This effect can be of a vast variety of origins. Among many
others, carrier heating, free carrier or valence intersubband effect, and Auger effect can lead
to a suppressed linear gain capacity. However for the lasing process, the most significant
gain suppression effects are those that cause gain cross saturation. Spectral hole burning
effect associated with the finite intraband relaxation time*> has been analyzed theoretically
to get the related gain suppression coefficient. The so-called dynamic grating effect, which
originates from the spatial and spectral hole burning effect due to the longitudinal mode
standing wave pattern, is also incorporated in the calculation of gain suppression
coefficient, in order to account for propetly the experimental spectral characteristics.”
Although these theoretical works consider only the bulk semiconductor lasers, the principal
concepts of gain suppression are applicable to the QW and QD lasers. According to these
theoretical analyses, both the linear gain and the gain suppression terms are necessary for
the description of multimode lasing process. The gain suppression terms in the multimode

rate equation contribute mostly to the mode coupling.

We note that, in an effort to account for certain peculiar spectral characteristics of QD
lasers, multimode rate equations have been written that take account of the homogeneous
linewidths and inhomogeneous broadening of QD gain.*”” Apparently these equations use
reasonable values for the laser parameters, specifically the homogenous and
inhomogeneous linewidth and other device parameters. But the model failed in describing
the actual laser spectrum. In Fig. 1-6, one simulation result from such a model is shown.
The low temperature spectra, in Fig. 1-6a, are not so much different from the experiments,

but the high temperature spectra, i.e. for large homogeneous linewidth, deviate from the
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features in real spectra, and especially for high currents, this model predicts a spectral
splitting behavior, which is never observed in QD lasers in the actual sense (refer to
Chapter 2). We perceive that the fateful misconception in this model is to use the
homogeneous and inhomogeneous broadened QD gain to represent both the linear gain
and gain suppression terms. This makes the model count nominally only the mode optical
coupling through stimulated emission process for the modes within the homogenous
linewidth, even if it can contain explicitly the gain suppression due to spectral hole burning
effect. It is equivalent to distributing the QD gains to different lasing modes simply based
on the mode optical powers. This optical mode coupling model may be suitable for the
laser system with weak gain nonlinearity and mode coupling, such as the glass lasers,” but
not for semiconductor QD lasers. In QD lasers, the mode couplings are rather complex
nonlinear processes, which include not only the direct optical coupling, but also the
couplings through carrier modulation, such as the dynamic grating effect. The specific
carrier processes can lead to unique characteristics of spectral and spatial cross relaxation.
For these additional mode-coupling mechanisms, different forms of mode coupling terms
are needed in the rate equation to account for the various mechanisms of gain nonlinearity.
It is suggested that in QW lasers the carrier diffusion can wash out the pattern effect of
dynamic grating. But in QD lasers, the much reduced carrier diffusion can be responsible
for a stronger dynamic grating effect. In this context, the inclusion of strong gain
suppression terms in the multimode rate equation becomes even critical for QD lasers.
Furthermore, the dynamic grating effect has been raised to be responsible for the antiphase
dynamics in the multimode semiconductor lasers. So the proper modeling of this effect in
QD lasers is important for understanding the spectral dynamics. We refer to the later
chapters for detailed analysis of the spectral characteristics and their relation to the various

gain suppression effects, including a direct comparative study between QD and QW lasers.

1.3 Temperature dependent characteristics of InGaAs QD lasers
In this section, we analyze certain basic characteristics of InGaAs QD lasers, such as the

light-current (L-I) and spectral characteristics.

The laser structure --- TU 4819 --- is grown by MOCVD. It has 3-fold stacks of self-
organized InGaAs QDs in the center of waveguide. A detailed waveguide description can

be found in Chapter 2. The preliminary characterization based on broad area devices (w =

100 pm) shows an internal quantum efficiency M, ~ 97%, internal loss a; ~ 5.3/cm, and
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transparency current density ... ~ 57 A/cm’. Another laser structure - TU 5447 - is
also grown in MOCVD, but has 6-fold stacks of InGaAs QDs and an improved internal

1.” Note that

loss. Its close-to-ideal device characteristics has been reported by Sellin et a
the QDs in both laser structures are designed to have a GS emission wavelength of ~1.14

um at RT. Ridge waveguide laser diodes are processed from these laser structures.

Before analyzing the laser characteristics, it is necessary to get some basic information
about the QDs, like their energy levels, inhomogeneous broadening and carrier
distribution. The true spontaneous emission spectrum can provide this valuable
information. In addition, for the QDs, it is shown’ that the true spontaneous emission
spectrum matches the gain spectrum by a general factor, if a quasi-Fermi distribution can

be assumed for the carrier distribution among the QDs.

1.3.1 True spontaneous emission spectrum

Electroluminescence from laser diodes can be (a) edge emission; (b) side emission. The
edge emission is actually amplified spontaneous emission (ASE), for the gain and self-
absorption distort the spectrum from the true spontaneous emission. The side emission
avoids the gain and self-absorption effect, so it is the true spontaneous emission. Here we
take the side emission from a small window on the backside contact of the devices, which

are mounted p-side-down.
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Fig. 1-7 True spontaneous emission spectra of the 1.14 um InGaAs QDs.

Fig. 1-7 shows the backside emission spectra as a function of injection current. As can be

seen at 50K and low current, the GS peaks are inhomogeneously broadened with a FWHM
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of ~60 meV. With current, new peaks appear on the high energy side, and they are
denoted as ES and WL. Here we see the typical state filling effects in QD emission spectra.
The GS-WL separation amounts to ~130 meV, a rather large confinement energy. The
GS-ES splitting is estimated to be ~60 meV, similar to the GS inhomogeneous

broadening, so we can see the strong overlap between GS and ES.

The temperature dependence of these emission spectra is evident. At the same current, like
I = 0.15 A, the integrated emission intensity at 50 K is much stronger than at RT. As
striking as is for I = 0.32 A, there is only a small shoulder from ES emission at 50 K, but at
RT the ES peak intensity already surpasses the GS one. So we see two different scenarios
at different temperatures. At RT, the thermal population of ES occurs for the finite GS-ES
splitting, whereas at 50 K, such a thermal population is quenched, and the ES population
occurs in the state filling spectra mainly due to the Pauli blocking effect in the GS. The
saturation of GS emission at 50 K begins before the ES emission takes up, but at RT, well
before the saturation level is approached, the GS emission is strongly suppressed by the
thermal effect. This GS emission suppression implies a reduced GS gain and differential
gain at high temperature, compared to those at low temperature and similar current. The
GS saturated gain may never be reached at RT in the practical current range, or the ES gain

will take over it at relatively lower current.

The general reduction of integrated emission intensity at RT indicates that the carrier
thermal escape takes up and quenches the emission. This reduces further the GS gain and
differential gain for a certain carrier density. In Fig. 1-7, we can see that the WL emission
intensity is most pronounced at low temperature and high current. The evident WL
emission results from the high WL DOS that increases the carrier occupation probability.
The weak WL emission at RT and at low current implies that the thermal carriers in the

wetting layer are subject to nonradiative recombination, which is again quenched at 50 K.

Compared to the thermal energy kT ~ 26 meV for RT, the GS-WL separation (~ 130
meV) of these deeply confined QDs is more than 3 times larger. If the QDs have only one
confined state, then the thermal agitation from the GS to the WL and above is totally
quenched. This would imply a temperature insensitivity of GS emission efficiency.
However in the actual QDs, a complex of confined ES exist as well. In the current QDs,
the GS-ES splitting is as large as ~60 meV, but the ES can be of rather complicated

structure, as properly descried as a jungle of ES that extend to the wetting layer states. So
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the critical carrier confinement energy is determined by the GS-ES splitting (actually the
electron GS-ES splitting). At RT, the thermal carriers on 17 ES can escape the QDs
through the jungle of ES. The detailed balance in the QDs thus strongly suppresses the
carrier population on the GS. Here we appreciate the importance of GS-ES splitting to the
carrier thermal effects, so it is necessary to strive to increase this splitting by adequate
growth and post processing technique, in order to make the device emission less

temperature sensitive.

As can be seen in Fig. 1-7, the 0.5 mm long device is lasing at high current, with I, ~ 1 A

(Ju ~ 2 kA/cm?2). The threshold gain equals the total loss ~ 29 /cm, with o, = 24 /cm

and o, ~ 5 /cm. Appatently the GS saturated gain cannot afford the threshold gain, so the
device is lasing on the ES instead of the GS. The GS gain here makes no contribution to
the lasing process, but rather a burden that increases dramatically the threshold current.
This is the main reason why the ES lasing is not desirable in the practical devices, though
the ES saturated gain can be much higher than that of GS for the high degeneracy of ES.
Note that the spectral noise around the GS at high currents is the artifact from the optical

filter that is used in attenuating the strong ES laser emission.

1.3.2 Amplified spontaneous emission spectrum

The edge emission of laser diodes driven below threshold is the amplified spontaneous
emission. Its deviation from the true spontaneous emission can be attributed to the gain
and self-absorption along the longitudinal direction of devices. In the following we analyze
the edge emission spectra to get the information about the spectral profiles of gain and

self-absorption in addition to their evolution with current.

Usually the spectral profile of gain is not coincident with that of self-absorption, like in the
bulk and QWs. This can be traced back to their continuum DOS. In continuous energy
bands, carriers can thermalize to quasi-Fermi distributions through the efficient intraband
relaxation, and the resulting carrier distribution is sensitive to temperature and current.
Consequently, the spectral profiles of gain and absorption also vary with temperature and
current, leading to ASE spectra of varied spectral profile and position. In comparison, the
situation in QDs is quite different. In the QD ensemble the carrier shuffling processes
among the QDs are rather inefficient as compared to the carrier-carrier scattering
processes in the bulk and QWs. So the carrier distribution in the QD ensemble is

somehow confined to the inhomogeneous broadening profile. In fact, the carriers on the
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GS, for example, can redistribute among the QDs with different confinement energy
through carrier shuffling. The resulting partially thermalized carrier distribution thus would
deviate from the inhomogeneous broadening profile. But this deviation is only significant
at low currents. At high currents when the average dot-filling factors are higher than one
exciton per QD, the Pauli blocking effect damps the redistribution effect of carrier
shuffling process. In this case, the spectral profile of gain coincides approximately with that

of self-absorption if any, and both conform to the inhomogeneous broadening profile.
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Fig. 1-8 (Top) Emission spectra of 1.14 um InGaAs QD lasers with different cavity lengths. (Bottom)
ASE spectra of a short cavity QD laser. The inset shows the dependence of threshold on the cavity loss.

Fig. 1-8 shows the edge emission spectra as a function of current and the device length.
The three devices differ only in the length, equivalently the mirror loss. Among them, the
shortest device (L = 0.58 mm) has the highest cavity loss and threshold current density J,~
1 kA/cm’. So we can get its ASE spectra up to very high current density without extreme
gain amplification near or above threshold. It can be seen that from ] = 200 to 400 A/cm?,
the spectral intensity increases with little spectral shift. The spectra centered on the
supposed GS center position. These stable spectra demonstrate the case of the coincident

spectral profiles of gain and self-absorption in QDs. Above ] = 400 A/cm’, continuous
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blue shifts occur due to the strong ES overlap. Here we refer to the RT spectra in Fig. 1-7,
where the large inhomogeneous broadening and less pronounced GS gain lead to a
continuous transition of maximum gain from GS to ES. The inserted plot of J,, vs. cavity
loss in Fig. 1-8 shows also a consistent picture of continuous transition. In contrast, in the
case with small inhomogeneous broadening, there will be a dip between the peaks of GS
and ES, and then the transition would be a jump from the GS maximum to that of ES. In
addition, note the high emission ratio of ES to GS in Fig. 1-7 compared to the negligible
ratio in Fig. 1-8. This indicates a strong self-absorption at ES that leaves little edge
emission out of the device, presumably due to the high degeneracy of ES that requires
more catriers to meet transparency condition than GS. Except the side emission, the ES

emission is self-absorbed and transformed into heat energy.

For ] <200 A/cm’ the edge emission spectra have deviated spectral profiles. For example,
for the 0.85 mm long device, as shown in Fig. 1-8 (bottom), the spectrum at I = 15 mA (J
= 33 A/cm’) has its maximum red shifted far away from the supposed GS center position.
Here the spectral intensity at the high energy side may be partly affected by the strong
absorption of the ES, but the red shift is mainly originated from the thermal redistribution
of carriers among the QDs. The QDs with deeper confinement energy are favored in the
redistribution process, so the maximum of absorption bleaching is red shifted, noting that
no gain is available at this current density for | < J..~57 A/cm”. With current, the
maximum of the emission spectra will gradually shift back to the GS center position with

the gain maximum shifting simultaneously.

Finally, for the two devices with L = 0.85 mm and 1.45 mm, as in Fig. 1-8 (top), we
compare their spectra at the same current density | = 220 A/ cm’, which is also the
threshold current density for the 1.45 mm long device. The longer device starts lasing near
the maximum emission wavelength of the shorter device. At a higher current density of 1.1
kA/cm?, the lasing width increases around the GS center position, indicating a rather

symmetric gain/differential gain profile.

1.3.3 Lasing characteristics
In the following, we analyze the L-I and spectral characteristics, and their temperature

dependence.
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a) Light-current characteristics

Fig. 1-9a shows the L-I curves for a broad area device at different temperatures. Above 150

K, the external quantum efficiency remains constant with temperature. Below 150 K, the

transition to the linear lasing region is prolonged, as shown in the 50 K L-I curve.
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Fig. 1-9 L-I curves of the 1.14 um InGaAs QD laser. Note the different scales for the power axis.

In Fig. 1-9, we re-plot these L-I curves in semi-logarithmic scale to facilitate the analysis.

Now each L-I curve actually shows 3 distinct sections: (A): I<I_; B): I,,.< I < I (C):

I>1,,.

Section A

This part of L-I curve features an exponential increase of emission power followed
by the gradual saturation. Since the injection turn-on, the QDs begin to be filled
with carriers, and the emission starts, but is limited by self-absorption. With more
QDs being filled and joining the emission process, the emission power increases.
When most QDs are somehow filled, the emission starts saturation and the

transparency condition is approached.

Section B
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This section begins when I is reached, and ends when I is approached. With

tran
current, gain appears and ASE power increases exponentially as gain increases.
However, the modal gain is below the cavity loss in this section. When the gain
meets the loss, the L-I curve experiences a super-exponential transition, then
entering the linear region.

e Section C

This region is characterizes by the linear L-I curve, as shown by the fit lines (dotted

line) in the semi-logarithmic plots in Fig. 1-9b.

Above all, the L-I characteristics are strongly temperature dependent. In section A and B,
the emission power is clearly suppressed above 150 K, due to the thermal activation of
carrier distribution on the higher energy states and possible nonradiative recombination
channels thereupon; while below 150 K, the L-I curves coincide well with each other,

indicating the quenching of thermionic emission. So above 150 K, both I, and I, increase

tran

with temperature, while I changes little below 150 K. However below 150 K, I,

decreases with temperature. As can be seen in Fig. 1-9b, in the transition region between
section B and C, there is a big reduction of output power from 150 K to 50 K and the
transition region is prolonged at 50 K. We know that in this temperature range, the carrier
shuffling among QDs is being quenched, so the carriers will be distributed in the QD
ensemble just as they are captured. The lower the temperature is, the larger the carrier
distribution width will be, and the spectral gain profile is also broadened with decreasing
temperature. So at 50 K| the carriers will fill more QDs outside the lasing spectral region in
the rather broad spectral gain profile, leading to an effective increase in threshold and

enhanced amplified spontaneous emission near the threshold, which smears the transition

into the linear region of the L-I curve, i.e. section C.

The temperature dependence of the threshold current density is shown in Fig. 1-10a. There

exist generally three temperature regions with distinct features:

e Above 200 K, J,, increases exponentially with temperature. This behavior is typical
in semiconductor lasers, and can be attributed to the onset of thermionic emission
and/or thermal broadening effect. In QD lasers, the cattiers can be excited to the
ES or just escape from the QDs onto the wetting layer and barrier, where the
carriers spill over the cladding layer of the waveguide. The catrier escape/spillover

and the following nonradiative recombination make the most of dark and leak
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current. They are thermally activated processes that depend strongly on the QD
confinement energy and the barrier energy of cladding layers. Fitting this

temperature section, we get T) = 80 K.
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Fig. 1-10 Temperature dependence of threshold current density for various device geometries.
100 K< T <200 K. In this temperature region, J,, goes through the minimum, where the
nominal T, can be infinite. Because the main carrier loss mechanism — thermionic emission
and the following nonradiative recombination — is quenched below 200 K, the carrier
distribution then is mainly determined by the carrier interdot redistribution (carrier
accumulation) and intradot thermalization (carrier dispersion) processes. As denoted,
apparently these two processes function reversely in affecting the carrier distribution, so
with temperature their effects will cancel each other partly. This in turn helps stabilize the
threshold current in certain temperature region. However, for the different thermal
activation energy, the carrier intradot thermalization is quenched at relatively lower
temperatures than the interdot redistribution does. So with decreasing temperature, the
quenching effect of the carrier interdot redistribution at first takes advantage, resulting in
enhanced carrier dispersion, which leads to the increase of threshold. Only when the
carrier intradot thermalization is also becoming quenched at even lower temperature, both
the carrier processes then become comparable again and the tendency of threshold
increase is damped. In Fig. 1-10b, the temperature dependence of ], of the 6-fold stacked

QD lasers is compared with that of the 3-fold one. The effect of the carrier interdot
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redistribution becomes stronger for the increased effective QD area density brought by
more QD layers. As a benefit, this may help reduce the threshold at high temperature, but
with the quenching of carrier interdot redistribution at low temperature, the benefit turns
into a burden, with more QDs consuming carriers without contributing to lasing processes
in a broadened spectral gain profile. The result is an enhanced tendency of threshold
increase at low temperature. This is of similar physical mechanism as revealed in a
simulation study of vertically coupled QD lasers.”” Note that the higher loss help further
enhance this tendency, if comparing the two 6-fold devices with different mirror losses.

The negative T, region is more evident here than for the 3-fold device.

Below 100 K, the threshold is not so clearly defined for the smeared threshold transition
region in the L-I curve, and we get a nominal threshold by extrapolating the good linear
part, though this method will overestimate the threshold somehow. Below 100 K, both
carrier interdot redistribution and intradot thermalization processes will be strongly

quenched, leaving a broad spectral gain profile.

In Fig. 1-9a, we see that the slope efficiency changes rarely with temperature, so the
internal quantum efficiency and internal loss (note the RT wvalues of 1, ~ 97% and o ~
5.3/cm for the laser structure TU4819) remains constant in the whole temperature range.
This indicates a negligible amount of recombination current from thermally activated
defect or impurity in the laser active region, and may be interpreted as the merit of QD
gain, for the strong carrier localization effect of QDs reduces the chance of carriers being
captured in the defect or impurity. In turn, we can also exclude the effect of nonradiative
recombination” on the T, at high temperature. The observed low T, (= 80 K) shows
rather that both thermionic emission and the hole thermal distribution are working in
leading to severe gain saturation at high temperature.”’ As to the smeared threshold
transition regions, we observed that for higher threshold gain this peculiar L-I behavior
appears at higher temperature. This indicates that at the saturated gain regime, the spectral

gain profile is characterized by the inhomogeneous broadening,.

b) Spectral characteristics

The center lasing wavelengths near threshold are shown in Fig. 1-11 as a function of
temperature. For comparison, the QD GS and ES center wavelengths, drawn from the
backside emission spectra, are also shown. The temperature dependence of the GS center

wavelengths and the lasing wavelength of the broad area device shows similar trends,
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which are typical for this QD ensemble as shown in temperature dependent
photoluminescence study on the similar QDs.”* The red shift of the lasing wavelength
from the GS center wavelength can be generally the effect of ES loss, but at high
temperature, the effect of thermal gain redistribution among the QDs can be another
reason for the red shift, especially at low threshold gain. In Fig. 1-11, the results from two
narrow stripe devices show that the lasing wavelengths blue shift with increasing threshold
gain. Note that the comparison of threshold current density is shown in Fig. 1-10a for
these wide and narrow stripe devices. In Fig. 1-11, the blue shift is particularly strong at
high temperature, indicating the reduced thermal redistribution effect with increasing

carrier density and specifically the enhanced role of ES gain due to the carrier intradot

thermalization.
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Fig. 1-11 Temperature dependence of lasing wavelengths for the 1.14 um QD lasers with various stripe
widths. The GS and ES emission wavelengths are taken from the backside emission.

Fig. 1-12 shows the lasing spectra at the same injection current I = 1 A (J = 666 A/cm?’) as
a function of temperature. The current ratio to threshold ranges from 2.5 at RT to near 10
at low temperature, so the current is well above threshold. It is notable to observe that the
lasing width increases continuously from RT, even when the threshold begins to increase
below 150 K. This result supports that the spectral gain profile broadens monotonously
with temperature decrease, presumably due to the reducing carrier interdot redistribution
processes. In Fig. 1-12; the steeper spectral border region at higher temperature implies
also a stronger gain suppression effect due to the intense carrier shuffling capability at high

temperature.
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Fig. 1-12 Lasing spectra of the wide stripe QD laser for the same current and at various temperatures. The
inset shows the lasing widths and current ratio.

Fig. 1-13 shows the lasing spectra from another wide stripe device that is fabricated in a
different process run. These spectra are measured using the photon-counting technique
without switching optical filters, and the spontaneous emission is left out. It is clear that
the spectra of QD lasers are not necessarily smooth as they are in Fig. 1-12. Note that the
low temperature spectra in Fig. 1-13b are slightly affected by the movement of the device,
which is cooled in the continuous flowing He cryostat by blowing with temperature-
stabilized He gas. For the spectra in Fig. 1-12 and in later chapters of this work, we switch
to the Micro cryostat (He) from Oxford Instruments, and mount the sample on the
cooling finger to achieve high mechanical stability. Furthermore, we use the Lock-in
technique with LN, cooled Ge detector and switching optical filters to enhance the

detection dynamic range.

In Fig. 1-13, the lasing width varies greatly with temperature. Specifically near threshold,
the lasing width at 77 K amounts to ~ 20 nm, but only ~ 1 nm at RT. This broad lasing
width at low temperature can be attributed to the broadened gain profile and the weak gain
suppression originating from the quenched carrier shuffling, as similar to the case with Fig.
1-12. In addition, the spectral intensity modulations found in Fig. 1-13, sometimes called
mode-grouping effects, look rather periodic, with a period ~ 3- 4 nm. The origin of such
mode grouping effects will be explored in the next chapter concerning the waveguide

effect.
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Fig. 1-13 Lasing spectra of the wide stripe QD laser. In (a) the spectra are offset for clarity. The L-I curves
for the laser are shown in the inset of (b)

14 Laser design for extended temperature stability

Achieving high level of temperature stability will make QD lasers promising for many
technically demanding applications. However, the laser design in this respect can be rather

involved.

Firstly, the main factors determining T, vary in various temperate ranges”” and they also
vary with the threshold gain levels. At high temperatures up to RT or above, the carrier
thermionic emission and spillover are the most familiar thermal activated carrier loss
processes.” Their effects can be shifted to higher temperature by increasing the carrier
confinement energy, including both the confining potential in the active layer and the
barrier potential of the cladding layer. The carrier confinement can be further enhanced by
applying the carrier-reflecting short-period superlattice as barriers.”* As for the threshold
gain levels, the gain saturation effects should be avoided or reduced as much as possible,
for otherwise they would result in high threshold current density that then cause severe
carrier thermal emission losses and significant Auger recombination. To counter the strong
GS gain saturation effect originating from the carrier thermal populating on ES and higher
energy states, specifically for the holes in InGaAs QDs, p-type modulation doping of the
QD active region has been employed to increase the maximum GS gain and differential
gain.” This approach helps improve T, to 232 K (0 — 80 °C) for the 1.3 um devices while

keeping still reasonable low threshold current density.”* However, a more basic approach to
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increase carrier confinement and saturated gain level, is of course to engineer the QD
properties within the growth steps. This approach has been intensively studied, though it is
still in the eatly stage. It needs a fundamental understanding of not only the QD
parameters with relation to the electronic properties, but also the QD growth mechanisms
and the possibility of taking control of them. One example has shown that this approach
can be rather promising, and it has produced 1.22 um InGaAs QD lasers with T, = 380 K
up to 55°C.%

Secondly, there exist indirect factors affecting the temperature stability. For example, we
have discussed the canceling effect of carrier interdot redistribution and intradot
thermalization processes on the temperature dependence of carrier and gain distribution.
This effect could result in temperature stability or negative T at low temperature; however,
it is overshadowed at high temperature by the thermionic emission effect. As the hole
intradot thermal distribution causes GS gain saturation effect from medium temperature
on, the electron thermal distribution would have similar effect at relatively higher
temperature due to the larger GS-ES electron energy splitting. Therefore, increasing the
QD GS-ES splitting would be advantageous to shift the gain saturation effect of electron
thermal distribution to higher temperature. As to the effect of carrier interdot
redistribution on the temperature dependent spectral gain, it is the electron side that makes
the main contribution, because the electron energy dispersion is much large than that of
hole. So to suppress the electron energy dispersion is then a proper way to reduce the
temperature dependent effect from carrier interdot redistribution. The growth of more
uniform QDs naturally provides less electron energy dispersion, but can be rather
demanding on the growth technique. In this context, another hybrid approach is rather
direct and effective, that is using tunnel injection scheme.” The tunnel injection of cold
electrons from the adjacent QW into the QD GS selects only the QDs in a narrow energy
range. This reduces dramatically the electron energy dispersion and meanwhile maintains a
quasi-Fermi carrier distribution. The originally large amounts of nonequilibrium carriers,
not only hot carriers, that make no contribution to lasing process are saved. Actually this
injection scheme also eliminates the intradot thermal distribution simultaneously. So
double benefits are achieved by one and the same scheme, which has created a record high
T, of 363 K (5 — 60 °C) in QD lasers.”” This example shows that the non-ideal parameter
effect in actual QD lasers can be overcome by careful design of carrier processes in the
active region, and the advantageous aspect of ideal QD properties may be realized, like
here ultra high T.
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Above all, the understanding of raw carrier and gain processes in QD lasers provides the
base for advanced design concept. Innovative growth technique will help realize the design
concept and also enlarge the design space. It should be noted that, for certain laser
applications, the goals of laser design and optimization can be more than only the
temperature stability of threshold current. For example, the lasing wavelengths need be
stabilized against temperature change, but that may require a different set of design
criteria® from those for a high T,. So it remains a big challenge for laser design to achieve a
comprehensive temperature insensitive performance in QD lasers. Great flexibility in

growth technique would be one prerequisite.

1.5 Summary

In summary, the QD gain properties and their temperature dependent aspects are
overviewed. Temperature dependent characteristics of InGaAs QD laser are analyzed.
Some considerations on the laser design towards high level of temperature stability are

given with examples.

Compared with idealized uniform QDs that have a single confined exciton energy state and
d-function DOS, the self-organized QDs ate impacted in their gain properties by many
non-ideal QD parameters. The saturated gain levels are lowered due to the finite
inhomogeneous broadening and homogeneous broadening effect of exciton transitions,
despite the fact that benefiting from the discrete DOS of 3D quantum confinement energy
states, the actual QD lasers have demonstrated extremely high materials gain and low
internal cavity loss. The carrier thermal populating ES and higher energy states further
reduces the GS maximum gain and differential gain levels. The carrier distribution in the
QD ensemble is determined by the carrier statistics and thermal redistribution, so the QD
spectral gain depends on both temperature and current. The comprehensive action of these
carrier and gain processes in the QD ensemble is responsible for the widely varied T, in
different temperature range and the significant dependence on the cavity loss. In addition
to the former discussed linear gain and its nonlinear effect, the gain suppression effects are
the gain nonlinearity active in the lasing processes, especially in the multimode lasing case.
Both the homogeneous broadening and dynamic grating effect are contributing to the gain
suppression coefficient, which is necessary for the modeling of multimode lasing in QD
lasers. The strong carrier localization effect by QDs could enhance the gain suppression

effect in QD lasers as compared to QW lasers.
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Experimentally, true spontaneous emission spectra and ASE spectra are studied as a
function of temperature and current. The basic QD parameters are drawn from the low
temperature spectra. The temperature effects on the emission spectra help reveal the
temperature dependence of carrier distributions and the related QD spectral gain. The
analysis of the current dependent spectral profiles of gain and self-absorption shows the
influence of dot-filling factors on the result of carrier interdot redistribution. Large
inhomogeneous broadening and the suppressed GS gain at high temperature lead to a

continuous transition of gain maximum from GS to ES with current.

The L-I characteristics and spectral characteristics are investigated for lasers based on 1.14
um InGaAs QDs. Three consecutive sections of the L-I curve are recognized as (a) before
the transparency; (b) amplified spontaneous emission; (c) above threshold --- lasing. The
temperature dependent laser emission power shows clearly the thermal quenching effects
above 150 K. Below 150 K, the output power in section (a) and (b) is temperature
independent, indicating the quenching of thermionic emission and dark current. However,
the section (c) shows that the threshold current increases below 150 K, implying that the
spectral gain width increases continuously at low temperature. As to the temperature
dependence of threshold current, the carrier thermionic emission and spillover lead to
positive T above 200 K; whereas below 200 K, these carrier losses are quenched, and the
canceling effect of carrier interdot redistribution and intradot thermalization processes
could result in a temperature insensitive region in the medium temperature range. Due to
the different thermal activation energy, the quenching temperatures of carrier interdot
redistribution and intradot thermalization processes are different, and the carrier
distribution effects from these two carrier processes only partially cancel each other,
resulting in a negative T, at low temperature. As to the spectral characteristics, the lasing
width increases continuously with decreasing temperature, confirming the broadening of

spectral gain profile at low temperature, due to the quenched carrier shuffling among the

QDs.

Advanced laser design concept is desirable for achieving high level of temperature stability
in QD lasers. High T, (up to 380 K) QD lasers have been obtained in a variety of examples
based on different approaches, such as p-type modulation doping®, tunnel injection®, and
QD shape engineering’’. These promising results demonstrate that QD lasers have great
potential for further improvement in their laser performance. The next big challenge for

laser design is to achieve a comprehensive temperature insensitive performance in QD
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lasers. For that goal, great flexibility in growth technique would be one prerequisite, and it

is necessary to develop innovative QD growth technique.
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CHAPTER 2 WAVEGUIDE EFFECTS IN QD LASERS
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2.1 Introduction

A semiconductor laser structure is composed of three necessary elements: the active
medium (gain), the waveguide and the optical feedback mechanism (mirror). The
waveguide is the critical part that determines the laser output. It is designed to: (1)
maximize the overlap of the spatial mode profile with the gain medium, and minimize the
overlap with the lossy region, such as the highly doped cladding layers; (2) control the near
field profile for the desired far field emission property; (3) control the mode threshold
spectrum for desired spectral mode output. The first design criterion is important for
keeping low threshold current density and high efficiency. The second criterion facilitates
the collection of laser output, for example, for efficient coupling into the optical fiber.
Normally in edge emitting lasers, the fundamental mode is the only confined mode when
the cutoff property of waveguide is properly designed. The separate confinement laser
structure provides the best solution for the fundamental transverse mode confinement and
carrier confinement, whereas in the lateral direction, it is difficult to have the optical
confinement decoupled from the carrier and current confinement. There are a variety of
waveguide forms for the lateral confinement.! Among them, ridge waveguides are the most

flexible and cost-effective ones. The etched mesa stripe helps define the current injection
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area, and provide gain guiding mechanism for the lateral modes. The mesa depths can be
varied to suppress the current spreading effect, and induce index guiding for the lateral
modes. For sufficiently narrow stripe widths, a single spatial mode laser can be realized,
that is, with the fundamental modes being the only existing modes in both the transverse
and lateral directions. In a shallow mesa waveguide, the single mode requirement on the
stripe widths may be loosed up to 8 um due to the gain guiding effect.”” The higher order
lateral modes are excluded for their higher modal losses. In practice, a weak index guiding

mechanism is preferred for a better mode stability, like against the mode hopping effect.

The last design criterion, ie. spectral control, is rather critical but is also the most
demanding one. The extreme case is to have a single longitudinal mode lasing. This
generally requires sophisticated fabrication steps to incorporate Distributed Bragg reflector
(DBR) or Distributed feedback (DFB) structure in the waveguide and active region.
Etching into the gain region usually causes strong nonradiative recombination, and the
DFB lasers even need re-growth. These processes deteriorate the laser performance and
increase the cost. On the contrary, in the free-running case, there are no such extra
processes, and particularly in the conventional lasers such as the bulk and QW ones, the
lasing spectra have rather narrow widths, so the spectral characteristics is rarely affected by

the ridge waveguide parameters, except for the imperfection or non-uniformity.*

The advent of QD lasers changes the situation dramatically. The carrier localization effect
makes the QD gain resistant to the surface/defect nonradiative recombination as induced
by the etching process. This potentially lifts the technological and cost barrier in
engineering the waveguide, including the active region. More significantly, the lasing width
of a free-running QD laser is much wider than that of conventional lasers, thus the lasing
spectrum is vulnerable to the perturbation of large period modulation structure in the
mode threshold gain/loss spectrum, like that originating from the substrate leaky mode.’
This effectively couples the waveguide parameters with the spectral characteristics in QD
lasers. The spatial modal control is no longer irrelevant to the spectral control. The
waveguide parameters may have great impact on the longitudinal mode spectrum. In turn,
there are more possibilities for realizing the spectral control. Moreover, the large
inhomogeneous broadening of QD media not only helps increase the gain width, but also
facilitate the spectral hole burning (SHB) effect and increase the sensitivity of gain

spectrum to any optical perturbations that may originate from the waveguide effects. Thus
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the QD gains provide a unique opportunity to survey the optical properties of laser

waveguides, especially those with complex multi-layered heterostructures.

In this chapter, we study the effects of waveguide parameters on the spectral characteristics
and other basic laser properties in ridge waveguide QD lasers. The lateral-cavity SHB
effects are found to be responsible for the generally reported mode-grouping effects in the
lasing spectra of QD lasers. The impact of mesa-etch profiles on the SHB effects is studied
with implication for a possible spectral control mechanism in QD lasers. High
performance narrow stripe QD lasers with deep etched waveguides are demonstrated,
which indicate a cost-effective way for realizing various types of QD devices through direct

deep etching technique.

2.2 Lateral-cavity spectral hole burning effects

2.2.1 Background

The spectral characteristics of QD lasers have been intensely studied both experimentally®
" and theoretically.'"'*'® Tt was observed that the envelope of the longitudinal mode
spectrum may exhibit strong intensity modulations despite a smoothly peaking
inhomogeneous gain profile. This spectral modulation can be related to the interaction of a
QD ensemble with the cavity modes. Detailed understanding of this interaction may
provide potentially important information for optimizing of the devices, for instance,
improving wavelength control of the lasing spectrum of QD lasers. Several effects have
been proposed to explain such modulations. Leaky modes, propagating into the substrate,
were claimed as the most probable origin of modulations with a quasi-periodicity of ~ 3-5
nm for a substrate thickness of 100 to 200 um.** Alternatively, the peak-to-peak energy

separation in the intensity-modulated lasing spectra was related to the homogeneous

linewidth of QD transitions at room temperature.*

Here a comprehensive study of injection lasing spectra of ridge waveguide QD lasers is
present as a function of stripe width, temperature, and excitation density. It is
demonstrated that Jateral cavity resonances causing spectral intensity modulations through
SHB, explain the present results as well as may shed extra light on the previously reported
data. It is proposed to apply lateral cavity engineering to control the emission spectra of QD
lasers, e.g., to get wavelength-stabilized narrow spectrum lasers and possibly single-mode

injection lasers.
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2.2.2 Experiments

The laser structures (TU 4819) studied in this work were grown on GaAs (001) Si-doped
substrate using metal-organic chemical vapor deposition (MOCVD)." Three layers of
In(Ga)As QDs separated by 30 nm GaAs spacers were centered in a 200 nm thick
waveguide, which was confined by 1.19 um thick, p- and n-doped Al;(Ga,,As cladding
layers. A 350 nm thick p+-doped contact layer completed the growth. The schematics of
the laser structure are shown in Fig. 2-1. Ridge waveguide lasers were fabricated by 1.3 um
deep wet etching and covered with 100 nm SiN, using plasma-enhanced-sputtering. The
laser facet SEM picture in Fig. 2-1 shows the etch profile. The wafers were polished down
to a thickness of 100 um from the substrate side. Narrow stripe lasers (stripe width w = 8
and 5 um) were cleaved and HR coated on one facet, while the facets of wide stripe laser

(w = 24, 50 and 100 pm) were left uncoated. The cavity length was 1.5 mm for all devices.
Laser structure Device geometry

P-GaAs contact /

P-AlGaAs clad Y

Waveguide Core
(QDs / Tunnel barrier
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N-GaAs substrate ﬁ

Al Content 1 pm

l

Fig. 2-1 Schematics of the laser structure and ridge waveguide. The SEM picture shows the mesa profile.
Electroluminescence (EL) spectra were taken for temperatures between 50 K and 290 K in
a quasi-continuous-wave pulsed mode (500 ns pulse width, 5 kHz repetition frequency) to
avoid heating. EL from the uncoated facet was spectrally dispersed by a half-meter
monochromator, with the slit oriented parallel to the junction plane, and detected by a
cooled Ge diode. Spontaneous EL was measured on a 100 pm long reference device from
the substrate side through windows in the back metal contact (refer to the last chapter).
The temperature dependence of the ground state (GS) and excited state (ES) transition
energies is similar to previously reported PL results showing thermal redistribution within
the QD ensemble.”® For the investigated devices, the GS-ES splitting (~ 60 meV) is of

similar size as the inhomogeneous broadening.
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2.2.3 Spectral analysis

The spontaneous EL spectra taken from the reference device indicate a conventionally
smooth, single-peaked, inhomogeneously broadened transition between the electron GS
and several hole states of the QDs (refer to the last chapter). EL spectra taken at 290 K are
shown in Fig. 2-2a for lasers of different stripe widths. It is evident that characteristic
periods exist, which increase steadily with narrowing stripe widths. The modulation period
vs. stripe width dependence is shown in Fig. 2-2b by solid dots. In all the devices threshold
current densities were similar, thus one can exclude the effect of homogeneous

broader]ing14 on the spectral features.
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Figure 2-2 (a) EL spectra for different stripe widths. The distance between neighboring arrows present the
modulation petiods. (b) Modulation period A in dependence of the nominal stripe width ». The solid
data points are from this work; other data points from literature (see Ref. 23). The solid line shows the

calculated lateral cavity resonance petiod for Ao = 1 pm and neg = 3.3.

In Fig. 2-3a, lasing spectra at 100 K are compared for two devices (w = 100 um and 5 um).
For the 100 um wide stripe device, lasing spectra taken well above the threshold current
density show a generally featureless intensity profile. The observed broadband lasing at low
temperature is typical for weakly interacting QDs with negligible homogeneous linewidth."*
Multimode lasing action is observed already at threshold. Lasing of one spectral part of the
QD ensemble does not necessarily clamp the gain of the rest of the QDs. In consequence
more and more QDs reach the lasing threshold, allowing for lasing in an increasing
wavelength range, with increasing drive current. Due to gain saturation and broad size
distribution of QDs, the lasing spectrum assumes the observed broad profile at high
excitation density. As opposite, the lasing spectra of the 5 pm wide stripe device show
strong intensity modulations, with valleys separated by ~ 15-20 nm. For the present

substrate thickness of 100 um, the substrate-leaky-mode related modulation quasi-period
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would be ~ 3-5 nm,® much smaller than the period found in the experiment. Furthermore,
the substrate thickness is the same for all the processed devices, which would imply a
constant modulation period in contradiction to our experiments. As can be seen in Fig. 2-
2a and Fig. 2-3a, the intensity modulations appear already in the edge emission spectra
taken near lasing threshold, and the spectral positions of the valleys do not depend on the
drive current. The depth of the valleys also decreases with widening stripes and decreasing

temperature (Fig. 2-3b).
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Figure 2-3 (a) Lasing spectra for w = 5 and 100 um. The dash lines denote the supposed modulation
valleys. (b) Lasing spectra for ] = 3.8 kA/cm? and different temperatures. For more spectra, see Fig. 2-4.
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Fig. 2-4 Lasing spectra for the stripe width w = 8 um. The 3 slanted dotted lines indicate approximately
the temperature dependence of spectral valley positions.

The full range of lasing spectra for the stripe width w = 8 um are shown in Fig. 2-4. The
spectral positions of the valleys as a function of temperature are plotted in Fig. 2-5 for the
two narrowest devices. With increasing temperature, a collective redshift is observed with

periods of ~15 nm and 20 nm for 8 um and 5 um stripe width, respectively. The redshift



is, however, much weaker than that of the bandgap. For comparison, the GS emission

energy as observed in the backside EL spectra is shown in Fig. 2-5 (open circles).
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Figure 2-5 Spectral intensity modulation valley wavelengths of narrow-stripe QD lasers as a function of
temperature. Fitted atre the dotted lines with gradient of 0.12 nm/K, and offset of 15 nm and 20 nm for
the stripe width w = 8 um and 5 pm. The GS energy positions are plotted in open circles.

2.2.4 Discussion
In the following, a mechanism is proposed to explain the observed spectral intensity

modulations.
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Fig. 2-6 Schematics of ridge waveguide laser and the lateral cavity.
As shown in Fig. 2-6, the steps of the effective refractive index of the ridge waveguide
structure introduce lateral waveguiding'” in the junction plane along the y-axis for the
longitudinally propagating wave (along the z-axis). However, the ridge stripe also forms a lateral
Fabry-Pérot resonator (along the y-axis in Fig. 2-6). The large external losses in such a
short cavity prohibit lasing in the lateral direction, but light waves propagating in the
waveguide in this same direction, still form standing waves and experience gain, which is
sufficient to generate amplified spontaneous emission (ASE) with the lateral-cavity-
resonance pattern. Note that this ASE competes for the same gain medium as the

longitudinal modes, thus burning holes in the otherwise smooth spectral gain profile of the
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longitudinal modes. The resulting suppression of longitudinal modes in these spectral

regions causes the intensity valleys in the envelope of the longitudinal mode spectrum. For
lateral cavity resonances n-/-cos@ = m-A/2 must be satisfied, with # the effective index,

/ the lateral cavity length, » the order of the resonance, 4 the light wavelength in vacuum,

and cos@ ~1. For stripe widths w = 8 pm and 5 pm, n = 3.3, A= 1 um, the resonance
period (AA =4 / (2n-w)) would be ~18.8 nm and 30 nm, respectively. The nominal

stripe width, however, underestimates the lateral gain width in such a shallow-stripe hybrid
gain/index-guided laser. Indeed, these periods ate slightly larger than the experimental
ones. From the experimental periods, effective lateral cavity lengths of ~10 pm and 7.5 um

respectively are derived. This relative large cavity length may be also related to the near
normal lateral cavity resonance. With the same parameters as above and dn/ dT ~ 4x107*

/K, the temperature coefficient of the resonance wavelengths can be calculated
(dA/dT = 2/n-dn/dT), to be ~ 0.12 nm/K. As shown in Fig. 2-5, the redshift of the

valleys with increasing temperature is well described by the calculated temperature
coefficient, supporting the modulation to originate from lateral cavity resonances. The
periods for devices with wider stripes (w = 100 um, 50 pm and 24 um) are also in good
agreement with the estimated periods for the lateral cavity. Fig. 2-2b summarizes the
present and published results on the modulation period in dependence on the nominal
stripe width. The solid line represents the period for an ideal lateral cavity defined by the
nominal width of the shallow stripe as shown in the schematics of Fig. 2-2b. The
agreement is remarkable, considering the large diversity of devices and processing
parameters. Our results thus suggest the spectral hole burning effect by lateral cavity
resonances to be a general property of ridge waveguide QD lasers. Note that the effect
relies on the particular properties of QDs as active medium. Even at room temperature,
coupling between the QDs via the wetting layer by thermal emission and recapture is weak
compared to the coupling of light with the QDs, enhancing nonlinear effects and allowing

tor the spectral hole burning etfect.

The width of the intensity valleys (Fig. 2-2) may be linked to the finesse IF of the lateral
cavity. The full-width-at-half-maximum of the resonances is given by 54 = AA/F . For the
current devices the effective refractive index step is small, providing only a low finesse. The
modulation depth increases with increasing temperature (see Fig. 2-3b and Fig. 2-4), and
that can be attributed to the gain saturation effects. Note that the modulation depth

observed at RT is sufficient to turn off lasing. This effect might be valuable for possible
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applications. Thus a specific design of the lateral cavity may provide an effective means to
control the lasing spectrum of QD lasers. The cavity finesse can be increased, e.g., by
etching deeper ridges or introducing etched Bragg mirrors for the lateral cavity, etc. The
effective resonance bandwidth can be tuned by gradually tapering the ridge width along the
stripe length. Moreover, aperiodic Bragg mirrors and etched antireflection multilayer
interference filters can be used to suppress lateral cavity resonances at one particular
wavelength. With these methods wavelength-stabilized narrow spectrum QD lasers may be
realized. Adapting the narrow spectrum to a particular pump band may provide a simple
and cost-efficient way to fabricate high-power narrow band pump lasers with high
reliability and low temperature sensitivity. It might even be, probably, possible to obtain
wavelength-stabilized single-mode lasing in QD devices with ultra short cavity and deeply
etched Bragg mirrors, as recently demonstrated for a quantum well laser. *' It is interesting
to observe that the substrate leaky wave effect is negligible in the investigated laser
structures, which make the present study possible. In principle, the substrate leaky wave
effect can be thought of as a vertical cavity effect. It is perceptible that the lateral and

vertical cavity effects, if combined, would provide a versatile tool for design of QD lasers.

Concerning the speculation on the relation of homogeneous linewidth with the peak-to-
peak separation in the lasing spectra of QD lasers,"* and the relevant simulation work, we
refer to the part of discussion on the QD gain nonlinearity in Chapter 1 to resolve this

confusing issue.

2.2.5 Conclusion

Spectral intensity modulation in the longitudinal mode spectrum of ridge waveguide QD
lasers is shown to result from the SHB effect associated with the lateral cavity resonances.
This relevance of the waveguide parameter with the spectral output has profound impact
on the waveguide design for the devices based on QD gains, and specifically the lateral
cavity effect can be employed as a spectral control mechanism in ridge waveguide QD

lasets.

2.3 Impact of mesa etch profiles on the SHB effects
In the last section, the stripe widths of the ridge waveguides are varied, and it happens that
the lateral cavity effects are rather strong at the used mesa etch depth (see the SEM picture

in Fig. 2-1). In this section, the mesa etch profiles of ridge waveguides are varied, and we
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investigate their impact on the lateral-cavity SHB effects and the L-I characteristics of QD

lasets.

2.3.1 Experiments

The laser epiwafers are grown on GaAs (001) Si-doped substrate using MOCVD"". The
GaAs waveguide totals 380 nm thick, centered with 6 (TU 5447) or 3 (Np305I) layers of
In(Ga)As QDs separated by 25 nm GaAs spacers. P- and #-doped Al ;Ga,,As cladding
layers in 1 um thick, and p+-doped contact layer in 0.3 pm thick completed the growth.
Ridge waveguide lasers are fabricated by direct wet etching mesa into different depths, and
other processing steps are the same as in the previous section. In addition, chemically
assisted ion beam etching (CAIBE) with Cl, is used to fabricate the devices with deep-
etched vertical sidewalls. All the devices are HR coated (R ~ 90%) on one facet with
another facet left as cleaved (R ~ 30% assumed in the device characterizations below). The

cavity length is kept at 1.5 mm for all devices (w = 5-50 um).

The EL measurement condition is the same as in the previous section. RT
photoluminescence spectra of the reference QD samples demonstrate inhomogeneously
broadened QD GS emission around 1.14 um for 6 layer dot sample and 1.1 um for 3 layer
dot sample, with the full-width at half-maximum of 60 meV. The first ES appears at ~ 50
meV higher photon energies.
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Fig. 2-7 (a-c) L-I cutves for lasers with the etching profiles shown in (d-f), respectively; The etching depths
are 1.1 um (d), 1.3 um (e), and 1.9 um (f), respectively; (g-i) Lasing spectra of the former lasers with the
same stripe width (w = 50 um). The arrows indicate the modulation valley positions.
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2.3.2 Results and discussions

In Fig. 2-7 (a-c, g-i) we show the lasing characteristics of the devices fabricated by the wet-
etching approach. These devices are based on 6 layer QDs emitting at 1.14 pm. The
secondary electron microscopy (SEM) images of the as-cleaved facets from the devices
processed with three different etching depths are shown in Fig. 2-7 (d-f). In one case (Fig.
2-7d), the etching was stopped at about 200 nm above the GaAs waveguide layer
(“above”). In the second case, (Fig. 2-7¢) the etching was terminated at the waveguide
(“at”). In the third case (Fig. 2-7f), the etching was stopped well below (“below”) the

waveguide layer resulting in extended tilted mesa sidewalls.

We found no significant difference in the L-I characteristics in all three cases. For broad
stripe devices (w = 50 um) all the three different mesa types show similar threshold current
density J,, (~161 A/cm’® if using the corrected effective stripe width) and similar
differential quantum efficiency N.;as high as 62%. This situation doesn’t change down to
the stripe widths as narrow as 10 um. Thus the exposed waveguide layer in the deep mesa
case doesn’t introduce significant carrier loss due to the nonradiative recombination in
surface states. This is consistent with the fact that in the QD active region, the carriers are
effectively localized by the deep confinement potential in QDs. It has been shown

experimentally that the carrier confinement may help reduce the effective carrier diffusion

length at RT down to 0.5 um in InGaAs QD devices.”

In spite of the similarity in the L-I characteristics of the devices fabricated with different
mesa etching profiles, their spectral characteristics appear to be completely different. In
Fig. 2-7 (g-i), the lasing spectra of the devices with the same stripe width (w = 50 um) are
shown. In the range of comparable injection current density, the sample with shallow
etching (“above”) profile shows no mode grouping effect. The sample with the “at”-type
etching profile shows a remarkable (two orders of magnitude) modulation of the intensity
of the lasing spectra. The sample with the “below”-type etching profile shows also a
significant intensity modulation. The modulation depth is strong, (about 50 %, note the
logarithmic scale in Fig. 2-7 (g-I)), even though it is less pronounced as compared to that

of the “at”-type.

The lasing spectra from the devices with the “at”-type mesa geometry are shown in Fig. 2-
8a for different stripe widths. The spectral intensity modulation period for w = 50 (24) um

is about 4.7 (8.4) nm, respectively, as can be estimated from the spectral valley separation.
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These values are consistent with the lateral-cavity SHB effect”. We also estimated the
temperature dependence of the valley wavelengths. The temperature gradient is about
0.075 nm/K, the value consistent with that given in the previous study”, and the
temperature dependence of the effective refractive index of the waveguide. For w = 8 um,
the supposed period is expected to be around 30 nm and the second valley can’t be
resolved even at the highest injection currents (~8 x I;) for the narrow spectral range. The
cavity resonances observed in the previous study” for the same stripe width and mesa
profile can be attributed to the much broader emission spectrum in that case, due to the
pronounced modal gain saturation effect caused by a smaller number of QD stacks (3 vs.

6) used therein.
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Fig. 2-8 Lasing spectra of lasers with various stripe widths. Note that the spectra are shifted in AL for
clarity. (a) Mesa etch stopped at waveguide. The arrows indicate the actual or expected modulation valley
positions. (b) Deep etched through waveguide with vertical sidewalls.

As to waveguide analysis™, the shallow mesa (“above’-type) geometry can be treated
perturbatively in the frame of the effective refractive index method. We conducted guided
mode simulations with the actual waveguide parameters (Beam propagation method). The
effective index for the full waveguide structure without any etching is found to be n =
3.34, and the corresponding effective refractive index step An, = 1.3 x 107 for the
“above”-type mesa profile. This index step is sufficient for lateral optical confinement of
the lasing modes."” Using this value, we can calculate the quality factor Q for the lateral FP

. 25
cavity resonances as follows™:

Q = 2nc/Mt, = 20/ () (2-1)
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with ¢, & the light velocity and wavelength in vacuum, t, the photon lifetime, and « the total

cavity loss of the lateral cavity. To get the total cavity loss, we use the following formulas:

o« = O(i + O('mirror ~ o('mirroﬂ (O('mirror >> Oci ~ 2 Cmil) (2_2)
Ui = - IN(R;Ry)/(2wW) = - InR/w, (R1 = R2 =R) (2-3)
R = ((nny)/ (0 +ny)° = 1/4(Ange/n,)" (2-4)

with o the internal loss, o the mirror loss, and R the reflectivity due to the effective

index step. By taking w = 50 um and A = 1.1 um, the quality factor Q is calculated to be ~
60, and the corresponding resonance line width 0L = A/Q ~ 18 nm for the lateral FP cavity
in the “above” -type device. This resonance line width is much larger than the resonance

petiod (~ 5 nm) or the free spectral range AA of a 50 pm long FP cavity, consistent with

the absence of the resonance structure in Fig. 2-7g.

We consider another extreme case, that is a deep etched through waveguide mesa with
vertical sidewalls. Take the mode reflectivity at the mesa edge R ~ 0.3, similar to that of as-
cleaved facets, we get Q ~ 600, dh ~ 1.8 nm with other parameters the same as used
above. So in this case, the resonance structures could be well pronounced in the lasing
spectra with sharp features as narrow as 1.8 nm. We will discuss this case later. However,
the “at”’-type mesa profile presents an intermediate case between the shallow mesa
geometry (“above”-type) and the deep etched through waveguide with vertical sidewalls.
The deep etch reached the waveguide layer, so it prevents us from calculating the
reflectivity by considering any effective index step unambiguously. But we may estimate the
Q factor from the resonance feature in Fig. 2-7h. The apparent line width amounts to
about ~ 2-3 nm, so the Q factor can be estimated to be less than ~ 360 - 540, if

considering the nonlinear nature of the SHB effect.

For the tilted sidewall mesas (see Fig. 2-71), the refractive index step is even larger than for
the “at”-type mesa geometry. This causes a significant intensity modulation. However, due
to the tilting of the sidewalls, the effective reflectivity is reduced, similar to the case of the

tilted facets in the analysis by Iga et al.** This reduces the intensity modulation to ~ 50 %.

In Fig. 2-9a we show L-I characteristics of the devices with deep etched through

waveguide featuring vertical sidewalls. These devices are based on 3 layer QDs emitting at
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1.1 um. Threshold current density and differential efficiency are a weak function of the
stripe width. For w = 5 um, (not shown here) the threshold current density increases to
~200 A/cm’, due to the switching to the QD ES lasing, the effect we attribute to the
increased scattering losses, which may originate from the dry etching process and the non-
uniformity at the mesa edge introduced by the photolithography step for narrow stripes (w
< 8 um in our case) causing extra scattering loss. As it is shown recently, threshold current
density (~ 100 A/cm’®) and differential efficiency of dry-etched-through ridge waveguide

QD lasers may remain unaffected down to the stripe width of 4 um.”’
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Fig. 2-9 (a) L-I curves of lasers with deep etched through waveguide and vertical sidewalls. The inset
shows the SEM of the typical mesa profile. (b) Lasing spectra of the narrow stripe laser. The dotted lines
indicate the temperature dependence for the band gap and the effective refractive index.

In spite of the good L-I characteristics, these vertical-sidewalled devices show a spectral
behavior completely different from that for the devices with the “at”-type mesa etch
profile as well as for those with tilted sidewalls. As can be seen in Fig. 2-8b, the lasing
spectra feature strong intensity modulation, exceeding 2-3 orders of magnitude.
Meanwhile, the characteristic valley separation appears to be much smaller as compared to
that from the lateral cavity resonances. In addition, it is observed (Fig. 2-9b) that with
temperature, the well-reproducible sharp spectral features exhibit a wavelength shift
defined by the temperature dependent refractive index change. From the last point, we may
pin down that these spectral features also originate from the cavity resonance effect.
Compared to the previous estimated quality factor (Q ~ 600) and the resonance line width
(OA ~ 1.8 nm) for a 50 um wide device, the spectra in Fig. 2-8b show even sharper
features, indicating even higher ) factors. It is comprehensible that, in the present case, the

devices with deep-etched vertical sidewalls may form modes specific to rectangular
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resonators. High Q-factor resonance modes in such resonators are formed via the total
internal reflection (TIR) at all the resonator boundaries. For example, these modes in
rectangular resonators have attracted much interest for add-drop filter applications in
dense wavelength-division multiplexing.” These TIR modes have ray trajectories tilted with
respect to the direction of the lateral FP cavity, leading to reduced spectral separations as
compared to the lateral FP modes. Superimposed to the normal lateral FP cavity
resonances, they contribute to extra SHB features of shorter modulation periods in the
gain spectra, causing more complicated intensity modulation pattern in the lasing spectra.
At the same time, as it follows from Fig. 2-8b, there is a general trend of increased
modulation periods with reduced stripe widths. This supports the interpretation of the
spectral features as related to the SHB effect induced by the rectangular cavity. Concerning

the rectangular waveguide, we refer to Chapter 6 for the detailed study.
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Fig. 2-10 (a-c) Lasing spectra of one QD laser with deep wet-etched through waveguide. The inset shows
the L-I curves before and after degradation. (b, ¢) measured after the device breaks down at high currents.
(d) Lasing spectra after the degradation of the shallow mesa 8 um wide device as in Fig. 2-8a.

Finally it is emphasized that certain unintentional perturbations can cause the spectral
intensity modulations as well. Like in Fig. 2-10a, for one narrow stripe device with a deep
wet-etched mesa profile as in Fig. 2-7f, the lasing spectra show only one valley at high
current, consistent with the large modulation period ~ 30 nm for the stripe width w = 8
um. However, the laser breaks down at very high currents, as evidenced by the deteriorated
L-I characteristics shown in the inset of Fig. 2-10a. Correspondingly the lasing spectra
change dramatically. Now the spectra move to higher energy, presumably due to the high
loss caused by the degradation process. The open waveguide of this deep mesa laser can be

rather vulnerable to the high voltage impact, though covered by a 100 nm thick SiN_
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dielectric layer. We attribute the rare breakdown case to the imperfections or non-
uniformity in the dielectric layer or waveguide. From the periodic modulation structures as
cleatly seen in the low temperature spectra (Fig. 2-10c), it may be inferred that the
characteristic length of the waveguide region as affected by the breakdown lies at around
50 pm. In Fig. 2-10b, the high energy groups of peaks in the RT spectra originate from the
QD ES. We found there some valleys are inconsistent with the supposed periodic
modulation structures. This reflects the complex energy level structures of the QD ES, and
also helps explain the inconsistent valley positions at high energy regions in Fig. 2-3, 4, and
5. We note that the electrical breakdown in waveguide is not a necessary condition for the
change of spectra. In Fig. 2-10d, the lasing spectra of the same 8 um wide laser as in Fig. 2-
8a show again spectral modulations. But in this case, the L-I characteristics show only a
slight degradation after applying very high current to the device. The cavity loss seems
remain constant because the threshold lasing wavelengths ~ 1135 nm are the same before
and after the degradation. This different laser degradation behavior can be related to
different material variations under the electrical impact. Above all, these spectrum
variations testify that the waveguide is responsible for the spectral intensity modulations in
the lasing spectra of QD lasers. The lateral cavity effect indirectly induces the spectral
modulation, but the degradation-related waveguide variations directly modulate the mode

threshold gain/loss spectrum, just like in the coupled cavity lasers.

2.3.3 Conclusion

The present study demonstrates the crucial impact of the mesa etching profiles on the
spectral characteristics of ridge waveguide lasers based on self-organized In(Ga)As QDs,
with identical L-I characteristics. In addition to the general lateral-cavity SHB effect, we
found extra spectral intensity modulation features in the emission spectra of deep-etched-
through devices with vertical sidewalls. These features are related to the SHB effect
induced by the high Q-factor TIR resonance modes in the rectangular resonators. The

present results will help extend the possibility for the spectral engineering in QD lasers.

24 High performance narrow stripe QD lasers with deep etched waveguide
2.41 Introduction.
Long-wavelength GaAs-based QD lasers™ offer unique advantages for applications in data-

: . 30
and telecommunications

. Lasers based on self-organized InAs QDs have demonstrated
very low threshold current density (16 A/cm?®®™ and a transparency current density of 6

A/cm® per dot layer”, high efficiency and high temperature stability of the threshold
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current”. An important advantage of QD-based structures is suppressed spreading and
surface recombination of nonequilibrium carriers in deep mesa structures down to
submicrometer sizes™. Suppressed role of nonequilibrium carrier spreading also follows
from realization of ultralow threshold current densities in oxide-confined narrow-stripe
devices”, and is important for the recently observed suppression of filamentation of the

fundamental mode™

. These advantages lead us to raise the question whether high-quality
deep-mesa QD lasers with open waveguide suitable for high refractive index contrast

distributed feedback (DFB) and photonic crystal QD lasers can be realized.

2.4.2 Experiments

The laser structures (loffe 4924) were grown by solid source molecular beam epitaxy
(MBE) in a Riber 32P machine. Ten layers of 2.5 ML InAs QDs covered by 5 nm-thick
In,,sGa gsAs QW in the GaAs matrix were formed in the active region. The spacer layer
thickness between the QD planes was 30 nm. Detailed description of the MBE growth and
properties of such QDs is presented elsewhere”. An Aly,;Ga,As waveguide of 0.6 um

thickness and 1.5 pm-thick $7- and Be-doped Al,-,Ga,;As cladding layers were used. In the
following laser diodes based on these 10-fold stacked QDs were investigated. They were
processed into shallow or deep mesa stripes of different widths and a cavity length of
1.5 mm. The L-I characteristics are measured in the same condition as in the former

sections.

(a) Tum (b) (c)

Fig. 2-11 SEM images of various mesa etch profiles. (a, b ) wet etching. (¢ ) dry etching

2.4.3 Results and discussion

In Fig. 2-11 we show the SEM images of the mesa structures investigated. In two cases
(Fig. 2-11a, 11b) a wet etching technique was applied to define the laser stripe. In one case
the etching was stopped at about 0.4 um above the waveguide (Fig. 2-11a). In the other
case, the etching profile entered the Al,,;Gayg,As waveguide region (Fig. 2-11b). Deep-
mesa structures were processed using a dry etching technique (CAIBE with Cl,), and the

process was stopped after 0.4 um of the bottom Al,,Ga,;As cladding layer was etched-off.
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2 ¢

We refer to these designs as to “shallow”, “medium” and “deep” mesa lasers. Devices with
stripe widths of 8 um, 10 pm, 24 um, 50 um and 100 pm were fabricated and tested. The
cavity length was fixed at 1.5 mm. A high reflectivity coating (R ~ 90%) was deposited on
the rear facet, while the front facet remained not coated (R ~ 30% assumed in the
following characterization). Broad area devices (50-100 um) demonstrated comparable
threshold current densities of 80-100 A/cm?, being slightly lower (~20%) for medium and
deep-etched mesa. Internal quantum efficiency and waveguide losses for broad area devices
were close to 100% and 1.5 cm™, respectively”, as drawn from the measurements on the
devices with different lengths. Characteristic temperature was 150 K in the temperature

range 20-55°C. The emission wavelength ranges between 1.28 — 1.3 um™.
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Fig. 2-12 LI curves for lasers with etching profiles as in Fig. 2-11: (a) shallow, (b) medium, (c) deep.
For narrow stripe widths (8-30 um), a remarkable difference in the performance of the
devices processed with different approaches was found. In Fig. 2-12 we show the L-I
characteristics of the devices. Maximum external differential efficiency 50% (note all the
external differential efficiency values in this work refer to the output from both facets) was
observed for a deep mesa laser, even though the threshold current densities were fairly
close in the cases of “deep” and “medium” mesa devices (129 A/ cm® and 125 A/cm?’,
respectively). Lower external differential efficiency of the “medium” mesa laser may be
related to a higher scattering loss due to slightly inferior uniformity of the wet-etching
process. The performance of the shallow mesa device was significantly worse in the case of
the narrow stripe widths. The typical threshold current density of the devices was higher
(>300 A/cm®) and the external differential efficiency was lower (24%) for 8 um-wide
devices. We attribute these observations to the current spreading resulting in effectively

broader stripe width on one side, and less uniform carrier injection on the other.
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2.4.4 Conclusions

Realization of low-threshold high-efficiency deep mesa QD lasers open unique
opportunities in device engineering. Fabrication of DFB lasers by single-step direct dry
etching through lithographic masks becomes possible. Integrated diode laser based systems

involving photonic crystals become possible using QDs™ as active media of the devices.

2.5 Summary

In this chapter, we address the waveguide effects in QD lasers. The spectral intensity
modulations in the lasing spectra are related to various waveguide parameters. In ridge
waveguide lasers with mesa etched near to or in the waveguide, the lateral cavity
resonances associated with the ridge widths cause periodic modulations through spectral
hole burning in the spectral gain spectrum of longitudinal modes. In lasers with mesa
etched through waveguide, the spectral characteristics are impacted by more cavity
resonance modes including high-Q TIR modes in the virtually open rectangular laser
cavity. Importantly the laser performance is found not being affected by the open
waveguide sutface that usually can induce strong surface/defect recombination in
conventional lasers. Moreover, narrow stripe QD lasers with deep etched open waveguide
are demonstrated to have better laser performance than those with shallow or medium
mesa etch depth. These experimental results indicate that optical waveguide design in QD
devices can be exploited for the spectral or wavelength control, and various waveguide
structures can be realized in a cost-effective way by using novel techniques, such as direct
etching through waveguide without inducing deleterious effects on the device
performances. Different application area of QD lasers could benefit from such flexibility in
laser design, fabrication and spectral property control. The QD amplifiers can benefit from
the easier light coupling and overlap with the well-defined gain region confined in the deep
etched waveguide. The design of laser waveguide and QD gain can be coupled to provide a

unique way to realize a QD laser with desirable spatial and spectral output profiles.

Finally, Note that in Section 3.3 of Chapter 3, the nonlinear dynamics origin of the
waveguide effects is revealed in the time-resolved study of the spectrum intensity
modulations. This supports the spectral hole burning effect of cavity resonances modes as

being responsible for the spectral modulations.
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31 Introduction

In the previous part of this thesis work, we only pay attention to the spectral characteristics
of QD lasers in time averaged format. Since this chapter, we also take account of their
temporal aspects, and the time-resolved studies of the lasing spectra of QD lasers are
presented. Time-resolved studies reveal dynamic information of spectral modes that are
complementary to time-averaged studies. Thus the manifold dynamic behaviors of QD
lasers can be surveyed, and the underlying dynamic aspects of QD gain properties can be
examined. On the other hand, the transient behavior of lasing instability could have

profound implication for possible applications of QD lasers.

In the following, we investigate multimode dynamics of InGaAs QD lasers. The spectral
transient dynamics are analyzed in the frequency regime from ~ 100 kHz to 0.5 GHz, as
limitations set by the detection system. Distinct dynamic features, such as antiphase mode
dynamics and transient frequency damping are observed at frequencies from a few MHz
up to the detection limit. These features are found to be robustly present for all the
investigated QD devices, within most of the range of the examined laser parameters,
including waveguide parameters, temperature and injection current density. Comparative
study with QW lasers shows that different gain suppression properties are responsible for
the different forms of antiphase dynamic outputs of QD and QW lasers. We also analyze

the laser transient spectra for different devices, mainly concerning the temporal evolution
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and stability of their spectral characteristics. This analysis not only helps clarify the specific
spectral features, but also provides insight on the nonlinear dynamics aspect of the QD
gain properties, which may shed light on the proper modeling of QD lasers. Finally, we
refer to the next chapter for more peculiar spectral dynamic features in multi-stacked QD
lasers, where it is found that the laser dynamics are disturbed by the carrier transport effect

in the multiple QD layers.

3.2 Multimode dynamics in QD lasers

3.21 Introduction

The present status of QD lasers indicates that they are generally lasing in multiple
longitudinal modes if without special mode selection mechanisms applied. The multimode
feature results from both the broad spectral gain due to finite inhomogeneous broadening,
and the spatial hole burning effect' characteristic of QD gain media that greatly reduces the
multimode threshold. From the viewpoint of fundamental research, the study of
multimode dynamics in QD lasers is of great curiosity for the underlying complex QD
physics. In comparison with the conventional multimode lasers, QD lasers have much
broad dimensions in the carrier and gain dynamics. Their nonlinear dynamics in laser
processes could provide an important platform for the nonlinear system research. In
particular, the multimode features of QD lasers are significant for they are very flexible in
the numbers of lasing modes. From some modes just above threshold to hundreds of
modes well above threshold, the lasing width can span a spectral range from some nm to
near 100 nm if properly designed. Thanks for the very low threshold current density and
high slope efficiency, large numbers of modes can be attainable at relatively low injection
currents, compared to that it is practically impossible in QW lasers. Thus QD lasers are
particularly suitable for exploring multimode dynamics in semiconductor lasers with
enlarged mode parameter space. Moreover, the exceptional lasing performances achievable
in QD lasers® contrast those in the conventional semiconductor lasers, providing many
unprecedented possibilities and conditions for the dynamic study, such as ultra low
threshold and ultra high power. It could be expected that the specific gain properties of
QD media would expand the dynamic parameter spaces, and their great tunability through
enabling nanotechnology will make QD lasers rather viable test beds for many
fundamental concepts in nonlinear dynamics and cavity dynamics. The multimode dynamic
studies will not only enrich the basic understanding of the roles of various dynamic
variables in lasing process, but also provide more facilities for the possible applications of

QD devices as sources and sensors. In this respect, QD lasers with well-behaved
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multimode dynamics could become unique sources when multi-wavelength operation is
preferred. The control on the spectral dynamics of QD lasers, either passive or active, is
highly desirable in the future when multiplexing optical processing and computing is

concerned.

On the other hand, currently single-mode lasers are highly desirable as coherent emitters
for practical applications in optical communication and spectroscopy, so the mode
selection mechanisms like DFB or DBR need be introduced in the otherwise multimode
emitting QD lasers to make them emit in single mode. Nevertheless, the multimode QD
lasers can still find their place in some critical application areas. For example, as pump laser
diodes, the high power capability of QD lasers is enhanced by the reduced carrier diffusion
and self-absorption. Though, in certain cases, the broad lasing widths mean a low pumping
efficiency due to the overflow from the pumping spectral window, they definitely help
make full use of the QD spectral gains, in favor of high power capacity. For pumping
purpose, it would be all right if the pump laser diodes are emitting in steady state and not
sensitive to the perturbations such as optical feedback. It is also desirable to minimize the
hazardous effect due to electrical spikes introduced in the laser diode drivers. This would
require a fast damping transient behavior with asymptotic stable state. For otherwise, any
dynamic variations of the output power or spectral-temporal instability of the pump lasers
will be transferred to the functional elements (e.g. amplifiers or other lasers such as fiber
lasers.) being pumped, incurring in these elements unexpected effects that may be
detriment to their functions or performances. In this sense, the multimode dynamic
behaviors of QD lasers become indispensable lasing characteristics that are critical for the

seamless implementation of QD lasers in these practical application areas.

Multimode laser dynamics have been studied in many types of solid-state lasers including
microchip lasers, fiber lasers and conventional semiconductor lasers, > in addition to dye
lasers®” and CO, lasers®. For these Class B lasers,” relaxation oscillation phenomena are
commonly observed in the laser transients. In the pioneering work of McCumber'", the
relaxation oscillations in single mode Class B lasers are related to the noise peak in power
spectra that reflects the intensity fluctuation in the laser output. Then the Tang-Satz-
deMars (TSD) multimode laser equations'' are formulated that take account of spatial hole
burning effect, and they are applied for the analysis of relaxation oscillations in multimode
solid-state lasers. Based on the linear stability analysis of TSD multimode laser equations, it

is shown that, as a universal property, a free-running N-mode lasers with spatial hole
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burning exhibits self-organized collective mode oscillation behavior, in which an individual
mode shows antiphase oscillation featuring N relaxation oscillation frequency f; > f,,--- f,
while the total intensity exhibits a unique predominant relaxation oscillation frequency, f;,
just like in a single-mode laser.”” Those relaxation frequencies other than f, are generally
lower than the main frequency f;. Actually the (N-1) low frequencies may be degenerate in
all or partly, depending on the lasing parameters of modes. The amazing effect of such low
frequency dynamics is that all the (N-1) low frequency components of one individual mode
are canceled out by those of the other modes, so leaving the ideal single relaxation
oscillation at f; for the total intensity. The main frequency f; can be seen as resulting from
the dynamic coupling between photons and gain medium, so it is the same for single mode
lasers and for the total output of multi mode regime. Meanwhile the low frequency
components and their antiphase character evolve directly from the cross-saturation
dynamics. It has been proposed and proved in many cases that, in a Fabry-Perot laser, the
spatial hole burning of the laser gain by the longitudinal modes provides the necessary

nonlinear mode coupling mechanisms.>*"¢

The longitudinal mode spatial hole burning
effect is often called the dynamic grating effect, for the standing wave pattern looks like a
diffractive grating. In semiconductor Fabry-Perot lasers, the dynamic grating effect is one
of the most important mode cross-saturation mechanisms, along with the spectral hole
burning effect due to homogenous broadening,'”'® It has been shown that the dynamic
grating effect is responsible for a specific multimode dynamics --- Low frequency
fluctuation (LFF) --- that is frequently observed in semiconductor lasers with optical
feedback.' In conventional semiconductor lasers, carrier drift and diffusion is believed to
smear out the dynamic grating effect, so it can be difficult to observe the antiphase
dynamics in these lasers. As opposite, the dynamic grating effect keeps strong in the QD
lasers for the rather limited carrier diffusion in the QD layers."” Moreover, the spatial
isolation of QDs and the weak link of their confined carriers help enhance the cross-
saturation strength of dynamic grating effect.' Therefore, it is expected that QD lasers
could show significant cross-saturation dynamics, like antiphase dynamics. If considering
other nonlinear QD gain properties, new forms of multimode dynamics may well emerge
from QD lasers. For example, the spectral hole burning effect due to the homogeneous
broadening of QD gains may behave quite differently from that of QW or bulk gains, just
because different spectral cross relaxation and spatial cross relaxation mechanisms ensue

for the gain media based on different quantum structures.
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To date, there is still lack of a systematic study on multimode dynamics of QD lasers,
though some ps-resolved short pulse transients (pulse duration up to 8 ns) have been
reported.””* In these previous works, the total output traces show either strongly damped
relaxation oscillation with only two resolved oscillation peaks, or damped relaxation
oscillation with irregular transient envelopes, but they all indicate that the main relaxation
oscillation frequency f, lies in GHz range. These damped relaxation oscillation phenomena
indicate strong nonlinear gain effects taking place in QD lasers due to the complicated
carrier and gain dynamics in QD layers, which may induce also strong low frequency
multimode dynamics. In the following, we first present the result of experimental study on
such low frequency multimode dynamics in InGaAs QD lasers, and then make a
comparative study on QW lasers with similar laser structures. The ns-resolved spectral
mode transients lasting a few ps are recorded, and we observed antiphase mode dynamics
with sustained oscillation amplitude. Especially for QD lasers, the transients of individual
modes show distinct frequency damping effect, leaving rather stable but intense low
frequency periodic oscillation only after many cycles of quasi-periodic oscillations. Even
though a wide range of mode oscillation frequencies are measured at various temperatures
and in different device geometry, the maximum frequency components of the typically
wide and continuous power spectrum show a consistent linear dependence on the injection
current density. In contrary to QD lasers, the QW lasers with similar laser structures show
rather low mode oscillation amplitudes that even decay with the injection current. This
effect and other spectral characteristics of QW lasers are discussed in the context to help
clarify the role of different nonlinear gain properties in determining the distinct dynamic

features of QD and QW lasers.

3.2.2 Experiments

The QD lasers studied in this work are fabricated from the laser structure (Np305I) that
has 3 stacks of 1.1 um InGaAs QDs in the waveguide layer. The QW lasers are made from
the laser wafer (Np306I) with one InGaAs QW in the similar waveguide. All the devices
have shallow mesa ridge waveguides, except for the narrow stripe QD laser (w = 5 pm)
that has deep-etched-through ridge waveguide for single transverse mode lasing. We refer
to the previous chapter for the detailed description of this laser structure and the

processing steps.

The laser diode is bonded on a SMA male submount, which is then plugged into a female
SMA connector at the end of a superfine HF coaxial cable. The SMA part and cable are
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attached to the cold finger of a continuous flow Helium cryostat --- MicrostatHe from
Oxford Instruments. The HF cable passes a throughput on the cryostat and is connected
to a HP 8116A pulse generator (< 6 ns rise time). The detection system includes a
Hamamatsu InGaAs fast pin photodiode (¢300um), a wideband amplifier and an Infinium
digital oscilloscope with 2G Sa/s sampling rate. The time resolution of the whole detection
system reaches 1 ns. For the spectral filtering, we use a BM50 0.5-meter monochromator
that has a maximum resolution of 0.1 nm. An electronic shutter is used to block the
photodiode between the sampling intervals, in order to avoid any bleaching effect from
strong laser emission. For laser pumping, we use electrical square pulses with repetition
frequency of 10 kHz, and the current pulse amplitude uncertainty is monitored far below
1%. The pulse duration is chosen below 3 us to avoid the effect of significant pulse
drooping. The laser diode is temperature stabilized to 0.1 K. The spectrally resolved time
traces are averaged for every consecutive set of 1024 pulses to get a better Signal/Noise

ratio, noting that the main noise source is the white noise from the wideband amplifier.

3.2.3 Transient behavior of QD lasers

a) Wide stripe devices

We first analyze the time-resolved spectra of wide stripe (w > 8um) QD devices. In Fig. 3-
1, the 3D spectra are shown for various temperature and currents. Note that these spectra
are color-mapped in intensity for better view on the dynamic perspectives. Evidently all the
lasing modes show rather regular intensity oscillations, and in each of these four cases, the
modes have similar oscillation frequencies. For the same current, in Fig. 3-1(a-c), the
frequencies are almost the same despite the different temperatures and spectral mode
profiles, and the frequency decreases at lower current as in Fig. 3-1d. Pay attention to the
different wavelength scale for the lasing widths depend strongly on temperature and
current. At 290 K, in Fig.3-1a, the two mode groups at the high energy side switch their
intensities in the 1 ps pulse duration, besides the quasi-periodic mode oscillations; but at
lower temperatures, in Fig. 3-1(b-d), we see only regular mode fluctuations around rather
constant mode mean intensities. The intensity switching indicates weak mode interactions,
and that may be related to the wide gap existing between these switching mode groups as
in Fig. 3-1a. Here the clustering effect of spectral modes is presumably attributed to the
waveguide effects as discussed in Chapter 2. Note that in Chapter 2 we use the logarithmic
intensity scale for time-averaged spectra instead of linear one here. This is due to the much

lower dynamic range of the fast detecting system than that of slow detecting one with
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Lock-in technique, as used for time-averaged spectrum measurement, and the waveguide-
induced spectral intensity modulation would be better recognizable in semilogarithmic
plots because the mode intensities can span large dynamic range as the intrinsic property of

lasing spectra.

Fig. 3-1 Time-resolved lasing spectra of the 1.1 um InGaAs QD laser (Np3051, 3 x QDs, 1.5 mm x 24 um,
1s HR) at various temperatures and currents.

To look into the details of mode dynamics, we turn to the time traces of longitudinal

modes as shown in Fig. 3-2a. Note that the mode distance for 1.5 mm devices lies near

0.12 nm, so it is still lower than the peak intervals of the time-integrated spectrum in the

inset of Fig. 3-2a. The shown 6 time traces are selected mostly near the peak positions. The

strong mode intensity fluctuations feature quasi-periodic oscillations at time scales of tens

ns, and slow chaotic fluctuations in the ps period. Three remarkable features are apparent:

The fast intensity oscillations are fully correlated among the modes, with either in phase or
antiphase relations. This relation exists not only for the 6 shown modes, but for all the
modes we observed clear antiphase relations between every pair of most neighboring

modes.

The frequency of the fast intensity oscillations slow down along the time traces, as

happening to all the modes.
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Despite the fiercely fluctuating individual mode intensities, the time trace of total output
conforms firmly to the square shape of the driving current pulse. This indicates that the

modes are actually compensating each other in intensity, a clear signature of antiphase

dynamics.
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Fig. 3-2 (a) Time traces for different modes in the spectral range as indicated in the inset. (b) FFT power
spectra. () Temporal behavior of mode oscillation period and the equivalent frequency.

In Fig. 3-2b, the Fast-Fourier-Transformation (FFT) power spectra are shown for both the
time traces of one individual mode and the total output. Here we apply no windowing in
the FFT process, so the power spectra include all the frequency components appearing
during the 1 ps pulse duration. The broad peak near the low frequency limit can be
attributed to the mode fluctuations at large time scale, while the second peak and its long
tail at high frequency is related to the fully correlated fast mode oscillations. The wide
frequency range in the peak tail reflects the frequency damping effect, but this second peak
also shows a clear cutoff low frequency at the cliff of the peak. To understand this, we plot
in Fig. 3-2c the peak intervals of the fast oscillations. The frequency curve shows clearly
that the major oscillation frequency is damping with time and approaches a stable low
frequency limit (~20 MHz), which can be readily related to the cutoff frequency in FFT
power spectrum. The mode fluctuations at long time scales result in much higher FFT
power below the cut-off frequency, compared to that of the integrated trace. Now go back
to Fig. 3-2b, and we see the power spectrum intensity of the total intensity time trace is
much lower than that of the individual mode. At the cutoff frequency the oscillation

suppression ratio of the total output reaches about 40 dB. We note that the basic shape
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and amplitude of the power spectra of all modes are rather similar, and the minor
difference is mainly originating from the large-scale slow mode fluctuations that are
somehow intense at RT. In contrast, we have seen in Fig. 3-1 that the slow fluctuations

become weak at lower temperatures.
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Fig. 3-3 (a) Time-resolved lasing spectrum with longitudinal mode structure resolved. (b) Typical modal
time traces at increasing currents. The square-pulse-shaped thick line shows the total output intensity trace.
At low temperatures, the multimode dynamics are of similar antiphase character and show
frequency damping as well, except the mode number increases and the mean mode
intensity decreases correspondingly, as clearly demonstrated in Fig. 3-1(b, ) for the same
current and even the same threshold at different temperatures. The absence of slow
chaotic fluctuations makes it easier to analyze the tendency of the regular mode
oscillations. In Fig. 3-3a, a 3D spectrum is zoomed in and projected to the A-t plane for a
clear view of resolved modes. The 3 strong longitudinal modes are well resolved in an
interval ~0.12 nm for such a device. In the gap between the two strong modes there can be
only two extremely weak modes if recognizable. It is apparent that the phase relations in all
the modes are determined by the two strong modes that are in antiphase oscillation. The
broad mode widths here are due to the finite spectral resolution (~0.1 nm) and it is also
possible that high order modes exist for the wide stripe device. In Fig. 3-3b, we present
also the time traces of one fixed spectral mode at various currents. These rather regular
oscillating modes show clear frequency dependence on current, and that can be also seen
in the comparison between the two 3D spectra in Fig.3-1b and 1c for different current at
200K. In Fig. 3-3b, at low currents, only few cycles of quasi-periodic oscillations occur
within the 1 ps pulse, and the frequency damping extends beyond the 1 us pulse duration.
But at the highest current as shown, the cutoff low frequency is approximately reached

within the pulse duration. So we can say that the rate of frequency damping approximately
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scales with the oscillation frequency. As to the mode oscillation amplitudes, they amount to
~ 50% of mean mode intensity, but it can reach 70% in some cases, so no apparent
dependence on current exists. The total intensity trace in Fig. 3-3b is as expected a flat
square pulse, so the fast oscillations are completely canceling each other, a beautiful
character of antiphase dynamics. In Fig.3-1d, the 3D zoom-in spectrum indeed has

antiphase mode relations though the modes are not seen as resolved.
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Fig. 3-4 The injection intensity dependence of the major mode oscillation frequency for devices with
different stripe widths and at various temperatures, as plotted in different ways in (a) and (b).
As we have studied the time-resolved spectra from the QD devices of varied stripe widths
with w > 8 um, their dynamic features are rather similar. The relation between the
oscillation frequency and injection intensity is summarized in Fig. 3-4 for various devices
and different temperatures. Due to the ubiquitous frequency damping effects, the power
spectra of typical time traces contain broad frequency components, and the cutoff
frequency is even not available for those traces with few oscillation cycles in the finite pulse
duration. To facilitate the comparison between these traces, we use the Hanning window in
the FFT analysis to draw the frequency components mainly in the middle of time traces.
The frequencies of the maximum in the power spectra are shown in Fig. 3-4. Clearly at low
frequency regime the frequencies thus obtained are overestimated compared to the
expected cutoff frequency, but this happens equally irrespective of different devices or
temperatures. In Fig. 3-4a, the frequency is higher for narrower devices and higher
temperatutes when plotted in respect to the current ratio I/1,. However, if considering the

different thresholds and injection areas in these devices and temperatures, it is reasonable
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to normalize these factors by using the current density in comparison. So the frequencies
are plotted vs. J,, in Fig. 3-4b. As can be seen, the frequencies now fall onto each other,
suggesting a general linear dependence on the current density. The apparent deviation at
high current density is a little beyond the frequency reading error of a few MHz, but we
note that there are still other factors not normalized. For example, the actual mode number
can be quite different in each case and will be also affected by the additional transverse
modes. On the other hand, depending on the cavity loss, the linear gain margin between
the threshold and the saturated gain varies in different devices and temperatures, and that
could affect the mode self- and cross saturation strengths as well. A detailed study on the
dynamic effects from these factors would need a survey on a wide range of device

parameters. That may be done in the future.
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Fig. 3-5 (a) Time-resolved single longitudinal mode lasing spectrum of the narrow stripe QD laser at RT

and 35 mA (1.1x Is). (b) and (c) Time traces of the mode in (a). The spectral resolution is reduced for (c).

b) Narrow stripe devices

After analyzing the wide stripe devices that emit in multiple transverse modes, we may ask
what happens in a single mode laser? We fabricated a narrow stripe (w = 5 um) QD laser
with deeply dry-etched mesa geometry. The narrow stripe helps suppress the role of
transverse modes if still present, and the deep mesa induces strong modulation in the lasing

spectrum that makes it possible to realize lasing action in a single longitudinal mode. For
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the latter waveguide effect, we refer to Chapter 2. In this narrow stripe device, we realize
single longitudinal mode lasing for I < 1.6 x I, and the side mode suppression ratios
amount to 20-30 dB, as can be measured in the time-averaged spectra with high dynamic
range. For RT and 1.1 x I, the 3D time-tesolved mode spectrum is projected on the A-t
plane in Fig. 3-5a. As compared to the case in Fig. 3-3a, here the mode wavelength strongly
red shifts along the trace. This is a typical junction heating effect due to the relatively large
thermal resistance of the narrow stripe device. Now that it is not possible to get the mode
time trace at a fixed wavelength, we turn to Fig. 3-5b, where the projection on the
intensity-time plane is shown. The envelope again shows low frequency mode oscillation
with frequency damping effect. This effect is rather contradictive for it seems that these
typical multimode dynamic features even present in a single mode case where there should
be no mode interaction at all. Actually the single mode laser problem has been intensively
studied concerning their noise properties.”” These studies show that the interaction
between the main mode and weak side modes is critical for the understanding of excess
intensity and phase noise of a single mode free-running laser, and for noise and amplitude
squeezing the side modes need be suppressed. Similarly in the present case, we have to
consider the mode coupling effect from weak side modes. To show that effect, we
measured the single mode spectrum in a course resolution that would integrate more
neighboring side modes. As can be seen in Fig. 3-5¢, the mode oscillation originally seen in
Fig. 3-5b is now averaged out, leaving only an envelope with much slow fluctuation. So the
fast fluctuations in side modes are actually anticorrelated with that of the main mode. This
explains also why the oscillation amplitude in single mode case is much lower than in

multimode case.
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Fig. 3-6 (a) Time-resolved spectrum of the narrow stripe QD laser as in Fig. 3-5, at RT and 1.7x I. (b)

The time trace for the main mode in (a).
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Fig. 3-7 Time-resolved spectrum of the narrow stripe QD laser at high cutrent, in different plots.

In Fig. 3-6a, at 1.7 x I, the oscillation frequency increases as compared to that at 1.1 x I,
and a second strong mode appears in the form of intensity switching. The fast oscillations
are again smoothed to some extent in the coarse spectrum as shown in Fig. 3-6b. For even
higher current 2.6 x I, much more modes come out, as the coarse spectrum in Fig. 3-7a
shows. We can see in Fig. 3-7b that there exist certain regular mode distances ranging in 2-
4 nm, and the mode red shift is clearly demonstrated that argues strongly against its
attribution to the mode hopping effect. As discussed in Chapter 2, the sparsely peaked
feature of the mode spectrum originates indirectly from the complex resonance mode
structure in the deep mesa waveguide. These resonance modes inside waveguide would
interact with each other when they share gain in parts of their trajectories, so this type of
mode coupling mechanism can also affect the mode dynamics indirectly, though it is
somewhat different from that of the dynamic grating effect. We attribute the rather chaotic
oscillations to this special mode coupling effect, while the mode coupling from the
dynamic grating effect is responsible for the fast quasi-periodic oscillations as in usual

cases.

Compared to the ground state (GS) emission of the QD laser structure, we can see that at
RT this narrow stripe device lases at much shorter wavelengths with a difference of ~30
nm from the GS maximum. This is mainly due to the large cavity loss incurred by the
scattering on the nonuniform deep mesa sidewalls. So at RT, the threshold current density
reaches 200 A/cm’ for the ES lasing, compared to a low value of ~70 A/cm’ for the GS
lasing in the shallow mesa wide stripe device (w = 50 um). At such a high current density,
the excited states (ES) gain becomes larger than the GS gain, which is depressed relative to
its saturated level due to the thermal escape and the intradot thermal distribution at high
temperatures. In contrast, at low temperatures, these thermal gain depression effects are

greatly reduced, so for the same current the GS gain is enhanced while the ES gain is
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reduced. In Fig. 3-8, we can see that the lasing wavelengths actually move back to the GS
maximum for 180 K. This shows that the cavity loss is lower than the GS saturated gain
level. We note that with temperature decrease, the threshold current of this narrow device
decreases continuously with minor change below 200 K, but the otherwise constant slope
efficiency at high temperatures halves since 200 K. Such a strong reduction in efficiency
indicates a reduced differential gain, which occurs when the saturated GS gain is
approached. The gain saturation is known to have a damping effect on the relaxation
oscillation at the main frequency (i.e., in the GHz range).”” Here we would see it also have
impact on the low frequency dynamics. At 180 K, the mode resolved spectra show almost
no sign of fast oscillations, or the oscillation amplitudes are too weak to perceive. So we
only show the coarse resolution spectra with ~3 modes integrated. In Fig. 3-8a, at 3 x I,
the integrated modes start intensity fluctuations with small amplitude. In strong contrast to
the wide stripe cases, the fluctuations are still extremely slow up to 14 x I, as in Fig. 3-8b,
but the perceivable fluctuations apparently show antiphase character and even frequency
damping effect. These integrated mode behaviors suggest the underlying individual mode
dynamics, though extremely weak in oscillation amplitude, still possess the typical low
frequency dynamic features as observed for wide stripe devices. The gain saturation
actually damps the fast oscillations both in amplitude and frequency. The similar spectral
dynamic behaviors persist at lower temperatures. In Fig. 3-8c, the 3D spectrum from Fig.
3-8b is projected on the A-t plane. Again there appear rather regular mode distances
around 1.5 — 3 nm. For all these devices have a cavity length of 1.5 mm, so their normal
longitudinal mode distance is 0.12 nm. We found also some rather regular mode distances
of ~ 0.2 nm and 0.45 nm for the stripe width w = 10 um, 0.38 nm for w =24 um, and 0.12
nm for w = 50 um Based on these observations, it strongly recommends that the open
waveguide of this deep-dry-etched narrow stripe device is responsible for the mode

selection, as in Chapter 2.
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Fig. 3-8 Time-resolved spectra of the narrow stripe QD laser at high current.
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¢) Comparative study with QW lasers

To help understand the role of different gain media in laser dynamics, we make a direct
comparison between the QD lasers and their QW counterparts. The QW laser structure
(Np3006I) possesses the same waveguide design as the former 1.1 um InGaAs QD laser
wafer (Np305I). In particular the InGaAs QWs are tuned to emit at a similar wavelength
~1.12 pm as the QD GS. We fabricated QW devices with shallow mesa geometry. As
deduced from the test with broad area devices (w >100 um), the QW laser structure has
similar internal quantum efficiency and internal loss (~97%, 2.8 /cm) as the QD laser one
(~97%, 2.2 /cm), but has much higher transparency current density (50 A/cm?) compared
to ~9 A/cm’ for the QD lasers. The QW devices with a cavity length of 1.5 mm are high
reflectivity (HR) coated on both facets. The HR coatings help lower the threshold current
density to be comparable to those of QD lasers, and they also help get rid of possible
external optical feedbacks that are known to have significant effects on the dynamics of
conventional semiconductor lasers.”””* In the following, we first discuss the lasing
characteristics of these QW lasers, and then analyze their dynamics in comparison with

those of QD lasers.

Np306! (QW), L = 1.5 mm, 2s HR
(b)

-
o

Output power ( mW)

L 1 L L
0 40 80 1200 20 40 60 80
Drive current ( mA)

0 M 1 M 1

Fig. 3-9 L-I curves at various temperatures for the 1.1 pm QW lasers with different stripe widths.

L. Basic characteristics of QW lasers
The L-I curves of the QW lasers are shown in Fig. 3-9. With temperature decrease, the
threshold currents of both devices continuously decrease, and while the slope efficiency of
the wide stripe (w = 100 um) device keeps almost constant, the narrow stripe (w = 5 pum)

device has continuously decreasing slope efficiency. In comparison to the wide stripe
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device, the narrow stripe one has higher threshold current density (~ 3 times) and lower
efficiency (less than 50%). This deterioration of laser characteristics can be attributed to the
current spreading and high scattering loss in the narrow stripe laser, and the gain saturation
is responsible for the low slope efficiency. Finally the lasing wavelengths of both devices

share the same temperature dependence, ~ 0.36 nm/K.

The lasing spectra are shown in Fig. 3-10 for the wide stripe QW laser. For all
temperatures the GS lasing spectra expand into the low energy side with current, and a
weak peak always appears about 10 nm on the high energy side for high current.
Considering the low threshold gain condition in this low loss device, the spectral expansion
into low energy side corresponds to a low excitation case in the QW. The evolution of the
linear spectral gain profile with current depends on the specific carrier distribution in the
QW subbands. So the weak peak on the high energy side can be associated with the
transition between the GS electron subband and the GS light-hole subband. The lasing
widths are not so much temperature dependent as the case of QD lasers. As can be seen in
Fig. 3-10b, at 200 K, the spectrum at 1.2 x I, shows more than one peak. This peak
splitting effect happens only for a narrow current range, and is most probably due to the

minor unevenness of the spectral gain profile near the gain peak region.
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Fig. 3-10 Lasing spectra of the wide stripe QW laser at various temperatures.
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In contrast to the former spectra of the wide stripe device, the spectra of the narrow stripe
QW laser show totally different scenarios. As shown in Fig. 3-11a for RT, the lasing peaks
red shift continuously with current, much significant than expected from possible junction
heating effect. So the lasing modes are actively adapting to the gain profile that varies with
current. For the high threshold gain in this narrow device, the gain margins of the spectral
modes are rather limited, as the gain saturation sets in. In this case, the lasing processes
experience dramatic self-organization through the mode competitions, with the most stable
lasing configuration winning out. This self-organization process is also responsible for the
spectral shift seen in the lasing spectra of very short QD lasers with high mirror loss. The
gain saturation facilitates the self-organization process, and if the gain margin is much
larger, the formerly established lasing modes will not be easily changed for their strong

coupling to the gain.

At lower temperatures, the self-organization phenomena are more apparent. At 200 K, in
Fig. 3-11b, the lasing peak first blue shifts, then stays there, but on the low energy side,
another peak appears about 4 nm away. In Fig. 3-11c, at 100K, the peak splitting occurs as
well, and it looks more symmetric, which may be related to the spectral gain profile that is

more symmetric due to the gain consolidation at lower temperature.
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Fig. 3-11 Lasing spectra of the narrow stripe QW laser at various temperatures. The spectra are offset for

clarity.
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As shown in Fig. 3-11c, the evolution behavior of lasing spectra with current particularly
resembles the results of simulation based on a simple rate equation model, though the
model is supposed for use with the QD gains.” That model takes account of the
homogeneous broadening as the only mode coupling mechanism, but no other nonlinear
gain effects are considered. So it is not possible to make a direct comparison between the
present experimental results and the simulation. Nevertheless, the homogeneous
broadening of QW gains may play a significant role in the above peak splitting effects,
especially considering the large spectral range of energy transfer. The QW has a finite
homogeneous linewidth originating from the fast intraband carrier scattering processes. It
is found that the QW homogeneous linewidth varies little with current but increases
toward lower temperatures.”’ The homogeneous linewidth is generally larger than the
inhomogeneous linewidth. So one of the mode interaction mechanisms can be the spectral

hole burning effect associated with the homogenous linewidth.

Note that the homogeneous linewidth of QD gains is measured up to tens of meV, but no
such peak splitting effects are observed in QD lasers. This may be attributed to the
different spectral cross relaxations in QD and QW gains. The QWs have continuum
density of states, and the fast intraband carrier scatterings result in efficient spectral cross
relaxation. For the carriers beyond a certain lasing state can be efficiently transferred to that
lasing state through intraband carrier relaxation, the gain compression effect of the lasing
state significantly affects the differential gain of neighboring energy states, thus enhances
the mode competition effect in QW lasers. On the contrary, the spatial isolation of QDs
makes the spectral cross relaxation only possible through the interdot carrier shuffling,
which is mediated by thermionic emission (carrier escape) and recapture processes in
addition to carrier drift or diffusion in the wetting layer (WL) or barriers. So the spectral
cross relaxation in QDs is hampered by the weak carrier links between different energy
states. The lasing states drain the cartiers from the reservoir in the WL/bartier region, but
that does not affect the differential gains of neighboring states sufficiently as done by
intraband carrier relaxation in QWs, because the fast carrier consumption rate in the lasing
QDs needs be balanced by a comparable carrier capture rate that can be increased only
when the carrier density is raised. The insufficient gain suppression means weak mode
competitions that may explain the absence of peak splitting effects in QD lasers. Note
again that there are many types of gain suppressions that have quite different physical

origins. Here the discussed gain suppression is related to the spectral cross relaxation,
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different from that of spatial cross relaxation as discussed before concerning the role of

dynamic grating effect in the antiphase dynamics of QD lasers.

In the homogeneously broadened QW gain, the spectral hole burning effect associated
with the homogeneous linewidth would otherwise ensure a single mode lasing. But under
lasing conditions, the spatial hole burning effect becomes important. The dynamic grating
effect leads to multimode lasing and incomplete clamping of carrier density. In the narrow
stripe lasers, the lateral spatial hole burning effect strongly couples the carrier profile with
the mode power and mode index profile, thus leading to continuous variation of mode
gains with current. Carrier heating also contributes to the incomplete carrier clamping that
results in continuous increase of lasing widths with current. The spectral features of lasing

spectra in Fig. 3-10 and Fig. 3-11 conform to the above considerations.

1. Transient analysis of QW lasers

In the following we investigate the multimode dynamics in the QW lasers, and discuss the

role of dynamic grating effect in QW lasers as compared with QD lasers.

Np306I (QW), 1.5 mm x 100 pm, 2s HR

Fig. 3-12 Time-resolved lasing spectra of the wide stripe QW laser.

For the wide stripe QW laser, the 3D time-resolved spectra are shown in Fig. 3-12 for RT.
Mode oscillations can be seen at 1.2 x I, but there are almost no perceivable oscillation at
1.5 x I, and above. In Fig. 3-12a, the mode oscillations are actually in antiphase relations,

as confirmed in the mode resolved spectrum. The typical time traces are shown in Fig. 3-
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13a as a function of current. The oscillation frequencies increase with current, but the
oscillation amplitudes decrease quickly with current, and above 1.5 x 1, it is not possible to
observe any oscillation beyond the noise level. It is interesting here to compare the time
traces from both the QW laser and the QD laser. In Fig. 3-12b, the trace from the QW
laser is shown together with another trace from a QD laser (TU5447, 6 x QDs, 1.5 mm x
50 um, 1s HR), which has almost the same threshold current density ~ 66 A/ cm? as the
QW laser and is recorded at 200 K. As can be seen, the mean periods of both time traces
are rather similar, but the apparent frequency damping effect in the QD trace is absent in

the QW trace.
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Fig. 3-13 (a) Time traces of the wide stripe QW laser at increasing currents, (b) Comparison of time traces
from QD and QW lasers at a similar current density.
We observed similar dynamic features at lower temperatures. The time traces become
already totally flat for the current a little bit higher than threshold. The oscillation
amplitudes are generally weak and decrease with current. The antiphase dynamic nature of
the mode oscillations is evidently reflected in the square pulse shape of the total intensity
trace. It is noted that, the spectral dynamics of the narrow stripe QW laser features too
much instabilities characterized by frequent mode switching, which may be related to the

strong junction heating effect in the narrow stripe device and the irregular mode spectra

95



that change continuously with current, as shown in Fig. 3-11. The gain saturation may also

result in weak mode coupling that inhibits possible mode oscillations.

The above transient analysis shows that the mode interaction in the QW laser can induce
low frequency antiphase mode dynamics. The frequency similarity of QD and QW lasers at
the same current density, as shown in Fig. 3-13b, strongly recommends a common mode
coupling mechanism that is responsible for multimode dynamics in both types of lasers. As
in many previous experimental and theoretical studies, the longitudinal spatial hole burning
effect, i.e. dynamic grating effect, has been raised as the mode cross-saturation mechanism
behind the antiphase dynamics. *>'*'*'® The antiphase dynamics in the QW and QD lasers
thus can be treated within the same framework of laser dynamics by taking account of the
dynamic grating effect in different element spaces of the relevant dynamic variables. The
different dynamic characteristics in both lasers may result from their distinct nonlinear gain

properties.

Due to the quantized energy structure, QW gain shows stronger nonlinearity than bulk
gain.” For example, the QW shows strong spectral hole burning effect due to the finite
intraband relaxation time. As have been discussed concerning the peak splitting effect in
narrow stripe QW lasers, the QW gain also shows more efficient spectral cross relaxation
than QD gain. The spectral cross relaxation helps couple modes locally in the energy space,
so it is important for mode competition. The spectral hole burning effect is more or less
related to the mode self- and cross-saturation if not considering the homogeneous
linewidth. Thus for QW lasers, their strong nonlinear gain effects are supposed to enhance
the mode cross-saturation dynamics, which is excited by dynamic grating effect. However,
the efficient spectral cross relaxation in QW lasers is accompanied with efficient smoothing
of dynamic gratings, because the fast intraband carrier relaxation and the in-plane carrier
transport in the QW ensure efficient spatial cross relaxation. The intricate anti-correlation
relation between spectral and spatial cross relaxation in the QW may well explain the

reduction of oscillation amplitudes with current as observed in Fig. 3-13a.

In contrast, the spectral cross relaxation in QD gains is not as efficient as that in QW gains,
but the spatial cross relaxation in QD gains is also not so efficient as being able to
smoothing out the dynamic gratings. The carriers in different lasing states are kept in
spatially isolated dots, without direct connection except sharing one carrier reservoir. The

carrier transport in the longitudinal direction of QD lasers is only possible through the
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carrier diffusion in the WL/batrier and the carrier exchange between the QDs and the
WL/Bartier. But the large confinement enetrgies of QDs greatly reduce the “effective”
carrier diffusion length. Therefore, these specific carrier processes ensure that the dynamic
grating effect in QD lasers is not killed by the carrier diffusion, even with the increased
carrier density. It should be noted that the spectral hole burning effect (without considering

the homogeneous broadening) in QDs is even larger than that in QWs,”'

and this aspect
definitely helps enhance the mode cross-saturation dynamics originating from the dynamic
grating effect. So with persistent dynamic grating effect and strong spectral hole burning,
the mode dynamics in QD lasers keep strong with current. At low temperature, the QD
homogeneous linewidth should become negligible with the very low threshold, but we see
no significant attenuation in oscillation amplitude. This fact indicates that the
homogeneous broadening is not critical for the mode coupling in the currently observed
multimode dynamics. This is opposite to the viewpoint expressed in some previous
published works,””*» where the rate equations have the homogeneous broadening as the

main mode coupling mechanism. So even these rate equations may generate certain

dynamics, they are incorrect in describing the physical situation in QD lasers.

The above comparative study with QW lasers proves that the specific QD properties, like
the large carrier confinement energy and weak carrier links between confined carriers in
QDs, can actually help break the limit pertaining to the conventional semiconductor lasers,
leading to an enlarged parameter space for the multimode dynamics study in

semiconductor lasers.

3.2.4 Further discussion

For the inhomogeneous broadening of QDs is larger than their typical homogeneous
linewidths, it is reasonable to compare the multimode dynamics of the QD lasers with that
of the Nd-doped glass laser,” which has also strongly inhomogeneously broadened gain
consisting of spatially dispersed gain units. Though the glass laser is operated in continuous
wave (cw) regime in the study by Peters et al,” whereas the QD lasers are excited with
quasi-cw pulses, both types of lasers show antiphase dynamics, with low frequency
relaxation oscillations at 10-500 kHz for the glass laser and above MHz for QD lasers. The
difference in the frequency range is due to the different time constants in the respective

laser systems, such as the carrier or excited state lifetime and the photon lifetimes.
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In the glass laser, the Fourier transformation power spectrum of each mode shows only a
small number of many existing low frequency components, because strong correlation
exists only in the group of neighboring modes of the same amplitude.” But in QD lasers,
the mode power spectra are similar for all individual modes and thus all of them show
similar low frequency components. Nevertheless, there are also common features in the
two types of lasers. For example, in few-mode cases, the compensation of low frequency
oscillations is incomplete and there exists residual oscillation in the total intensity; and in
many-mode cases, the compensation is rather complete and the total intensity keeps

constant.

In the glass laser, the frequency of antiphase oscillations is found to depend linearly on the
mean mode intensity but not the total intensity. Whereas, in QD lasers, for example as
shown in Fig. 3-3b and Fig. 3-4, the oscillation frequency increases almost lineatly with the
current density, and so is the mean mode intensity of those central modes for not so high
current density. Thus the frequency of antiphase oscillations in the QD lasers is a linear

function of both the mean modal intensity and the total intensity.
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Fig. 3-14 (a) Typical time trace of a 1.1 um QD laser. (b) FFT power spectra of the consecutive 3-cycle

sections of the time trace in (a). The arrows indicate the corresponding time orders.
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The above comparison suggests that the multimode dynamics of QD lasers have some
fundamental characteristics that cannot be deduced from the simple inhomogeneous
broadened gain. This is appreciable because the QD gain properties are actually so
complex that this before we have considered only a few of them in discussing the dynamic
features. There are many other aspects of QDs-specific gain properties still not explored, as
discussed in Chapter 1. Are the effects of these gain properties possible to be renormalized
in certain existing effective parameters? and how? or if they need new parameters to
describe? To elucidate these effects, many comparative studies may be done in the future
on lasers with different QD media. The perspective relies on the better understanding of
carrier and gain processes in the QDs and the progress in QD growth technique that could
eventually lead to dense, well-ordered and less dispersed dot arrays. At present, these
jungles of effects defy the inclusion of them in a detailed modeling of the multimode

dynamics in QD lasers.

The present study is limited to laser transient analysis with duration less than 3 us, so we do
not know for sure if the low frequency oscillations are damping out to steady state or keep
periodic oscillations in the CW regime. However, in all devices investigated, for high
enough oscillation frequency, we did always observe the frequency damping effects
featuring asymptotically stable frequency components. For example, in Fig. 3- 14, the time
evolution of power spectra is shown for one typical mode time trace. Clearly with time, the
frequency components condense into narrow range while the main frequency (i.e. the
maximum frequency component in the power spectrum, but not the main frequency f, in
GHz range.) decreases and approaches a stable frequency. This type of frequency
asymptotic behavior is common to all the lasing modes, implying that the observed
dynamics in QD lasers is not simply a frequency damping, but indeed a synchronization of
relaxation oscillation frequencies. In general at the beginning of the transient, the number of
relaxation oscillation frequencies is about the number of lasing modes, but through the
transient this array of relaxation oscillations relaxes into one or few frequencies. As the
mode oscillations at the main frequency are fully correlated in the apparent antiphase
dynamics along the trace, phase locking finally occurs. Such a phase locking behavior as
suggested for the CW operation of QD lasers reflects strong nonlinear couplings among
the non-optical relaxation oscillation modes of QD lasers. It is worth to note that the
phase locking behavior is also observed for the collective modes in the closely packed
vertical-cavity-surface emitting laser arrays.”* This implies that the oscillating modes in QD

lasers can be treated as an array of globally coupled oscillators. Thus the multimode
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dynamics in QD lasers may well serve as a test bed for the study of specific nonlinear

: 35
system dynamics.

The fascinating dynamic features of QD lasers stimulate the theoretical interest in
modeling of semiconductor laser dynamics above all and QD lasers specifically. As a
preliminary effort to account for the observed antiphase dynamics, a phenomenological
model is built that includes spectral and spatial hole burning effects.” Rate equations are
used that couple the modal intensities to the nonlinear modal free carrier averages, via the
grating created by the field. Identical modal gains and losses are assumed because the gain
bandwidth is one to two orders of magnitude larger than the frequency separation among
the modes. Following Agrawal’’, we model the spectral hole burning as an additional weak
contribution to the gain saturation in the modal field equations. The parameters used for
the numerical simulations are chosen to match the experimental results, for example a
strong cross-coupling parameter is used. The antiphase oscillation can be reproduced. So
physically, this confirms that the appearance of antiphase dynamics results from spatial and
spectral hole burning effects, which is common in QD and QW lasers. Further efforts are
under way to address the QD specific carrier processes. For example, Auger carrier
capture™ is considered to effectively describe the spectral and spatial cross relaxations in
QD gains, and it may have potentials to handle the nonlinear gain effect that would be
important for the modeling of damped relaxation oscillation at the main frequency f, and

the present antiphase dynamic results.”

Fig. 3-15 Time-resolved spectra of the 6-fold stacked 1.14 pm InGaAs QD lasers at 1.4 x I, and RT. (a)
Shallow mesa device. (b) Deep mesa device. The cavity lengths are 2.5 and 1.5 mm, and the current

densities are 100 and 150 A/cm?, for (a) and (b) respectively.
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3.3 Transient spectral characteristics of QD lasers

In the last section, we show the multimode dynamics of QD lasers fabricated from the
specific laser wafer Np305I, which is grown by MOCVD and has 3 stacks of ~1.1 um
InGaAs QD layers. It needs be emphasized that the finding of antiphase dynamics and
frequency damping effects in the synchronized multimode oscillations is not limited to the
specific QD systems. We investigated in addition lasers based on the MOCVD grown 1.14
um InGaAs QDs and the MBE grown 1.3 um InAs QDs. And for all types of these QDs,
the lasers may consist of up to 10 stacks of QD layers. The abovementioned dynamic
features are present in all of these lasers under vastly varied conditions, suggesting that
these low frequency multimode dynamics are characteristic of the QD gains. In this
section, we show some transient spectral results obtained from the investigations on these
additional lasers, and discuss specifically the transient spectra and spectral hole burning
effects. For a dedicated study of those multi-stacked QD lasers, especially 1.3 um InAs QD

lasers, we refer to the next chapter that addresses their peculiar properties.

TU5447 (6 x QDs), W =50 um, 1s HR

Amplitude (arbi. unit)

Time ()

Fig. 3-16 Time traces with the lowest oscillation frequencies.

For the MOCVD grown 1.14 um InGaAs QDs (TU5447), Fig. 3-15 shows the 3D time-
resolved spectra of two lasers with different mesa etch depths and cavity lengths. The
longer device (Fig.3-15a) has lower mirror loss and threshold current density, and it emits
at longer wavelengths. The deep mesa device shows strong mode spectrum modulation, as
in Fig. 3-15b, though both lasers have similar external efficiencies. The different spectra
seem not affect the mode dynamic features at all. In Fig. 3-106, time traces recorded at 200
K are shown for both lasers. Note that the longer device keeps the low oscillation

frequency record (~3 cycles in the 1 ps pulse duration), as the minimum number of
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oscillation periods ever observed in the semiconductor QD lasers. This record is achieved
by virtue of the low threshold current density (7 A/cm’ per dot layer), and at a low mode

power for just above threshold.
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Fig. 3-17 (a) Transient spectra at 1.6 x I.. The spectra are offset for clarity. (b) Time traces for peaks in (a).

The spectral intensity modulation, as seen in Fig. 3-15b, is just the lateral-cavity spectral
hole burning effect as effected by the deep mesa ridge waveguide. This has been discussed
in Chapter 2. The present time-resolved spectrum shows that this waveguide effect is
rather stable temporally and the typical mode dynamic features are not affected by the
corrupted spectral profiles. In Fig. 3-17, we show the transient spectra and time traces of
this deep mesa device. Note that the denoted time is not corrected for the electronic delay
of the detection system. The time traces in Fig. 3-17b show again synchronized mode
oscillations and other dynamic features as referred before. In Fig. 3-17a, it can be seen that
the spectral intensity modulation appears in all these spectrum transients. Indeed we
observed even weak modulation patterns from the very beginning of laser turn-on.
Because we observe no spectral intensity modulations in the amplified spontaneous
emission spectra, this indicates that the spectral intensity modulation is indeed a kind of

nonlinear laser dynamic effect.
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As in Fig. 3-17a, before reaching the stable oscillation state, the emission peaks continue
narrowing without peak shifts, and the valleys are deepening as well. In fact, this spectral
dynamic behavior is generally observed in the QD lasers specific at high temperatures, and
it is also present in the QW lasers (see the expanded spectral widths in the beginning of

pulse, in Fig. 3-12).

A more general form of the above spectral feature is illustrated by the transient turn-on
spectra (in 2 ns step) as shown in Fig. 3-18. Since the laser turn-on, the spectrum
narrowing occurs, but only at high temperature like in Fig. 3-18b for 290 K. At low
temperature, the transient spectra continuously broaden with time before the maximum
spectral intensity is established. This temperature dependent spectrum effect can be related
to the spectral cross relaxation in laser gain under lasing condition. For inhomogeneously
broadened gain, all the modes will have a take-off in their optical powers since the laser
turn-on, and those modes that reach their own specific thresholds earlier can build up
power much quicker and lase. The optical modes induce spectral hole burning effects
through spectral cross relaxation in laser gain, in favor of the modes with stronger
intensity. The weak modes are then depressed. The homogeneous linewidth of the laser
gain'® may help define the working range of this gain compression effect, though there are
other gain suppression mechanisms. The spectral narrowing behavior varies for different
spectral gain profiles. In Fig. 3-18b, the spectral gain profile at RT is rather smooth and the
gain width is comparable to the homogeneous linewidth that is at least 6 meV for the
current studied QDs, so a global spectral narrowing occurs. In contrast, for the case in Fig.
3-17a, since laser turn-on the lateral-cavity spectral hole burning effect is also started, and
its contribution adds to the above global spectral hole burning effect, leading to specifically
local spectral narrowing. At low temperature, the spectral gain profile is much broader. So
as can be seen in Fig. 3-18a for 50 K, a broad transient spectrum appears at the laser turn-
on. Since the homogeneous linewidth is almost negligible (< 1 nm) at 50K, no spectral
narrowing effect would be expected, and a spectral broadening effect is observed instead.
Note that the rather weak transient emission spectrum just after the laser turn-on are in
fact from lasing action, but not amplified spontaneous emission (ASE). We checked the
steady state ASE spectra near threshold at both temperatures, and they are too weak
compared to this transient turn-on spectrum. The intensity drop in the high energy tails, as
in Fig. 3-18b, is another fact that argues against the origin of the spectral narrowing effects

from the gain increment with current, as is the case for spectral narrowing in ASE spectra.
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Fig. 3-18 Transient spectra of a narrow stripe 1.14 pm QD laser at various temperatures.

The extent of spectral narrowing effect could depend on sharpness of the spectral gain
profile. In the QW lasers, the much narrow spectral profile and broad homogeneous
linewidth of the QW gain result in a significant spectral narrowing effect, and so is the case
for a QD laser at high temperature. In Fig. 3-17a, the lateral-cavity spectral hole burning
effect helps modulate the gain spectrum so that the local spectral narrowing effect is
enhanced. However, as shown in Fig. 3-18b, the spectral narrowing only plays a marginal
second-order role in reducing the lasing width. The much smaller RT lasing width, as
compared to that at 50 K, indicates a narrow gain width that results from the interdot
carrier redistribution. The present result thus suggests that some previous published

29,3233
works.””

overestimated the spectral hole burning effect associated with the
homogeneous broadening in QD gains. The overestimation is presumably due to the
roughness of the used rate equation models therein, as have been addressed in Chapter 1

concerning the nonlinear gain effects in QD lasers.

The less significant spectral hole burning effect also reduces the hope to achieve single
mode lasing through gain suppression within the homogeneous linewidth. The narrowing
of lasing width with temperature, as generally observed in QD lasers, is therefore mainly
due to the reduction of gain width by thermal effect. In order to significantly narrow the

lasing width in QD lasers, there are then two ways, either through the growth of more
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uniform dots, or by sharpening the spectral gain profile by laser design. For the latter case,
a mode selection mechanism can be introduced into the waveguide, such as in DFB or
DBR lasers, and external cavity configurations can be taken like in the Fiber Bragg grating
stabilized laser.” There are other novel methods, like lateral-cavity engineering as proposed
in Chapter 2, or a tunnel injection scheme'' that can be used to select a narrow range of

dot energy.40

3.4 Summary

In the first part of this chapter, the time-resolved lasing spectra of QD lasers are
investigated. We observed intense mode oscillations in the us long time traces. The
multimode dynamics show clear antiphase character, as evidenced by the complete
compensation of mode oscillations in the total intensity time trace. The mode oscillation
frequencies are generally higher and of a broad range at the beginning. Along the time
trace, they relax to a subset of low frequencies. This frequency damping effect
demonstrates the synchronization of relaxation oscillation frequencies. On the other hand,
it indicates phase locking as the asymptotic behavior of mode dynamics. Comparative
study with QW lasers shows that the dynamic grating effect is responsible for the antiphase
mode dynamics both in QD and QW lasers. However the dynamics in QW lasers are weak
and have different current dependence from that of QD lasers. We attribute these
different dynamic characters to the distinct nonlinear gain properties. The characteristics of
spectral and spatial cross relaxations are discussed in relation to the different carrier
processes in QD and QW gains. The multifaceted dynamic features in QD lasers show that
the QD lasers can be promising platforms for the study of nonlinear laser dynamics. The
great flexibility of tailoring the QD structural and electronic properties would provide
much possibility to explore nonlinear laser dynamics in a large space of laser parameters
and dynamic variables. The specific carrier and gain processes in QDs also make the QD
lasers attractive for the study of certain more general nonlinear effects in nonlinear

dynamic systems, such as synchronization in globally coupled oscillator systems.

In the second part of this chapter, the transient spectral characteristics of various lasers are
studied. Spectral transient narrowing effects are generally observed at high temperature in
QD lasers and for all temperatures in QW lasers. The less significant narrowing of lasing
widths in QD lasers suggests that the gain suppression plays a limited role in the
temperature dependence of lasing width, which is attributed mainly to the narrowing of

gain width with temperature due to the carrier thermal redistribution. In addition to the
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global spectral narrowing effect, local spectral narrowing effects are observed in the
transient spectra of the deep mesa QD lasers. The specific spectral dynamic features
support the nonlinear dynamics origin of the spectral intensity modulation effects, which is
related to the lateral cavity resonances in the deep mesa ridge waveguide devices. In the

end, the means for significantly reducing the lasing widths of QD lasers are discussed.
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CHAPTER 4 MULTI-STACKED QD LASERS

Contents:

4.1 INErOAUCHON .ottt 108
4.2 Basic lasing properties of MQD 1aSers ... 109
42.1  Optical properties of MQDS........cccviriininineiniciiiciieeieeesse s 109
4.2.2  Lasing characteristics Of MQD JaSers......cccocviuinininiinciniiinccene, 111
a) DBasic 1asing CharaCteriStiCS......ocvuuimimrimimimniininiiiiiiiicieississssessssssssssssssssssessnes 112
I Multiple Ot layer effeCt.....cicieciecieieccee e 112
II. Temperature dependence.......ccuumnmrierniirineinieieisieesieeeeseeseeesaenns 114
b) Comparison with long wavelength MQD lasers ..., 117
I 1.14 um InGaAs QDs vs. 1.3 pm InAS QDS wecuveeeeirieeeiricereeierceinene 117
II. Bimodal dot distribution effeCt.......cwviirininieniriiririricrececeeeeeeeen. 121
4.3 SUMMALY ot 127

4.1 Introduction

As in multiple-quantum-well (MQW) lasers,’ multi-stacked QD (MQD) gain media are
included in the waveguide to create lasers with latger maximum gain/differential gain,
lower threshold current density, and higher output power. The high-speed laser
performance can be also enhanced if the waveguide are properly designed.” Specifically for
potential applications of QD lasers, multiple stacking of QD layers is perceived as essential
to help get around the laser gain deficiency. Presently, the maximum modal gain (<10/cm)
obtained from the single layer of QDs is still limited, due to the finite dot area density
(~10"-10"/em?), low light confinement factor (~107) and relatively large inhomogeneous
broadening (~30-110 meV). MQD gain media also help reduce the effective carrier density
per dot layer, making it possible to achieve the promising very low limit of optical loss
inherent to QD gain system. By optimizing the number of QD layers and area density, the
theoretically predicated low limit of threshold current density may be approached.” In
practice, replicable layers of electronically uncoupled QDs now can be grown without
much layer-by-layer variation in dot sizes and chemical compositions, and very low
transparency current density per dot layer has been achieved with these MQDs.”® Such
high performance MQD lasers prepare for the exploration of their intrinsic properties. It
would be particularly interesting to characterize these lasers concerning the impact of
multiple QD layers (N=3-10) on both the static and dynamic lasing properties.
Comparative study with different types of QDs definitely helps define the roles of different

structural and electronic properties in affecting laser properties. In this chapter, we discuss
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the basic lasing properties of MQD lasers, taking account of specific dot properties in

different types of QDs.
(a)  TU5447 (6 x QDs) (b) loffe 4924 (10 x QDs)
Barrier Barrier WL/QW
U WL t

Intenstiy (arbi. unit)
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Fig. 4-1 PLE and PL spectra for (a) 6-stacked InGaAs QDs; (b) 10-fold stacked InAs QDs. The PLE
spectra are detected at the GS maxima. The excitation density for PL is about 5 mW/cm?.

4.2 Basic lasing properties of MQD lasers

The investigated lasers are based on 1.14 um InGaAs QDs (TU5447 and 5430), and 1.3
um InAs QDs (Ioffe 4914 and 4924). The detailed laser structures have been described in
Chapter 1 and 2. In the following, we analyze the optical spectra of both types of QDs, to

get some basic information about their electronic properties.

4.2.1 Optical properties of MQDs

The photoluminescence (PL) and excitation (PLE) spectra are shown in Fig. 4-1. Because
both types of QDs are based on GaAs material system, their PL spectra share similar
emission peaks for the bartier/cladding layers. The short wavelength QDs are grown in the
standard Stranski-Krastanow mode, with self-organized QDs sitting on the wetting layer
that consists of only a few monolayers. The PL peaks of the wetting layer and the barrier
merge into one peak, as shown in Fig. 4-1a. The QD ground state (GS) peak shows typical
Gaussian distribution with a FWHM of ~65 nm. In PLE spectrum, the QD 1% excited
state (ES) absorption peak is accompanied with multiple LO-phonon-assisted resonance

absorption peaks, and the GS-ES splitting amounts to 50 nm. In comparison, in Fig. 4-1b,
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the long wavelength QDs show clearly separated PL peaks from the barrier and the wetting
layer/ QW respectively. This reflects the special QD growth scheme, the so-called QDs-in-
a-QW (DWELL) scheme, for realizing large InAs QDs on the GaAs substrate for long
wavelength emission.” Interestingly, the QD GS shows double peaks. Note that these PL
spectra are all taken at extremely low excitation density. So the double peaks are not from
the state filling effect. In the PLE spectra of both GS peaks, we can see that they share
similar spectra at high energy. This indicates that these GS peaks are actually from two
groups of QDs embedded in the same matrix. Both the GS peak splitting and the
dispersions of each peak amount to 60 nm. In the DWELL growth scheme, a layer of seed
InAs QDs is first grown on GaAs, and then the InAlGaAs QW of a few nm thick is
deposited on the seed dots to increase the dot size through activated alloy phase
separation. The seed dots have base sizes about tens of nm, much larger than the height
and the overgrown QW thickness, so the QD quantization energy is mainly determined by
the small dimensions, i.e. the dot height here. We may attribute the present bimodal dot
distribution to two groups of QDs with different height that developed in the alloy phase
separation step. For the same growth parameters, we expect the bimodal effect occurs for
all the dot layers in this laser structure. The bimodal dot distributions have been studied in
some previous works,*” and there both the dot shape and In composition are suggested to
affect the energy structure. Here for the dot groups with different dot height, we may
expect the GS-ES splitting will be larger for the high energy group of dots. But contrarily,
in the PLE spectra as in Fig. 4-1b, the GS-ES splitting can be estimated to be ~80 nm for
the low energy group and ~ 60 nm for the high energy one. This reversed relation between
the GS-ES splitting and the GS energy implies that the dot shape and In composition both
may vary greatly in different dot groups. In the PL spectrum at 7 K, the two dot groups
show comparable GS emission intensity, but at 100 K, the peak from the high energy dot
group falls dramatically, indicating strong thermal distribution effects in the different dot
groups. For the GS splitting is comparable to the characteristic GS-ES splitting, the
thermal distribution effect in the two dot groups will add to that of thermal distribution on
ES, and we would see later that the lasing characteristics and their temperature dependence

will be affected by the presence of bimodal dot distribution.

In Fig. 4-2, the PL spectra are compared for the 1.3 pm InAs QDs in two laser structures
with different QD layer numbers. Though the growth parameters are supposed the same in

the two samples, the bimodal dot distributions still shows certain differences. The 5-fold
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Fig. 4-2 PL spectra of 5- and 10-stacked InAs QDs. The excitation density is about 5 mW/cm?.
stacked QDs show a dominant low energy group, compared to the comparable double
peaks for the 10-fold stacked QDs. This may be related to different developing stages of
the alloy phase separation step in the dot growth. In the 5-fold stacked QD sample, this
step is developed to relatively full extent, so most of the seed dots have grown in size. This
is supported by the small dispersion of the low energy dot group ~ 40 nm. In the DWELL
scheme, the thickness of QW sets the limit for the growth of dot height, so a fully
developed dot group will show reduced dispersion for the self-limiting effect, and the small
residual dispersion can be originating from the dispersion in dot base size and possible
composition variations. For the 5-fold stacked QQDs, the GS-ES splitting is also reduced to
45 nm. This further supports the interpretation of the formation of bimodal distribution as
due to different developing stages in the alloy phase separation step. The growth
parameters are set the same for both QD samples, so the seed dot layer should have similar
dot distribution. If the bimodal distribution comes from the seed dots, the double GS
peaks would keep similar ratios for both samples, in contrary to the present result. The
different results of alloy phase separation in these samples suggest that this growth step is
rather sensitive to minor variations in growth conditions despite the same growth

parameters set nominally.

4.2.2 Lasing characteristics of MQD lasers
Following the study of lasing characteristics of QD lasers in Chapter 1, we investigate the

lasing properties of MQD lasers, especially their temperature dependence. Comparison is
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made between lasers based on different QDs. The cavity loss is varied through using
different cavity lengths and high reflection (HR) coatings. A full range of temperature from
50 K to RT is surveyed. As before, all the data are taken under pulse operation, if not

otherwise noted.

a) Basic lasing characteristics

Because the investigated laser structures have very low internal losses (~2 /cm), the mitror
loss becomes a significant part of the laser total loss. By using long devices and HR
coatings, we can reduce the mirror loss and approach the transparency condition. The low
loss operation also helps confine the lasing to the GS spectral region and to a great extent

avoid the gain overlaps from ES that are of complicated energy structures.

I Multiple dot layer effect
In Fig. 4-3, the lasing characteristics are shown for lasers based on 6- and 10-fold stacked
1.14 um InGaAs QDs. These lasers are wide stripe devices with one side HR coating and

ultralong cavity lengths, so the mirror loss (~2-3 /cm) is comparable to the internal loss.

We first discuss the multilayer effects, and compare the two devices with the same device
geometry. For the laser structures (TU5447 and 5430) are of the same waveguide and dots
except different layer numbers, their transparency current densities per dot layer can be
assumed to be the same. The finite device loss will be matched by the gain contributed by
all the dot layers. In Fig. 4-3, the difference of threshold current density is not as large as
expected from the proportionality to the dot layer numbers. The threshold current and

gain can be related to the layer number N as follows:

Jth = N'itr + AJ = N'Jtr + Gth/g, (4'1)

Gy, = N-g™dj=g"A] “+-2)

where j, is the transparency current density per dot layer, g~ the differential gain coefficient,

and 0j the increment of current density per dot layer above the transparency level.
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Fig. 4-3 Temperature dependences of 1.14 pm InGaAs QD lasers with different number of dot layers and

cavity lengths. The solid line denotes the GS maximum wavelength Ao as the reference wavelength for A.
Using the experimental data of J,’s and G, ~ 5 /cm, we can estimate j, and g°, which are
assumed of the same value for both devices. For RT and 200 K j, has a similar value of ~3
A/cm? but g’ is quite temperature dependent, with ~0.02 cm/A for RT and 0.2 cm/A for
200 K. The order of magnitude fall of differential gain coefticient g” at RT indicates the
serious gain attenuation effect due to thermionic emission and carrier thermal distribution
on high energy states. Note that g” could be current dependent, especially in high gain

regime.
The external quantum efficiency 1, of QD lasers can be defined in the relation:
ncxt = ni'am/(am—'_a‘i) (4_3)

where ), is the internal quantum efficiency, o, the mirror loss and o the internal loss."
With large carrier confinement energy and negligible nonradiative recombination in the
defect-free QDs, 1, can in reality approach 100% for QD lasers with well-designed GRIN-
SCH waveguide. In Fig. 4-3, both devices have 1, s around 50%, consistent with the fact
that their o, and o, have comparable values. The 6-fold stacked QD laser structure has a
measured M, ~ 97%, vs. ~ 80% for the 10-fold stacked one. So the difference in M.,"s

originates from the different n;’s.
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The lasing wavelengths are related to the maximum of the spectral gain profile at threshold.
In Fig. 4-3, the difference between the lasing wavelength and the GS center position A, is
shown as AL = A - A,. Apparently both devices are lasing at the low energy side of GS, but
the 10-fold stacked device is further away from A,. As shown in Eqn. 4-1 and Eqn. 4-2, 9j

is inversely proportional to the layer number N, so the threshold current density per dot
layer in the 10-fold device is lower than in 5-fold one. The same is true for the carrier
density per dot layer. Thus for the same device loss, the MQD gain media can help reduce
the excitation density per dot layer. This explains the big difference ~ 10 nm between the

lasing wavelengths of both devices in the total temperature range.

1. Temperature dependence
The temperature dependence of threshold current densities in QD lasers has been analyzed
in Chapter 1, and we conclude that at low temperature the multi-stacked QDs would help
enhance the negative characteristic temperature T,. The QD layers in MQD lasers are
separated by barrier layers about 30 nm thick, so the QDs are electronically uncoupled, but
the interdot carrier exchange is facilitated due to the N-time increased effective dot area
density. At high temperature, with the same zntradot thermal distribution, the enhanced carrier
exchange in MQD lasers would lead to efficient znterdot carvier redistribution that may help
condense the gain. But at low temperatures, the interdot redistribution processes are
quenched, and leave a broad gain spectrum. At threshold, only the narrow central part of
this gain spectrum contributes to the lasing action, and the outside parts of gain is totally
wasted for spontaneous emission. Hence we can see that here the multiple layers do help
amplify the negative effect, even though they may slightly reduce the carrier density. In Fig.
4-3, negative T, at low temperatures is evident for these MQD lasers. Above 200K, the
thermionic emission and carrier thermal distribution on high energy states are responsible

for the take-up of threshold and the resulting positive T,

As these devices have mirror losses o, comparable to the internal losses o, their M. 's
would be sensitive functions of ,, but here in Fig. 4-3, the n.,,’s show only slight reduction
with temperature decrease. This would indicate that the internal losses change little with
temperature, if assuming 1; can only better at low temperature. But it should be noted that
below 150 K, the gain inhomogeneity effect could set in for MQD lasers, as will be
explored in the next chapter. So we may have to count on the variations of both 1, and «;

for the explanation of experimental results, especially at low temperatures.
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In Fig.4-3, the lasing wavelength deviation from the GS center, i.e. AL, shows interesting
temperature dependence. This corresponds to the temperature dependence of spectral gain
profile with its maximum at threshold gain level. Generally, the interdot carrier
redistribution process is expected to favor the filling of large dots, so it helps move the
maximum gain to the low energy regime, i.e. positive direction in AA. Appatently, the ES
could also have impact on the spectral gain profile by adding their contribution of gain or
loss. This aspect is closely related to the intradot carrier distribution, and thus depends
strongly on temperature and the dot-filling factor, with the latter one due to the Pauli

blocking effect. The experimental results of AL can be understood as resulting from the

interplay of the abovementioned factors. As can be seen in Fig. 4-3, A decreases from 200
K to RT. This trend contradicts the expected if considering only the interdot carrier
redistribution. So at high temperature the carrier thermal population on ES actually affects
the spectral gain profile. Most probably at RT the ES gain adds to the relatively low GS
one, helping match the threshold and also move the gain maximum position in the ES
direction. This is possible for the GS-ES splitting amounts to ~50 nm, as compared to the
GS dispersion ~65 nm. Below 200 K, the effect of ES gain is diminished for the reduced
ES population and enhanced GS gain ratio to the ES one. Specifically for these devices
with low threshold losses, the ES may contribute only loss at low temperature, so that AA
keeps positive for low temperatures. Again we emphasize here that the gain inhomogeneity

effect may affect the apparent AA at very low temperatures, see e.g. the excess AA for 50 K.

Finally we compare the 10-fold stacked devices with different lengths. The mirror losses
o, amount to ~3.3 and 2.6 /cm for L = 2 mm and 2.5 mm. In Fig. 4-3, the short device

shows higher threshold current density and m, for its higher a . Due to the increased
carrier density per dot layer, its lasing wavelength blue shifts relative to that of the 10-fold
long device. This is the case also for the 6-fold device compared to its 10-fold counterpart;
though there is a little difference in their temperature dependence, especially at high
temperatures where the 10-fold one shows relatively larger AA, reflecting the enhanced

carrier exchange in the device with more dot layers.

Above all, in Fig. 4-3, the temperature dependence in these different devices shows strong
similarity. This indicates that consistent results are obtained for the intrinsic lasing
properties of these low loss devices with different dot layers, despite the reduced light

confinement factor for those dot layers far away from the waveguide centre and the gain
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inhomogeneity originating from the carrier transport effect in MQD lasers as will be

explored in the next chapter.
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Fig. 4-4 Temperature dependence of lasers based on 1.14 um InGaAs QDs (a) and 1.3 um InAs QDs (b).
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Fig. 4-5 The difference between lasing wavelength and the GS maximum wavelength A (the sold lines in
the insets). The devices are the same as in Fig. 4-4.
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b) Comparison with long wavelength MQD lasers

L 1.14 wm InGaAs QDs vs. 1.3 um InAs QDs
In this section, we compare the lasing characteristics of devices based on 1.14 um InGaAs
QDs and 1.3 um InAs QDs. The dot area density per layer is similar for both QD laser
structures, ~ 4 x 10" /cm®. The cavity lengths are fixed at 1.5 mm. The 5- or 6-fold stacked
QD devices have one or two side HR coatings, and the center wavelength of the HR
coatings is matched for different QDs to maintain similar reflectivity (~ 90%) at lasing

wavelengths.

We first look at the two short wavelength devices. In Fig. 4-4a, J,-T and 1T relations are

shown, with the corresponding AA-T relation plotted separately in Fig. 4-5a. Like those in

Fig. 4-3, the short wavelength devices show similar temperature dependence. The low loss
laser (2 side HR coated) shows almost constant 1, but of low value due to the negligible
out-coupling loss a,. In contrast, the high loss device (1s HR) shows higher J,, especially

at low temperatures. The high loss also leads to significant reduction in 1, below 200 K.
However, the more significant low temperature effect appears in Fig. 4-5, where the lasing
wavelengths blue shift to near the GS center position and strongly deviate from the
temperature dependence for the low loss device. These low temperature effects are
correlated, implying that the spectral gain width increases dramatically below 200 K, due to
the quenching of interdot carrier redistribution process. A broadened gain spectrum needs
much higher current to feed up to the threshold gain due to the low differential gain. With
higher device loss, the broad gain spectrum at threshold also has a less steep top profile, so
that the central lasing modes are always accompanied with strong ASE at both sides,

leading to reduced m,, below 200 K. Here both 1, and o, are supposed to be constant with

temperature, as suggested by the constant 1, for the low loss device that is only different
in the HR coatings. So Eqn. 4-3 apparently fails in this broad gain spectrum case, and an

effective 1, may be used for this special case.

Next we turn to the long wavelength devices. As known in Fig. 4-2, this 5-fold stacked QD
sample shows a bimodal dot distribution. From the integrated PL intensity ratio of the
double GS peaks in Fig. 4-2, it can be estimated that the population of the high energy dot
group amounts to about one tenth of that of the low energy one. In addition, the
dispersion of low energy dot group ~ 40 nm is comparable to the GS peak interval ~ 45

nm, so the overlap of gain or loss is possible for the double dot groups. In Fig. 4-4b and
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Fig. 4-5b, the low loss device (2s HR) shows rather simple temperature dependence.
Above 200 K, the take-up of J, is attributed to the thermionic emission and thermal
distribution on high energy states. The ], s of this long wavelength device are comparable
to those of the short wavelength counterpart, but below 200 K, the difference is apparent.
This long wavelength laser shows almost constant J,, below 200 K, instead of a negative T
as in short wavelength devices (see Fig. 4-4a). So the ES gain can be excluded at low
temperatures for this low loss device. We conclude that the low dispersion (~ 40 nm) of
the dominant low energy dot group helps diminish the negative T, effect in the low loss

case. In Fig. 4-4b, the n.'s keep almost constant but low values. This can be related to the

large o in this 5-fold stacked QD laser structure. For the two 1.3 um QD laser structures
as in Fig. 4-2, they have exactly the same growth layer series except different dot layer
numbers in the very central waveguide region. This leads to different waveguide
thicknesses, with 420 nm for the 10-fold stacked QD sample and 245 nm for the 5-fold
one. As these QDs emit in the 1.3 um spectral range, the 245 nm thick waveguide is much
thinner than a wavelength inside waveguide, i.e. ~ 1.3 um/n with ng; ~ 3.4. So the
confined mode profile penetrates deeply into the cladding layers, incurring high absorption

loss. From the m, for the low loss device in Fig. 4-4b, we estimate the internal loss o

amounts to < 5 /cm for the 5-fold stacked QD laser structure. In Fig. 4-5b, the lasing
wavelengths of the low loss device show similar temperature dependence as that of its
counterpart in Fig. 4-5a, though the transition point moves to higher temperature (250 K)
for the long wavelength device. This subtle difference may reflect the effect of two
important aspects: (1) the low energy dot group has much reduced dispersion of ~ 40 nm
as compared to the GS-ES splitting (> 60 nm), so the ES effect is minimized in the low
loss case; (2) The long wavelength QDs have much deeper confinement energy than the
short wavelength QDs, with ~ 260 nm for 1.3 um InAs QDs and only 160 nm for 1.14 um
InGaAs QDs, as can be seen in Fig. 4-1 as the energy interval between the GS and the
wetting layer. Finally we note that the reference wavelength in Fig. 4-5b is the GS center
wavelength of the low energy dot group, rather than the total GS center wavelength as in
Fig. 4-5a. Clearly if using the total GS center as the reference, the temperature dependence
and the absolute value of A\ would be very similar for these two low loss lasers based on

different QDs.

Now we look at the high loss (1s HR) 1.3 um QD laser. In Fig. 4-4b and Fig. 4-5b, this

device shows dramatic variations in the temperature dependence. We can recognize two
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distinct temperature regions where anomalous changes take place. In Fig. 4-4b, J,’s
increase abnormally near 250 K and below 150 K, compared to those of the low loss
device. In the same temperature regions, N, ’s decrease dramatically. As such big variations
have never been observed in the devices based on single-peak dispersed QDs, we attribute
this abnormal temperature dependence to the bimodal dot distribution in this 5-fold
stacked QD laser structure. As can be seen in Fig. 4-1b, the PL intensity ratio of the double
GS peaks is very sensitive to the temperature change, indicating that the carrier thermal
distribution is at least partly established in the two dot groups. The simple temperature
dependence observed in the low loss device thus can be related to the low dot filling,
which leads to a negligible effect from the high energy dot group that may contributes only
loss in the low dot filling case. In the high loss device, the dot filling at threshold is

increased. In this case, both dot groups can contribute to gain in the overlapping spectral
region. Let us first see the N -T relation. In Fig. 4-4b, the high loss device shows an n_,
near 50% at RT. This fits perfect to our former estimation for M, (~ 100%) and o (~

5/cm). However, below 150 K, the 1,,’s drop abruptly to 10 - 20%. The cortesponding
changes in the J,,’s and wavelengths are also abrupt. From the lasing wavelengths, it is
apparent that at 150 K the maximum gain at threshold lies in the overlap region of both
dot groups. But from the population ratio of both dot groups as in Fig. 4-2, we conclude
that the gain contribution from the high energy dot group cannot move the maximum of
the overlapped gain profile to the overlap region, simply due to the dominant population
of the low energy dot group. Thus below 150 K, the ES gain contribution comes up to
make up the GS gain deficiency, which is induced by the broadening of gain width due to
the quenched interdot carrier redistribution. From 150 K to 50 K, the lasing wavelengths
move back the GS center of the low energy dot group, indicating that the gain there is
enhanced at lower temperatures. This contradicts the situation in single-peak distributed
QD lasers as in Fig. 4-4a, where the gain would be dispersed for the continuous
broadening of gain width at low temperatures. The possible explanation for this apparent
contradiction can be traced to the bimodal dot distribution and the small dispersion of the
dominant dot group. The trend of gain width broadening will be limited in the QDs with
small dispersion. Meanwhile, the carrier thermal distribution in the bimodal dot groups
induces the temperature dependence of the gain in the high energy dot group. At lower
temperature, the reduced loss or enhanced gain contribution from the high energy dot
group would add to that from the dominant dot group, thus help enhance the maximum

gain at the low energy dot group. The quenching of intradot carrier distribution also helps
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condense the gain at lower temperatures. In total, the enhanced GS gain requires less ES
contribution to match the threshold gain, leading to the reduction of J,, and slight increase
of N, at lower temperature. In Fig. 4-4b, near 200 K, high 1. 's and low |, s are apparent.
Here the ES contribution is still present, but the GS gain dominates the threshold gain.
Above 200 K, the thermionic emission takes up. It is expected that the high energy dot
group is more affected than the low energy one, for their different confinement energy.
This may result in enhanced loss from the high energy dot group and lead to the reduction
of M., and increase of J,, near 250 K. Above 250 K, both dot groups are strongly affected
by the thermionic emission, and thermal distribution on ES and higher energy states takes
up. The J,’s dramatically increase, but due to the significant interdot carrier redistribution
at high temperature, the gain width is greatly reduced and 1., returns to normal value as

defined by Eqn. 4-3.
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The above complicated temperature dependence is also reflected in the lasing spectra. In
Fig. 4-6, the high loss device shows quite distinct spectral features at different
temperatures. At 200 K, the spectra expand quickly to the high energy side, indicating a
continuously growing strong ES gain contribution. Strikingly, the high energy side begins

to retreat above 5 x I, and some sharp peak patterns appear there. Meanwhile, we can see
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that the low energy part of the spectra continue increasing and expanding. This spectral
feature is not a junction heating effect as all the spectra are taken under pulse operation.
We attribute the retreating spectral part to the induced absorption in the high energy dot
group. Above 5 x I, the strong lasing power begins to saturate due to the gain saturation.
In this saturation stage, the gain renormalization may occur between the ES gain and that
of high energy dot group. Through carrier depletion and competition, the carrier
occupation in the high energy dot group may be drained out for the much less dot
population in this group. The induced absorption effect is closely related to the gain
saturation. As in Fig. 4-6, at 150 K, the lasing starts farther away at the high energy side
with the help of ES gain contribution. Up to 10 x I, no lasing occurs at the GS center
position of low energy dot group, indicating a saturated gain there due to the broadened
gain spectrum. With current, the induced absorption leads to red shift, due to the carrier
competition effect that favors the dot group with dominant population. At 50 K, the lasing
starts near the GS center position, and the spectra expand in both directions comparably,
indicating a strong GS gain presumably due to the quenched intradot thermal distribution.
At high currents, similar spectral variations occur as those at 200 K. But in this case, the
peculiar features appear rather near the GS center, showing that the ES contribution is less

pronounced here than at 200 K.

Above all, the spectral characteristics as discussed are consistent with our former
interpretation of lasing characteristics as in Fig. 4-4b and Fig. 4-5b, indicating that the
bimodal dot distribution indeed affects the basic lasing properties significantly. The carrier
distribution in the bimodal dot groups is strongly temperature dependent, and the resulting
gain spectrum is also dependent on the relative population of different dot groups. So it
would be interesting to compare the lasing properties of devices with different bimodal dot
distributions. In the following, we investigate the 10-fold stacked 1.3 pm QD lasers that

happen to possess comparable dot populations in the bimodal dot groups.

1. Bimodal dot distribution effect
Compared to the above 5-fold stacked 1.3 um InAs QD lasers, the 10-fold ones have
much more significant bimodal dot distribution, as in Fig. 4-2. In addition, as can be
deduced from the PL and PLE spectra in Fig. 4-1b, the dispersion of the double GS peaks in
the 10-fold stacked QD laser structure is similar to their peak interval, with both at ~ 60
nm. The GS-ES splitting amounts to ~ 80 nm for the low energy dot group and ~ 60 nm

for the high energy one. This crowded energy structure and large inhomogeneous
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broadening make it possible to have many complex ovetlapping possibilities among the
double GS peaks and their ES. In the spectral range concerned in the following study, we

may neglect the overlapping effect from the ES of the high energy dot group for it is too

far away (~ 120 nm) from the low energy GS.

Table 1 Device parameters
Cavity length HR coating | Mirror loss |Stripe width
(mm) | (R~90%)| Ucm) (Hm)
1 2side | 1 50
1.5 1side | 4 50
1.5 none | 8 100
0.7 none | 17 100

To vary the device losses, we use a combination of cavity lengths and facet coatings as
listed in Table 1. As discussed in last section, the 10-fold stacked 1.3 pm InAs QD laser
structure has an optimal waveguide thickness, compared to the 5-fold one that has a much
thinner waveguide. The latter one shows a high internal loss of ~5/cm, due to the field
penetration into the highly doped cladding layers. It is expected that the present 10-fold

QD laser structure has a lower o,
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Fig. 4-7 Temperature dependence of 10-fold stacked 1.3 um InAs QD lasers with various mirror losses.
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In Fig.4-7, the lasing characteristics are shown for the 10-fold devices of various mirror
losses. From the RT m_,, for the device with the lowest o, ~ 1 /cm, o, can be estimated to
be ~ 2-3 /cm. This is also supported by the separate wafer test on broad atea devices with

varied cavity lengths and as-cleaved facets, and there 1), is found near 100 %.

We first compate the two devices with respective o, ~1 and 4 /cm. In Fig. 4-7, we refer to
the GS of the low energy dot group as the 1" GS and use its center wavelength as the
reference wavelength A,. It can be seen that, for both devices in the total temperature
range, the lasing wavelengths reside on the low energy side of the 1 GS center, indicating
that the threshold gain is dominated by the GS gain from the low energy dot group. The
low loss device (a,, ~1 /cm) shows shorter wavelengths than the high loss (o, ~4 /cm)
one. This is rather counter intuitive, for in the lasers based on single-peak distributed QDs
the increase of the gain maximum level is generally accompanied by the blue shift of
wavelength. So the bimodal dot distribution is causing an unusual A - G, relation in the
low loss regime. The J,,"s still increase with threshold loss in a usual way, so with current,
the 2™ GS is filled and its reduced loss or increased gain helps red shift the gain maximum
wavelength. The low loss device shows almost constant lasing wavelengths down to 150 K,
indicating that the thermal redistribution in the bimodal dot groups causes little change in
gain maximum position. Its J, s increase only slightly above 200 K, showing the benefits
of multiple layers of QD gain and the deep confinement energy of 1.3 um QDs. Below 200
K, the J,’s increase as the result of broadened gain width due to the quenching interdot
carrier redistribution processes. However, from 150 K to 50 K, the J,,"s become stabilized
somehow. We note that in this temperature range, the lasing behavior is strongly
influenced by the gain inhomogeneity as caused by the carrier transport effect in MQDs.
This effect is particularly reflected in the strongly red shifted lasing wavelengths and the
abnormal slope characteristics of the light-current curves near the threshold current region.
For the latter reason, no realistic 1.,.’s can be drawn, so note that in the inset of Fig. 4-7 no

Ne. s are plotted for that temperature range. The gain inhomogeneity effect will persist for

o, up to 8 /ecm. So for the three low loss devices, their low temperature lasing
characteristics defy a normal reasoning based on the data as in Fig. 4-7. We refer to the
next chapter for a detailed analysis of the peculiar spectral and dynamic characteristics that

are related the carrier transport effect in MQDs. In the following we continue the

discussion of high temperature lasing characteristics. In Fig. 4-7, from RT to 200 K, n_’s
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of the high loss device (o, ~4 /cm) decrease dramatically, with lasing wavelengths blue
shifting. This suggests that 1, deteriorates with temperature decrease. We may exclude the

contribution of any significant amount of nonradiative recombination centers like defects

or impurity, because firstly the QDs are defect-free and secondly the devices already show
excellent, almost ideal 1; (~100%) and a; (~2-3 /cm) at RT. Here we propose a model to
explain the observed reduction of M, The energy structure of the bimodal distributed 1.3

um InAs QDs is illustrated in the following energy level schematics:

Barrier

WL /QW

ES (high)
ES (low) GS (high)
GS (low)

Here the energy intervals scale with the realistic ones as deduced from the PL and PLE
spectra in Fig. 4-1b. The left represents the low energy dot group, and the right
corresponds to the high energy dot group. Only GS and the 1% ES are shown and we
ignore any higher ES of QDs. As can be seen, the low energy ES is a little bit higher than
the high energy GS, and their energy interval (~ 20 nm) is much lower than the dispersion
(= 60 nm). At high temperatures, the different dot groups can exchange carriers through
the wetting layer/QW and bartiers by thermal escape and recapture processes. When J,, is
relatively low so that the ES is not filled, the carriers would shuffle between both GS. For
its apparent deeper confinement energy, the low GS will be favored in the interdot carrier
thermal redistribution. Now if |, is increased so that the low ES is also being filled, the
carrier shuffling will involve not only both GS but also the low ES. Here we assume that
the high ES is not filled for the high energy dots are disadvantaged in the dot-filling factor
in total. As the thermal escape process is temperature sensitive, the carrier direct escape
from the low GS will slow down quickly with temperature decrease for its high thermal
activation energy. When the role of the low GS wanes, we are left with the low ES and
high GS. In this case, the thermal escape of the low ES is relatively faster than that of the
high GS. The carrier shuffling between these two energy levels will favor the high energy

dots, and lead to a relative loss of carriers in the low energy dots. Here we attribute the
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formerly observed reduction of M, to such a loss of carriers in the lasing low energy dots.
Actually there is certain similarity between the function of the high GS here and the deep
energy level usually associated with the impurity or defect. It is noted that the above
described carrier competition scenario happens if only the above illustrated energy level
arrangement exists. In the current studied 10-fold stacked QD lasers, it is the significant
bimodal dot distribution that makes this carrier competition scenario more apparent for

certain dot-filling conditions.
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Fig. 4-8 (a) Emission spectra at 100K, and (b) L-I cutves of the 10-fold stacked 1.3 pm InAs QD laser.

Next we examine the left two devices with highest losses (a,, = 8 and 17 /cm). In Fig. 4-7,

the device with o, = 8 /cm shows very similar J,, as that with 4 /cm. As listed in Table 4-
1, the former device has a stripe width of 100 pm compared to 50 um for the latter one.
For the current spreading effect in these shallow mesa devices becomes less significant in
the broad area device, this leads to the apparent reduction in its J,’s. Nevertheless, even
after taking account of the current spreading effect, the temperature dependence of J,’s
looks still very similar between the two devices. Significant difference appears in their
lasing wavelengths. From RT to 150 K| the lasing wavelengths of the former device blue
shift strongly back to the 1% GS center, indicating the increased gain contribution from the

low ES and high GS. The n,’s of this device are generally lower than expected. From

Eqn. 4-3 by using the known 1, and @ for this laser structure, we would expect an 1, near

80% for RT, as compared to the actual value of only 50%. This can be understood as
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follows: At higher threshold loss, the dot-filling factors of the low energy dot group need
be increased to match the threshold gain, but a part of the increased carriers will go to the
low ES as thermal population. The increased population on the low ES will be lost to the

high GS through the former illustrated carrier competition process, thus leading to a

reduced effective 1, andn,.. In Fig. 4-7, below 200 K, the 1, of this device falls abruptly
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Fig. 4-9 Lasing spectra of a 10-fold stacked 1.3 um QD laser. The dotted lines denote the GS maximum
wavelengths of the low energy dot group in the bimodal dot distribution.

to 30%. We attribute this change to the gain width broadening that takes up below 200 K.
The fall of ., becomes even more dramatic for the device with o, = 17 /em. Near 200

K, its N, drops from 50% to 10%. Apparently this device suffers strong gain saturation
effect. Near 200 K, its J,, reaches 200 A/cm’, compared to <100 A/cm’ for other devices.
Its lasing wavelengths reside at the high energy side of the 1" GS center. The even higher
Ju's of > 400 A/cm” at RT and below 100 K indicates the saturated gain has been reached.
In Fig. 4-8a, the lasing spectra in this extreme case are shown for 100 K. With current, the
lasing widths even decrease, showing extreme temperature sensitivity of the saturated low
energy GS gain. As can be seen, the emission of the high energy GS is rather limited as
compared to that from the low energy GS, indicating that at such high current density, the

high energy dot group is filled insufficiently due to the thermal redistribution between the
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two dot groups. In addition, the 1™ ES (i.e. the low ES in the above bimodal QD energy
schematics) can be seen as a shoulder of the GS peak, implying a strong ES filling, for
otherwise the ES absorption should inhibit its appearance in the emission spectrum. In Fig.
4-8b, the light-current curves are shown for various temperatures. Below 200 K, strong
nonlinear effects occur. The roll-off at high current and 100 K coincides with the high
current saturation spectral features: reduced lasing widths and spectral red shift as in Fig. 4-

8a.

In Fig. 4-9, a seties of lasing spectra are shown for the device with o, = 8 /cm. Above 200
K (not shown), the spectra are rather symmetric and smooth, with flattop profiles for I >2
x I, At 200 K, the spectra are still centered at the threshold lasing wavelength up to 2 x I,
and at higher currents additional feature appears on the high energy side. The rather
distorted profile may be attributed partly to the complex carrier redistribution processes
under lasing condition that involve carriers from both GS and the low ES. At lower
temperatures, the spectra are no longer centered at the threshold wavelength and they
evolve to the extreme case at 100 K. As noted before, these peculiar features can be
comprehensible only by taking account of the gain inhomogeniety effect, as to appear in

the next chapter.

4.3 Summary

In summary, we investigate the lasing properties of MQD lasers and their temperature
dependence. At first, the multiple dot layer effects on the basic lasing characteristics are
demonstrated in 1.14 um InGaAs MQD devices. The intrinsic lasing properties are
revealed consistently in various low loss devices. In the next, lasers based on 1.14 um
InGaAs QDs and 1.3 pm InAs QDs are compared to show the effects of different dot
confinement energy on their temperature dependence. In particular for the 1.3 um InAs
QD laser structures, various bimodal dot distributions are characterized by PL and PLE
spectra. We found that the bimodal dot distribution has dramatic impact on the laser
temperature dependence. In addition to the abnormal temperature dependence in lasers
with a dominant dot group, the bimodal dot distribution also causes strong reduction of
internal quantum efficiency in lasers with comparable bimodal dot groups. It is proposed
that the reduced effective M, results from carrier thermal redistributions between the
bimodal dot groups with specific energy level arrangements. Finally the study of the 10-
fold stacked 1.3 um QD lasers with varied mirror losses indicates that their spectral

characteristics are affected not only by the complex carrier redistribution processes
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between the bimodal dot groups, but also by the gain inhomogeneity originating from the

bottlenecked carrier transport in MQDs at low temperatures. The carrier transport effect

will be treated in the next chapter.
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5.1 Introduction

In the last chapter, the carrier transport effect is claimed to be responsible for generating

gain inhomogeneity in MQDs, which causes deviations of the lasing characteristics of
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MQD lasers from the intrinsic ones. In this chapter, we present a detailed study of the

carrier transport effect.

5.2 Background

In semiconductor heterostructure devices, the carrier transport can be a serious issue that
confronts the device design and characterization. The quantum structures generally used in
the device active regions show characteristic transport properties pertaining to their

specific quantized energy level structures. Therefore the quantum transport problem has
attracted much attention since the advent of quantum structure devices.” In the variety of

carrier transport aspects in heterostructure, we are interested in the carrier statistical
transport, which can be either in plane with or across the heterojuntions. The in-plane
transport has much to do with the lateral devices such as field-effect devices or
photodetectors’. Experimentally the lateral carrier transport has been studied in QD-based
devices, and it is revealed that carrier confinement in QDs leads to much reduced carrier
diffusion length and unusual in-plane velocity-field characteristics with enhanced carrier
mobility at high electrical field.*” The lateral carrier transport in QDs is found to be
dominated by the slow hopping process at high temperatures.(’ In the present work, we
concentrate on the carrier transport across the multilayer quantum structures. The vertical
carrier transport has not been studied before in QD devices. However, its importance is
undoubted as MQDs prevail in devices like QD heterostructure lasers and detectors. A
basic understanding of the carrier transport effect is indispensable for device
characterization and design that aims to improve the device performance. In particular for
MQD lasers, we would see that the carrier transport effect deeply impacts the laser
dynamic behavior. This could provide a natural test bed for the study of nonequilibrium

and inhomogeneous gain dynamics.

As the natural precedent, the carrier transport effects in MQW devices and particularly in
MQW lasers have been studied intensively in the last decades.”'“The experimental
investigation and theoretical modeling reveal a wide range of impacts brought about by the
carrier transport effects. The impact on the dynamic properties of MQW lasers is rather
profound, and attracts most of the attentions. From the carrier injection into the
waveguide, through the carrier drift to and captured by the QWs, to the carrier escape and
drift or tunnel to the following QWs, every step can be critical for the high speed response
of MQW lasers. The bottleneck in the carrier transport chain across the MQWs would lead

to non-uniform carrier injection with severe carrier accumulation, which then could limit
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the laser modulation speed and cause strong dynamic broadening of lasing linewidth or
frequency chirping. So the design of MQW lasers oriented to high-speed operation has

become mainly a task of containing the carrier transport problems therein.

Up to date it seems that the vertical carrier transport in MQDs is the least addressed QD
device property, except that the transport through a single pair of coupled dots has been
investigated recently."" There is at least one practical reason for this status. That is the lack
of high quality MQD samples till recently. The growth of well-ordered QDs in single layers
has been possible for long. But it is only recently that it becomes possible to grow
electronically uncoupled MQD structure with minor layer-by-layer variation in dot size and
shape, and especially the growth front can be kept constantly planar up to 10 stacks. This is
actually a feat of refined nanotechnology'? and the step stone for achieving further fine
control of QD structures. In this thesis work, we take advantage of the high performance
lasers based on these high quality MQDs. In Chapter 4, the basic lasing characteristics of
these MQD lasers have been shown to be consistent with the multilayer numbers. The
state-of-the-art, high quality MQD devices prepare a good start point in materials and
devices for the transport study. On one hand, it excludes the possibility of layer-by-layer
non-uniformity from the material side. On the other hand, it allows exploring a large range
of dot-filling factors, and helps reveal the intrinsic MQD transport phenomena that would

otherwise be screened by strong state filling effect in high threshold devices.

Nevertheless, the transport study in MQD lasers is more challenging than the MQW
counterpart. In MQWs, it is possible to tune the layer separation and the tunneling rate
between neighboring wells without dramatic change in the energy scheme. In contrast,
when the QD layer separation becomes smaller, the growth encounters problems with the
QD layer-by-layer variations. Even though the MQDs may keep certain spatial correlation
between multilayers, the electronic couplings between QDs in separate layers could change
the whole energy scheme dramatically. The electronic properties of QDs are rather
sensitive to the perturbation from the environment,” such as the strain. To bring QDs
near to each other means not only strain engineering," but also the art of controlling the
electronic coupling properties.”” The size, shape, composition and distance all can be the
involving factors in determining the final state of electronic coupling. This situation reflects
the challenging aspect in the device characterization and design that address transport
issues in MQDs. In addition, in MQW lasers, the study of transport effects is oriented to

the high-speed laser properties. '*'® But presently, the high-speed dynamic study of QD
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lasers is still in the early stage, thus prohibiting the investigation of much complex
transport effects. The abovementioned factors limit the actual possibility of the carrier
transport study in MQD devices. There are other aspects that may complicate the issue
further. For example, in QDs, the charge neutrality condition is violated due to the
electrostatic conditions.'” With optical pumping in the barrier, charged excitons can be
formed in QDs simply due to the different diffusivities of electrons and holes in the
barrier, which originate not only from the difference in the effective masses of different
carrier types, but also from the complex energy dependence of carrier relaxation and
thermalization rate processes. This charge non-symmetry effect has been taken advantage
to intentionally generate heavily charged exciton complexes in QDs for single dot
spectroscopy.”® However, for QD lasers it is a rather complicating effect. Like in QW
lasers, the carrier charge imbalance near the QDs may affect the gain and waveguide

properties.”

With the above limitation in mind, we investigate the carrier transport effect in MQD
lasers by a comprehensive analysis method. It is known that the transport effects at high
temperature (around RT) may become significant and detectable only at high modulation
frequencies, but presently there still lack effective modeling of high speed MQD lasers as
useful for the analysis of transport effects. Therefore, in this work, we avoid the high-speed
modulation study, but make a temperature dependent study of spectral characteristics and
the spectral transient dynamics. A series of devices are surveyed with different multilayer
numbers (N = 5,6 and 10) and various device losses. Both types of QDs (1.14 um vs. 1.3
um) are compared concerning the role of different carrier confinement energy. It turns out
that all these varied parameters have strong impact on the spectral and dynamic output of
MQD lasers. The detailed analysis shows that the gain inhomogeneity incurred by the
bottlenecked carrier transport plays a major role in determining these peculiar spectral

features.

In the following, we first discuss the carrier transport processes and the resulting gain
inhomogeneity in MQD lasers. Then we analyze the peculiar spectral features and discuss
their relation to the carrier transport effect. In Section 5.4, we present the spectral transient
analysis of those peculiar spectral features, in support of their origins from the carrier
transport effect, and discuss the dynamic processes underlying the complex mode dynamic

phenomena.
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5.3 Carrier transport processes and gain inhomogeneity in MQD lasers

Now return to the basic issue. As shown by Monte Catlo modeling of steady state carrier
distribution in MQW lasers, electrons and holes are distributed non-uniformly in the
MQWs.” Holes are much affected for their larger effective masses, and electrons can
diffuse fast to adapt to the holes, so that ambipolar approximation holds. In steady state
lasing conditions, the carrier non-uniformity can increase with the current and optical
power, leaving a hole reservoir near the p-type cladding layer. However, in high-speed case,
the ambipolar approximation is found to be impropriate for the explanation of
experimental results, thus it has been given up instead to treat electrons and holes
separately in the dynamic transport. In MQD lasers, these situations still hold true in

general, but only differ in the details and consequences.

As in the MQWs, the basic carrier transport processes are similar in the MQDs. The
carriers are captured in the first dot layer, and then some of them escape from the dots and
drift through the barrier toward the following dot layers, with the former processes
repeated. It is interesting to compare the carrier capture in the QW and QDs. For a typical
QD layer with an area density ~ 4 x 10"/cm? the total capture cross section amount to
~50 %, if a dot capture cross section® of 1.3 x 10" cm® is assumed. In contrast, 2 QW has
a 100% physical cross section, though the capture probability has to be considered. In this
first comparison, the QW shows advantage. But when come to carrier escape, the QW is
also advantageous over the QDs, for the deep confinement of carriers in QDs. In total, the
carrier transport across the QW is more efficient than across the QDs. So no wonder that
the carrier in-plane diffusion length is much reduced in QDs compared to in the QW.*
This comparison is more justified at low temperature when the carrier thermal escape from

the QDs becomes quenched.

Due to different confinement energy for the electron and hole, the thermionic emission
rates of electrons are much more affected by temperature. One recent temperature
dependent PL study” particularly addressed this issue by supporting the picture of
independent capture and escape for electrons and holes in QDs in a large temperature
range. With slowed electron emission at low temperature, the ambipolar approximation is
not justified for carrier transport. At even lower temperatures, the hole emission can be

suppressed as well, leading to more severe non-uniformity for hole distribution.
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From the above discussion, it can be concluded that the non-uniformity of carrier
distribution in MQDs can be more severe for more dot layers, deeper confinement energy
and lower temperature. At high temperatures when the electrons can move relatively fast
across the dot layers, ambipolar approximation holds, and the steady state carrier
distribution is characterized by the graded hole distribution across the dot layers, with more
abundant holes near the p-type cladding layer. On the contrary, at lower temperature, the
electrons cannot adapt to the hole distribution, so an inverse graded electron distribution
could result from the bottlenecked electron transport. The unipolar non-uniformity of
both electrons and holes can only increase the degree of gain inhomogeneity in the QD
multilayers. Note that this type of gain inhomogeneity has nothing to do with the in plane
gain distribution, which is assumed homogeneous under uniform current injection if not

considering other factors.

As in MQWs, the carrier non-uniformity can change with current and optical power. A
large dot-filling factor would block the carrier capture significantly due to Pauli blocking
effect, and it also increases the carrier escape due to enhanced Auger escape. Both results
help relieve the carrier non-uniformity by enhancing the carrier transport across the
MQDs. As to optical power, below threshold the spontaneous emission lifetime (< 1 ns)
defines the time interval in which the fast carrier transport processes can balance
themselves to establish a steady state carrier distribution. Under lasing condition, the
stimulated emission lifetime becomes much shorter, in tens of ps range, which is
comparable to certain carrier transport processes. In this case, the lasing process would
compete with the limited carrier transport, and modify the already non-uniform carrier
distribution in MQDs. The carriers, gain and optical power are closely related in a complex
dynamic system, so it is not guaranteed that a steady state carrier distribution will always
result from this competition process. Whereas in a homogeneous single-dot-layer laser the
lasing process will follow adiabatically the catrier and gain process, we may expect that in
MQD lasers a kind of self-organization process could take place, with the carrier transport
processes interacting with the lasing modes through gain formation and depletion in both
spatial and spectral regimes. This self-organization dynamic process may be monitored in
the laser turn-on transient. It is useful to note some typical values for the time constants of

cartier transport processes in In(Ga)As/GaAs QD lasers:

(i) Carrier escape through thermionic emission in the order of several tens to a few of

ps, depending on the temperature and confinement energy;
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(i) Electron transport in the barrier region below ps, but hole transport up to tens of

ps for its larger effective mass;

(iii) Electron capture and cascaded relaxation in QDs in less than 10 ps at RT,” but
with much fast hole processes. The time constant increases at low temperature, but
can decrease to less than 10 ps at high carrier density due to carrier—carrier

scattering or Auger-assisted capture and relaxation.”

Clearly, among these involved unit carrier processes, the electron thermal escape and hole
transport in the barrier are the possible limiting steps that would finally determine the
carrier distribution in the QD multilayers. So the deep carrier confinement in QDs
represents an advantageous situation where we can gradually tune the rates of the limiting
steps in carrier transport and the extent of gain inhomogeneity by simply changing the
temperature. At low temperatures, the bottlenecked carrier transport effect then could be
revealed in a laser dynamics with relatively low characteristic frequency that makes the
experimental observation easier. The related spectral feature could be also enhanced due to
the stronger gain inhomogeneity. In the following, we analyze the low temperature lasing
spectra of MQD lasers. The peculiar spectral features are surveyed with varied
temperature, device loss and confinement energy. The relation to the limited transport and

the gain inhomogeneity is discussed.

5.3.1 Spectral analysis of carrier transport effects

a) Emission spectra of 1.14 pm InGaAs MQD lasers

L. The 6-fold devices
In Fig. 5-1, the amplified spontaneous emission (ASE) spectra at 50 K are shown for the 6-
fold stacked 1.14 pm InGaAs QD lasers of various device parameters. First we look at the
four-sided laser. Below threshold the ASE spectra from this special type of laser
approximate the true spontaneous emission spectra, and for detailed discussion of this
aspect we refer to Chapter 6. In Fig. 5-1, it can be seen that the true spontaneous emission

spectra conform to the dot dispersion and show rather symmetric spectral profiles

centered at the supposed GS center wavelength A,~ 1040 nm.

Now come to the two ridge lasers with different device losses. In contrast, their ASE
spectra deviate strongly from the true spontaneous emission spectra. We know that this

deviation is typical for the ASE spectrum of devices with strong optical feedback. So these
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ASE spectra reflect the spectral gain profile in each device. At extremely low current
density, 0.01 x I, the spectral gain is much lower than the device losses, so the emission
spectra are less affected by the gain amplification, and both devices show similar spectral
profiles but with the maximum far away from the GS center. We attribute this distortion
from true spontaneous emission partly to the ES loss and exclude the possibility of strong
effect from the interdot redistribution at this low temperature. In Fig. 5-1, with current, the
two devices show significant difference in the region near the GS center, contrary to that as
expected if assuming the spectral gain profile develops with current in a similar way in both
devices. Thus the different ASE spectra indicate that the varied device losses could affect
the spectral gain significantly. We may note that this effect could be the first sign indicating
that the spontaneous emission can involve in the carrier distribution process along with the

limited carrier transport.
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Fig. 5-1 ASE spectra of the 1.14 pm QD lasers with various device geometries. The dotted lines denote
the GS maximum position.

In Fig. 5-1, the lasing spectra just above threshold are also shown for 1.01 x I,. Both
spectral shapes in the lasing region are rather asymmetric. Especially on the low energy side
there is a distinct lasing edge that separates the lasing region from the ASE part clearly.
Note that such a difference in ASE spectra and the peculiar feature in lasing spectra have
never been observed at high temperatures in these devices. The lasing spectra of the above

two lasers are shown in Fig. 5-2, along with those from another high loss device. As can be

136



seen, the lasing spectra of the high loss laser (o, ~4 /cm) show rather symmetric spectral
profile near threshold and no peculiar features as for the other two low loss devices. It is
known that the symmetric spectral shape near the lasing region is a general feature of near
threshold lasing spectrum as observed in QD lasers with fewer dot layers or higher losses.
The symmetric spectrum property is also true for the high temperature lasing spectra of
QD lasers with very low losses and more dot layers. So the abnormal spectral features only
appear at low temperatures in lasers with low losses and enough number of dot layers. This
correlation with the laser parameters matches exactly with the former discussion
concerning the carrier transport effect, strongly suggesting that the abnormal spectral

features result from the bottlenecked carrier transport in the MQDs.
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Fig. 5-2 Lasing spectra of 6-fold stacked 1.14 pm QD lasers with various mirror losses.

In Fig. 5-2, at 50 K, the spectral profiles of both low loss devices evolve with current up to
1.2 x I, continually. Not only is the asymmetry apparent, but also there appears a sharp
peak near the lasing edge. We can see there is slight difference in these features between
the two devices. The shoulder of the sharp peak increases almost abruptly with current. At
higher current, the broad spectrum gradually assumes a flattop profile, resembling the

normal case as like the 100 K spectra in Fig. 5-2 for the high loss device. But differently the
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flattop spectrum at 50 K is red shifting with current above 10 x I, compared to the stable

spectra at 100 K of the high loss laser.

Above all, these rather abnormal spectral features are not comprehensible from the
spatially homogeneous QD gain. As can be seen in Fig. 5-1 and Fig. 5-2, the ASE spectra
at different current densities never show any sharp features, and all of them possess only
smooth spectral profiles. This indicates that at least the lasing process is necessary for the
occurrence of those peculiar features, and certain spatial inhomogeneity in spectral gain
should be coupled with the optical power in an interactive way. It needs be emphasized

that for the two low loss lasers, the above spectral abnormalities are absent above 150 K.
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Fig. 5-3 Emission spectra of a 10-fold stacked 1.14 um QD laser with current and temperature. The dotted
lines denote the GS maximum positions respectively.

1. T'he 10-fold devices
In lasers with 10-fold stacked 1.14 um QDs, we can see similar abnormal features. Fig 5-3
shows the ASE spectra and lasing spectra of one 10-fold device at 200 K and 50 K. These
are only two examples. The spectra above 200 K are similar to those at 200K, and with
temperature the spectral features are actually transforming gradually from the type of 50K
to that of 200K. The ASE spectra at 200K show typical blue shifted gain maximum with
current due to the interdot carrier redistribution. The spectral shape near threshold is
rather symmetric and no skewed profile can be seen in the lasing spectra. However, at 50K
the near threshold spectra show again a wedged shape, and the top profiles of high current

spectra are skewed. The lasing edge is evident too in these spectra.
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Fig. 5-4 (a) Lasing spectra of a 10-fold stacked 1.14 um QD laser; (b) the current dependence of the
emission intensity for the mode with A = 1075 nm. The inset shows the full current range.

For a 10-fold device with slightly reduced loss, the lasing spectra are shown in Fig. 5-4a. In
these spectra the abnormal features become more distinct. Above the extremely symmetric
and smooth ASE spectra, the lasing action just above threshold takes place far away from
the maximum of the ASE profiles, which is supposed to be also the gain maximum. In
comparison, the high loss 10-fold device lases directly at the ASE maximum, as in Fig. 5-3.
The fact that the lasing action seems not happening at the gain maximum is rather
counterintuitive, so is the bell-like lasing peak away from the gain maximum if considering
so minute current increase for such a big change. To have an idea of the spectral intensity
evolution, the mode intensity change with current is shown for A = 1075 nm in Fig. 5-4b.
As shown in the inset for the whole current range, the mode intensity increases since
threshold, and then saturates at high currents, similar to the most cases in QD laser
spectra. However, a zoom-in into the initial stage before saturation shows detail changes
with enormous anomalies. The most striking feature is the first intensity jump near
threshold, where the extreme current sensitivity goes beyond the experimental current
precision. Apparently this kind of lasing behavior looks totally crazy. This is still not the

end.

In Fig. 5-4a, from 1.02 to 1.1 x I, the bell-like spectrum evolves with a shoulder appearing
at high energy side and a sharp peak at the lasing edge. This development resembles the
effect in Fig. 5-2 for the 5-fold device that has the same device geometry and loss. After

the abnormal low current stage, the spectrum expands for currents above 1.2 x I;. In Fig.
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5-4a, we can see that on the high energy side of these spectra, the spectral profile keeps
almost constant shape in the dramatic spectral expansion. This distinct feature strongly
suggests that the actual gain could be composed of two or more gain components that are
varying coherently with current and leading to the near constant intensity profile on the
high energy side. Whereas, on the low energy side, the distinct lasing edge persists even
after the expansion begins on the other side. Only since above 1.5 x I, the fixed lasing
edge is replaced by spectral expansion. Note that the skewed top profiles of the high
current spectra eventually will evolve into a flattop profile for much higher currents, which

is not shown here but similar as those in Fig. 5-2.
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Fig. 5-5 Lasing spectra of 10-fold stacked 1.3 pm InAs QD lasers with different cavity losses.
b) Emission spectra of 1.3 pm InAs MQD lasers

After discussing the spectral features in the 1.14 pm MQD lasers, we note that the similar
spectral abnormality appears in the 1.3 um MQD devices, despite the bimodal dot
distributions. For example, as in Fig. 4-9 for the 10-fold stacked 1.3 pm MQD device, the
spectral features gradually change with temperature. From 200 K to 100 K, the near
threshold spectra become asymmetric and the lasing peaks move away from the ASE
maximum. The 100 K spectra are already very similar to those 50 K spectra of the 10-fold
stacked 1.14 pm MQD laser as in Fig. 5-4a.
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Note that the 1.3 um device in Fig. 4-9 has a higher loss than that in Fig. 5-4a. But for the
1.3 um device, the 150 K spectra already show abnormal features. In comparison, the 1.14
um device shows the abnormal spectra only below 100 K. We attribute the different
temperature threshold for the spectral abnormality to the different confinement energy of
these QDs. With deeper confinement energy, the gain inhomogeneity from the
bottlenecked carrier transport can take up at higher temperature due to the earlier
quenched thermal escape. The deeper confinement energy also helps resist the effect of
high device losses (or equivalently large dot-filling factor) in diminishing the extent of gain

inhomogeneity.

In Fig. 5-5, the lasing spectra are shown for two 10-fold 1.3 um devices with low losses.
The spectra in Fig. 5-5a are almost the reproduction of those in Fig. 5-4a. They are only
different in the near threshold regime. This 1.3 um device starts lasing in a single sharp
peak just above threshold, instead of the bell-like peak in the 1.14 um device. In Fig. 5-5b,
another 1.3 pm device with lower loss starts even with a broad lasing region featuring a
sharp peak at the lasing edge. These varied near threshold spectra show that despite
apparent difference here or there, a common set of features exist in different devices.
Therefore the above comparison supports common origins for the peculiar spectral
features appearing in lasers based on different QD systems. Specifically for the 10-fold 1.3
um devices, it is to thank their low device losses that the ASE maximum is about 20 nm

away from the low GS center, so that the effect of bimodal dot distribution is avoided.

It is noted that for the 5-fold 1.3 um QDs, the concerned peculiar features can be observed
only in the devices with the lowest cavity loss (~ 0.6 /cm) and below 50 K. We attribute
this strict condition to the higher internal loss of the 5-fold 1.3 um laser structure and the
smaller multilayer number as compared to the 10-fold laser structure. As in Fig. 4-6, the 50
K spectra for a high loss device show rather normal features near threshold. At even higher

device loss, the spectra of the 10-fold device also return to the normal state, as in Fig. 4-8.

Clearly the peculiar spectral features will be reflected in the basic lasing characteristics. The
effect on J,,’s is not apparent, but the large AL’s at low temperature, as shown in Fig. 4-3,
Fig. 4-5 and Fig. 4-7, are more or less directly affected by the varied spectral features. Like
the mode intensity-current relation shown in Fig. 5-4b, the light-current characteristics may

show also the jump, kinks and other irregularities, as in Fig. 5-6. The jump in these cases

would lead to a nominal n, greater than 100%. This rather absurd situation can be only
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understandable by taking account of the gain inhomogeneity and its dynamic aspect, as

these light-current curves contain only time-averaged results. Due to these apparent

abnormalities, 1y, is not shown in Fig. 4-7 for those low loss devices at low temperatures.
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Fig. 5-6 L-I curves of a 10-fold stacked 1.3 um QD laser at various temperatures. The dotted line indicates
the abruptness of the jump section.

5.3.2 Discussion

Based on the above spectral analysis, we discuss the carrier transport effect in MQD lasers
under the variations of certain parameters. As stated before, the electron escape and hole
transport are the candidate of rate limiting processes for carrier transport in QD
multilayers. Though the hole transport certainly has a role in determining the carrier non-
uniformity, we are not concerned to discuss that, for the hole transport is supposed not to

be affected significantly by the variations of the present set of parameters.

We start with the discussion of temperature effect. As the spectral analysis shows, the
peculiar spectral features are totally absent at high temperatures. This indicates that the
radiative recombination does not affect the carrier distribution so dramatically as at low
temperature. At high temperatures, the carrier transport across the multilayers can be
rather efficient due to the fast thermionic emission. Under lasing conditions, the efficient
carrier transport can match the carrier depletion loss induced by the stimulated emission,

thus maintain the gain stable and relatively uniform in MQDs.
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At low temperatures, thermionic emission becomes quenched, and bottlenecks the carrier
transport in MQDs. The inefficient carrier transport not only leads to a carrier distribution
with strong non-uniformity across the multilayers, but also induces strong nonequilibrinm
carrier distribution in every dot layer, due to the quenched interdot carrier redistribution.
Below threshold, carrier transport can still follow adiabatically the relatively slow
spontaneous emission (~1 ns), so that the carrier distribution among MQDs remains
intact. In this situation, the non-uniformity of carrier distribution changes little with
current, and so is the gain inhomogeneity. This is reflected in the modest evolution of ASE
spectra with current, without distorting the smooth spectral profile, despite the underlying

strong non-uniformity of carrier distribution among MQDs.

As the threshold is approached, the stimulated emission rate overrides that of spontaneous
emission, and intense carrier depletion ensues at the gain maximum region. Apparently
when the carrier depletion rate goes up with optical power to the limited capacity of carrier
transport, a stable lasing becomes unsustainable in the original configuration of carrier and
gain distribution. In a spatially homogeneous gain, the limited carrier transport would only
lead to the saturation of gain and optical power. However in a strong non-uniform carrier
and gain configuration, the rearrangement of carrier distribution among the multiple dot
layers is still possible. The gain then can adapt its spectral and spatial profile to the actual
lasing condition. The lasing peak may deviate from the original gain maximum position for
the broad spectral gain profile. It is reasonable to assume that for stronger carrier non-
uniformity and nonequilibrium, the room for the carrier and gain rearrangement will be
larger in both spatial and spectral dimensions, and the resulting lasing spectrum could
deviate from that supposed for the original gain spectral profile in a greater manner. In
reality, the spectral analysis supports the above reasoning. In all the MQD lasers
investigated in this work, the lasing peak just above threshold lies either directly on the near
threshold ASE maximum, as in a normal case; or red shifts from that supposed gain
maximum, as shown by the peculiar features. The red-shift deviation from the ASE
maximum shows strong dependence on the temperature, multilayer number, device loss
and dot confinement energy. Like for a 10-fold 1.3 um device in Fig. 4-9, the red-shift
deviation increases continuously from almost zero at 200 K to near 10 nm at 100 K. It
reaches about 15 nm for the 10-fold 1.14 um device (see Fig. 5-4), and even 20 nm for
other 10-fold 1.3 pm devices with lower cavity loss, as in Fig. 5-5. These results thus show
that the peculiarity of spectral features is indeed related to the carrier transport effect,

including the carrier and gain non-uniformity in MQDs.
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As to the effect of device loss, it has been correlated to the effect of dot-filling factor. With
a high dot-filling factor, the carrier capture probability in the first few dot layers is reduced
and meanwhile the carrier escape is enhanced due to the Auger escape and the increased
ES occupation. Thus the carrier transport problem at low temperatures can be alleviated
with high dot-filling factors. For the similar device loss, the lasers with fewer dot layers will
have higher dot-filling factors, and this can be the reason why it is not possible to observe
the peculiar feature at low temperature in the 3-fold QD lasers. Note that for the 5-fold 1.3

um device with relatively high loss, the feature is absent for the same reason.

Finally we consider the devices based on different QD systems that differ in the carrier
confinement energy. The deeper confinement energy will make the non-uniformity of
carrier distribution persist at higher temperatures and higher losses. Thus in the 1.3 um

MQD lasers, we can observe the peculiar features in a wide range of parameters.

In the end, it needs be emphasized that in the above spectral analysis we only address the
time-averaged spectral features. Though the peculiar features are apparent, they are rather
counterintuitive for understanding the underlying lasing processes. The same is true for the
light-current characteristics. So in order to recover the dynamic information behind the

peculiar features, we make transient spectral analysis in the next section.

5.4  Time-resolved study of carrier transport effects

In this section, the time-resolved lasing spectra of MQD lasers are studied to help clarify
the dynamic aspects of carrier transport effect in MQD lasers. We first make detailed
analysis of the spectral dynamics of the peculiar features as observed in time-averaged
lasing spectra, and then discuss the underlying carrier and gain dynamics that interact with

the carrier transport processes.

5.4.1 Transient spectral analysis

From the time-averaged spectral analysis, we know that the peculiar spectral features in
MQD lasers vary with the temperature, device loss and dot confinement energy, as well as
the multilayer number. Not to be lost in the vast variety, we take example for the 10-fold
stacked 1.3 pm MQD lasers in the following time-resolved spectral analysis. These 1.3 um
lasers show distinct spectral features in an extended range of temperature, thus facilitate the
analysis. The very low loss device is specifically chosen to show clear and enhanced carrier
transport effects by avoiding (1) the diminishing effect of high dot-filling factor and (2) the
disturbing of the bimodal dot distribution. As the similarity of the peculiar spectral features

144



is evident between 1.3 pm and 1.14 um MQD lasers, the present analysis is generally
applicable for MQD lasers based on both types of dots. As default case, the lasers are

pumped with the electrical square pulses.
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Fig. 5-7 Time-resolved spectra of the 1.3 um QD laser. The GS maximum lies at 1260 nm for 290 K.

a) RT spectra--- a normal case

As a normal case for comparison, we begin with the RT spectra for the 10-fold 1.3 um QD
laser. The time-resolved lasing spectra are shown in color-mapped 3D plots in Fig. 5-7.
The regular mode oscillations are evident, and the oscillation frequencies increase with
current. Even the frequency damping effect is apparent, thus reminiscing the similar
observation discussed in Chapter 3. In Fig. 5-8a, the mode resolved spectra are shown in
2D color-mapped plots. The longitudinal mode structures are well resolved with mode
distances ~0.2 nm, consistent with the 1 mm cavity length. To clearly demonstrate the
phase relation of mode oscillations, the mode center intensities are picked up and plotted
in Fig. 5-8b. The clear check board patterns evidence antiphase oscillation relations
between neighboring modes. Though the phases of a few neighboring modes are not in a
perfect 7 relation, the spectral-integrated time trace shows that the mode oscillations
compensate almost completely, leaving a constant total output intensity trace.”* This result
coincides with the case in Chapter 3, demonstrating that the typical low frequency
multimode dynamics exists in lasers based on both QD systems. We note that the dynamic
grating effects are critical for this type of antiphase mode dynamics. The time-averaged
lasing spectra are shown in Fig. 5-9a for RT. Near threshold, the lasing peak is centered at

the ASE maximum, as in the normal case.
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Fig. 5-8 Time-resolved spectra of the 1.3 pm QD laser as in Fig. 5-7, (a) with longitudinal mode structure
resolved, (b) only the mode center peak intensity is shown.

b) Low temperature spectra---abnormal cases

The time-averaged lasing spectra are shown in Fig. 5-9b for 175 K. In contrast to the RT
case, near threshold, the lasing peak red shifts ~5 nm away from the ASE maximum. Note
that the red shift begins to appear since 200K, and it continuously increases with

temperature decrease, as can be seen in Fig. 5-5b for 50 K.

We first make a detailed analysis of the 175 K spectral features and the dynamics. At high
currents, the 175K spectra show camelback-shaped shoulder on the high energy side of the
main peak, as in Fig. 5-9b. Note that near 1.7 x I, the intensity of shoulder changes
abruptly. The time-resolved spectra show that at low currents before the takeoff of the
camelback-shaped shoulder, the lasing modes show weak intensity oscillations with similar
dynamic features as at RT. However, when the shoulder takes off above 1.65 x I, the
mode dynamics switches to a totally different scenario. As an example, in Fig. 5-10, the
time-resolved spectra are shown for 2 x I ;. As can be seen clearly, both the main peak and
its shoulder are now oscillating periodically at a frequency of ~140 MHz (with the period
near 7.5 ns), much higher than the extrapolated one from the low current antiphase
oscillation frequency. The frequency increases to 225 MHz for 2.5 x I,,. The mode phases
are shifted almost linearly. Because the new dynamics becomes more distinct at lower
temperature, we prefer to analyze its details at 100K and 75K. In Fig. 5-11, the time-
integrated lasing spectra at 75 K are shown for different detection. The top spectra are
measured with LN, cooled slow Ge detector and lock in technique, while the bottom

spectra are integrated from the time traces measured with fast InGaAs detector. Except a
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lower S/N ratio for the fast detector, both spectra show almost the same trend. We found
the same consistent situation at 100 K. Note again that in Fig. 5-11, the shoulder takes off

in a very narrow current range, similar to the 175 K case.
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Fig. 5-9 Time-integrated spectra of the 1.3 um QD laser as in Fig. 5-7.

For 100 K, the time-resolved spectra are shown in Fig. 5-12 for 1.06 x I,. In the most left
3D plot, it can be seen that just after the laser turn-on, the lasing action is actually taking
place at the ASE maximum, but it quickly red shifts to the low energy side. Thus the turn-
on spectral dynamics clearly show that before lasing action the gain maximum matches the
ASE maximum (A = 1190 nm), and just after turn-on the gain adapts to the lasing process,
leading to a red shift of gain maximum. This helps clarify the peculiar features in low
current lasing spectra as in Fig. 5-11. However the turn-on dynamics are not just so simple
as it looks like in the first 3D plot in Fig. 5-12. Cleatly the lasing modes are not stable after
the first run of gain adaptation process. In the second 3D plot, a zoom-in of the first 400
ns dynamics is shown. As can be also seen in the 2D plot, a regular spectral-temporal
pattern is taking form evidently. The mode phase is only linearly shifted in the weak
intensity region (i.e. the shoulder), whereas strong nonlinear phase shifts occur in the peak
region. Note that even though the longitudinal mode structure is not visible in the shown

plots, the modes show still continued phase shift relation.
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Fig. 5-10 Time-resolved lasing spectra of the 1.3 um QD laser as in Fig. 5-7. (Left) Contour plot; (Right)
3D color mapped plot.
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Fig. 5-11 Time integrated lasing spectra of the 1.3 um QD laser measured by different techniques.
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Fig. 5-12 Time-resolved spectra of the 1.3 um QD laser, in different plots.

The spectral-temporal pattern in Fig. 5-12 may be seen from two different perspectives.
From the spectral aspect, this pattern represents a spectral waving effect. As can be seen in
the series of transient spectra in the left panel of Fig. 5-13, after turn-on, the broad lasing
peak at the ASE maximum begins to move in the low energy direction, just like a wave
surging forward. The wave is blocked at the lasing edge and forms a high tiderip, which
then recedes with falling amplitude. After the first period of wave that last ~306 ns, there
follows another period that has the same duration. The wave effect will continue in time.
In the right panel of Fig. 5-13, another series of spectra is shown for 1.23 x I,. The spectral
waving effect is evident though the period is reduced to ~10 ns. It is interesting to note

that the frequency increases almost 3 times with such a small current increment.
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Fig. 5-13 Transient spectra at 100K of the 1.3 pm QD laser. The spectra are offset for clarity.

Now from the aspect of individual mode dynamics, we may gain a different perspective on
the spectral waving pattern. As has been mentioned before, the total output intensity of the
typical antiphase mode dynamics keeps constant in time, as the mode oscillations cancel
each other near completely. But in the present dynamics, the total output intensity cannot
be constant for no such canceling mechanisms exist. In Fig. 5-14a, the time traces of one
typical mode are plotted for various currents. At 1.06 x I, the mode intensity shows rather

typical damped relaxation oscillation (RO) that leads to a steady state finally. The RO
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frequency increases with current. From the trend, it is expected that for 1.44 x I the RO
frequency will go into GHz range, therefore beyond the limit of the detection bandwidth.
Thus at this current the time trace is only an averaged trace for insufficient time resolution.
From the frequency evolution with cutrent, it can be inferred that the current RO
frequency, as low as it can be, is still the main RO frequency f, rather than the low RO
frequencies as in usual antiphase dynamics. This is further confirmed by the fact that the
total output shows similar RO as the individual modes. So the present dynamics can be
seen as a collective mode RO behavior, with the main RO frequency as the common
oscillation frequency for all modes. It is interesting to note that the damping rate of these
RO’s is extremely low, with a time constant of several hundreds ns. In Fig. 5-14a, the RO
lasts almost the same length of period (> 1 ps) before the steady state. The peak intervals
are analyzed in Fig. 5-14b for the two low current time traces. The RO period shows clear
period damping effect, as it falls from ~36 ns to 25 ns and from 10 ns to 8 ns for 1.06 x I,
and 1.23 x I, respectively. Apparently the time behavior of the main RO frequency is just

opposite to that of low RO frequencies in antiphase mode dynamics.
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Fig. 5-14 (a) Time traces of the 1.3 um QD laser, (b) temporal behavior of oscillation peak intervals.

The spectral dynamic features are similar for both 75 K and 100 K. So we analyze the
evolution of the dynamics with current for 75 K as an example. In Fig. 5-15, the 3D plots
of the time-resolved spectra are shown for various currents. The turn-on dynamics is the
same as discussed before, with the lasing starting at the ASE maximum and the following
red shift, the same for all the currents. At 1.005 x I, as in Fig. 5-15a, the shoulder region is
too weak to see any effect, but at 1.01 x I, the spectral waving pattern begins to be visible,

with the main peak at the lasing edge oscillating slightly. With current, the mode
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oscillations intensify, and from 1.02 x I, on, the spiking behavior becomes clear. To see the
mode dynamic evolution, we plot the typical time traces in Fig. 5-16. A similar RO
behavior is observed as for 100 K in Fig. 5-14a. But look at the time traces for 1.01 x I,,.
While the spiking behavior in the two shoulder modes is visible, we can see in the peak
mode (A ~ 1196.4 nm) there appears mode oscillation that is in low frequency and
experiences frequency damping. More importantly, the peak mode is in antiphase relation
with the mode at 1195 nm. This shows that at this current two type of mode dynamics
coexist. Above that current, the RO dynamics prevail, whereas below that current,
antiphase dynamics dominate. Note again that for the current above 1.26 x I, the RO
frequencies approach and go beyond the detection limit, so the RO envelope becomes

irregular and then only averaged time traces are taken as for 1.5 x I .
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Fig. 5-15 Time-resolved lasing spectra of the 1.3 um QD laser. Note that the apparent intensity is not
consistent with current, due to different slit widths used

5.4.2 Discussion and conclusion

In MQD lasers, the bottleneck effect in carrier transport results in non-uniform carrier
distribution and gain inhomogeneity in MQDs. By assuming uniform carrier injection in
the junction plane, the non-uniformity and inhomogeneity both refers to the multilayer
effect. As first approximation, we ignore the possible non-uniformity within each layer.
This is more or less justified in wide stripe devices, like w = 50 or 100 um in this study,

because the non-uniformity can be usually treated as the edge effect. But in narrow stripe
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lasers this approximation does not hold, and its impact will be discussed in Section 5.5. The
in-plane carrier transport may become important at high optical power when the optical
density is not uniform in the longitudinal direction, especially near the facets, or when the
lateral spatial hole burning effect assumes significance. However, the main spectral features
in discussion here occur for the current near threshold, so we assume the non-uniformity

or inhomogeneity within each layer is not significant.
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Fig. 5-16 Time traces of the 1.3 pm QD laser at various current and wavelengths
As have been discussed in Section 5.3, at high temperature the carrier transport can match
the carrier depletion from the lasing process, and the non-uniformity of carrier distribution
is relatively low. So at high temperature, the laser dynamics are governed by the dynamic
grating effect, that is the gain inhomogeneity induced by the longitudinal mode intensity.
This is known to induce antiphase mode dynamics as demonstrated by the RT case in this
section. The spectral features at RT are thought as normal. With temperature decrease, we
meet abnormal spectral features. These peculiar features are generally attributed to the
bottlenecked carrier transport at low temperature. The ensuing non-uniformity in carrier
distribution and gain inhomogeneity are the necessary conditions for the appearance of the
abnormal features, as can be deduced from the analysis of the relation between the spectral

features and various device parameters.
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a) Laser dynamic processes and self-organization mechanisms

From the viewpoint of nonlinear dynamic system,” the MQD laser composed of spatially
homogeneous carrier and gain distribution is a simple dynamic system that can only
generate spectral variations, due to inhomogeneous broadened spectral gain, but with the
dynamics similar to that of a single mode laser. When the dynamic grating effect is
considered, the dynamic system then includes gain inhomogeneity. This new dynamic
system may demonstrate periodic, quasi-periodic or chaotic multimode dynamics after
various bifurcations. The antiphase mode dynamics at RT belongs to this set of dynamic
effects.” Now at low temperature, when the carrier transport is bottlenecked, strong non-
uniform carrier distribution among MQDs ensues, and this would add another term of
spatial gain inhomogeneity in the dynamic system. At first thought, it seems that the system
complexity does not change so much except increased degree of gain inhomogeneity.
However, the later added gain inhomogeneity, unlike the dynamic grating, is intimately
related to the carrier transport processes. Under lasing condition, the carrier and gain
dynamics are not only related to the optical power, but also committed to the strongly
limited carrier transport processes. The greatly increased complexity will lead to complex
structure including pattern formation, due to higher bifurcations in the resulted dynamic
system. It is worthy to note that the MQD lasers contain a multiple of dynamic
dimensions, not only spectral and temporal, but also spatial ones. In this study we address
only the spectral-temporal behavior by analyzing the time-resolved spectra. As in other
strongly nonlinear dynamic systems,” the formation of complex structure is anticipated in
the laser dynamics of MQD lasers with limited carrier transport. In the following, we
continue to discuss the dynamic mechanisms underlying the observed intriguing spectral

dynamic features at low temperatures.

As the turn-on dynamics shows, the laser action actually starts at the ASE maximum,
which is the gain maximum before the optical power takes off. After start, the lasing peak
red shifts continually. This spectral red shift process reflects the same process for the
spectral gain. Due to the gain inhomogeneity, the actual gain process undetlying the red
shift is the adaptation of the QD layer gains to the optical power and the carrier transport
processes. Considering the asymmetrical distribution of electrons and holes between n- and

p-type cladding layers in MQD lasers, as illustrated in the following schematics:
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The electrons and holes tend to accumulate in the dot layers on the n- and p-side
respectively when the carrier transport becomes bottlenecked. The gain profile is
approximately proportional to the exciton (x) density, so it has a maximum in the middle
dot layers. The dot layers on both sides have relatively low gain, in so far as the carrier non-
uniformity is strong and the threshold is low enough. The excess carriers in these dot layers
may not contribute gain but can help reduce loss. The representative spectral gain profiles
are illustrated with the high ] curve corresponding to the gain from the middle dot layers
and the low ] curve for the side layers. Note that the gain maximum blue shifts with carrier
density, and this can be inferred from the ASE spectra as in Fig. 5-1. Apparently the larger
the layer gain, the higher the stimulated emission rate, and so is the carrier depletion rate.
In this case, the middle dot layers have larger gain, so the carriers will be depleted from
these layers relatively fast. One important aspect in the carrier dynamics is that the carrier
depletion in the middle layers actually helps block the minority carrier transport to the side
layers. This carrier blocking effect is most severe when the carrier transport to the middle
layers has been bottlenecked due to the decreased carrier escape rate. When the sum gain
of all dot layers reaches the threshold, the optical power builds up, and lasing begins. With
the laser turn-on, the optical power builds up and the gain of the middle layers becomes
suppressed for the spectral hole burning eftect. But due to the carrier blocking effect, the side
layer gain is deeply suppressed for the reduced carrier density. That means the low ] gain curve
in the above illustration will retreat with a red shifted maximum. The combined gain
spectrum then red shifts in the lasing process. With the optical power, the gain begins to
saturate and in turn the optical power stops to increase. This also stops the increase of
carrier depletion rate and carrier blocking effect. So the low ] gain curve stops the red shift.
All these developments are reflected in the later formation of the lasing edge, as in Fig. 5-
15a. So in the whole, the gain adaptation process comes with a non-uniform carrier
distribution, and is facilitated by the slowed carrier transport that enhances the carrier
blocking effect among QD multilayers. Apparently, the carrier transport effect plays a

critical role in this self-organization process typical for a complex dynamic system.
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In general for MQD lasers, the gain variation in each dot layer is determined locally by the
gain suppression and djfferential gain. The former is related to the spectral hole burning by the
optical power, and the latter concerns the variation of carrier density in the specific dot
layer. The carrier density and gain variations in different dot layers are correlated through
the carrier transport processes. The resulting sum gain then determines the optical power.
So under the conditions of a constant injection current and threshold gain, the carrier, gain
and optical power is interwoven in a network of strong nonlinear dynamic processes. The
system is driven far away from equilibrium, when the carrier transport is bottlenecked. The
main characteristic of such a nonequilibrium nonlinear dynamic system is the self-
organized structure formation in its dynamic behavior. In the following, we discuss the
observed spectral waving pattern in the MQD lasers as an example for the self-

organization effect in MQD laser dynamics.

Continued in Fig. 5-15 (b, c), with a minute current increment, the spectral waving pattern
is taking shape and fully developed. We turn to Fig. 5-13 for a more distinct waving pattern
(left panel). In contrary to low current case like in Fig. 5-15a, after the formation of lasing
edge peak, a broad lasing peak turns up in the shoulder region, and it repeats the similar red
shift dynamics as the lasing start peak. This new period indicated that the gain in the
middle dot layers recovers after the black out. It can be seen that the new shoulder peak is
anticorrelated with the lasing edge peak. So the gain in the side layers also recovers and this
can happen fast for the reduced carrier blocking. It will be easier to understand the gain
recovery process from the perspective of mode dynamics. As in Fig. 5-14a, the individual
modes show damped RO’s, and so is the total output. Thus the sum gain of MQDs is
oscillating around the threshold for all lasing modes. The first spike in the RO’s shows that
the overshoot of the optical power at these slightly higher currents deeply suppresses the
laser gain, leading to a sudden drop of optical power. This supports the former assumption
that all dot layer gains are recovering in the black out, for they are all deeply suppressed not
only due to the spectral hole burning effect but also for the carrier blocking. Note that the
MQD laser dynamics show phase transition with current. At low current, the antiphase
mode dynamics prevails, as in Fig. 5-15a and in Fig. 5-16 for 1.01 x I,. With current, the
damped RO begins to dominate. The coexistence of both types of dynamics, as shown in
Fig. 5-16 for 1.01 x I, show that the mode coupling effect of dynamic grating still works in
a strong non-uniform carrier distribution. This is understandable for the dynamic grating
occurs in the longitudinal direction whereas the MQD layer gain inhomogeneity concerns

only the vertical direction. Thus both gain inhomogeneity effects, dynamic gratings and
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MQD layer gain inhomogeneity, can induce their characteristic dynamics. However,
depending on the current and carrier transport rate processes, the RO dynamics can
dominate and kill the antiphase dynamics. That is, when the spiking behavior in the RO
intensifies, the optical power is turned up and down so frequently and forcefully that other
dynamics cannot develop. As observed, the RO’s are damped to steady state, so it can be
inferred that the carrier and gain dynamics in the present system can damp any further
mode oscillations and help stabilize the laser output. That also facilitates the phase

transition.

Note that the observed RO’s in MQD lasers can have a period over 30 ns, as in Fig. 5-14b.
Considering the general relation for the main RO frequency f; o Sqrt (1,7, 7 with the

photon lifetime T, ~ 25 ps, it would suggest a carrier lifetime T, much longer than 1 ns.
This long effective carrier lifetime reflects the complex carrier and gain dynamics that are
impacted by the limited carrier transport across QD multilayers. Actually the effective
carrier time constants have been generally used in the QW laser dynamic study to account
for the transport effect.”” In the modeling of antiphase dynamics in QD lasers, it is also
found that an effective carrier lifetime larger than 1 ns is necessary,” but in that case it is

the carrier capture process, rather than the transport issue, that matters.

b) Nonequilibrium carrier effects

Now we discuss the role of nonequilibrium carrier distribution in the laser dynamics. At
low temperature, the quenched interdot carrier redistribution leads to the carrier
nonequilibrium among the dots of different confinement energy within every dot layer.
This could extend the effective carrier lifetime, for the carriers are mostly affected by the
QD localization effect and separated from the lasing dots. The nonequilibrium distribution
could be also responsible for the long damping time and the period damping effect in the
RO’s, as in Fig. 5-14b. In the RO process, the carrier distribution will be continually
adjusted and adapted to the gain and optical spectrum. The adjustment thus improves the
time response of the carrier distribution to the processes of both lasing and carrier
transport. That then leads not only to periodic mode oscillations, but also to the

synchronization of mode phases, as shown in the 2D dynamic patterns in Fig. 5-12.

¢) Conclusion
Finally in the above discussion, we demonstrate only the spectacular pattern formation in

MQD laser dynamics. This serves as an example to clarify the basic laser processes and
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possible self-organization mechanisms related to the carrier transport processes. With
varied laser parameters and conditions, the dynamic output of the MQD lasers can vary
greatly, as reflected in the diversity of abnormal features in time-averaged spectra. To
account for such a weird range of dynamics, it is necessary to address the trivial details of
carrier processes and gain nonlinearity, which are know to be rather complicated in QD
system. In this work, we can only be satisfied with the consistency obtained in the lasing

behavior analysis in a wide range of parameters and in certain reprehensive examples.

In summary, the time-resolved spectral study shows that the carrier transport effects
strongly impact the spectral dynamic characteristics of MQD lasers. The limited carrier
transport at low temperature is responsible for the peculiar spectral features and the
underlying dynamic structure formation. The strong quantum confinement effect and gain
nonlinearity pertaining to QD systems make QD lasers attractive for the study of nonlinear
laser dynamics. Coupled with the carrier transport effect, the MQD lasers can be useful
model systems for the study of nonequilibrium nonlinear dynamics far away from
equilibrium. The great flexibility in tailoring the QD and laser parameters by advanced
growth technique offers QD lasers a particular advantage, among many other merits of

semiconductor lasers.

5.5 Dynamics variations in narrow stripe MQD lasers

In this section we investigate the spectral dynamics of narrow stripe MQD lasers. First we
discuss the particular laser parameters and properties that are specifically affected by the
narrowing of stripe widths. Then we analyze the time-resolved lasing spectra of a narrow
stripe MQD laser. In the end, we discuss the dynamic instability mechanisms and a variety

of dynamic effects as induced by carrier transport effect.

5.5.1 Narrow stripe effects

We discuss the narrow stripe effects in shallow-mesa ridge waveguide lasers.

Narrow stripe lasers are intended for obtaining low threshold current and better control of
lateral modes.” With the narrowing of stripe widths, the current injection area decreases,
and the edge effects become important.” The first edge effect is wurent spreading. The large
serial resistance of narrow stripe devices could enhance the lateral current flow and
increase the ratio of current spreading. By adjusting the ridge mesa depth the current
spreading effect can be minimized. The second edge effect would be carrier diffusion. The

carrier confinement effect of QDs helps reduce the effective diffusion length.* It is
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anticipated that in QD lasers the carrier diffusion range is suppressed outside the ridge
region. Both edge effects smear the gain/loss zone interface at the edge, so they can affect
the lateral mode confinement in the gain-guided shallow-mesa devices, leading to strong

mode sensitivity to current variations.

In the narrow stripe devices, when the stripe width is larger than the carrier diffusion
length, the lateral carrier distribution in the active region has a bell-shaped profile due to
the carrier diffusion. Under laser conditions, the mode spatial hole burning effect will
suppress the carrier density in the central region, resulting in a double-lobed carrier profile.
With the carrier-induced refractive index change, the distorted carrier profile can
significantly affect the lateral mode confinement. In conventional semiconductor lasers, the
refractive index decreases with carrier density at a coefficient’ of ~ - 10 /cm’, so in these
lasers the carrier-induced anti-guiding effects dominate, which may cause typical mode
instability phenomena, such as kinks and beam steering with current variations.” However,

32,33 . .
y 7 shows that anomalous carrier-induced

recently both theoretical and experimental stud
dispersion occurs in QDs. In contrary to the plasma dispersion that works in bulk and the
QWs, the coulomb interaction with the carriers in the wetting layer may lead to very low or
even negative linewidth enhancement factor” for QD GS gain, which indicates that the
carrier-induced refractive index change can be reversed in contrary to the conventional
case. At high carrier density, the refractive index will increase with current and the carrier
guiding effect ensues. In QD lasers, the carrier density is not sufficiently clamped above
threshold. This could result in a continuous change of mode guiding conditions with
current, and increase the mode sensitivity to current variations, especially at high carrier
density. In lasers with stripe widths comparable to the effective carrier diffusion length, the
carrier diffusion can counter the spatial hole burning effect, and the carrier profile remains
in one peak, which would cause strong anti-guiding effect and increase the mode loss and
laser threshold. The extremely low or negative linewidth enhancement factors of QD gain

could help limit the mode width, thus reduce the modal loss and lead to extremely low

threshold current for such narrow QD devices.

It is known that the inherent high serial and thermal resistance of a narrow stripe laser can
cause stronger junction heating than in wide stripe devices. The non-uniform temperature
distribution in the active region may affect the mode guiding due to the temperature
dependence of refractive index. The thermal guiding effect becomes stronger at higher

current density.

158



Finally the above-mentioned narrow stripe effects have their dynamic aspects that could
have impact on the dynamic characteristics of narrow stripe lasers. The temporal
development of carrier density profile is closely related to that of the mode field profile
through the spatial hole burning and the carrier-induced index change. The carrier
diffusion in and out of the active region can significantly slow down the dynamic
response.”* The junction heating effect will cause continuous temperature increase after
current switch-on. In the lasers with high temperature sensitivity, the temporal change of
temperature and its distribution can induce dramatic dynamic variations of lasing

properties.

In the following, we analyze the temporal behaviors of a narrow stripe MQD laser, and

discuss their relation to the above narrow stripe effects.

5.5.2 Transient spectral analysis

a) Sample description

The narrow stripe lasers here investigated have the same laser structure (Ioffe 4924) as the
wide stripe devices in Section 5.4. The lasers are processed with shallow-mesa ridge
waveguide, with a mesa etch depth of 1.5 um, smaller than the total thickness of the p-
doped GaAs contact layer and AlGaAs upper cladding layer of about 2.4 um, so we expect
that the lateral cavity effect” would be too weak to be visible in the lasing spectrum. In
fact, we have similar devices but with a mesa etch depth of 2.2 um, and there the lateral

cavity effects are indeed strong enough to induce spectral intensity modulations.

The stripe width is set at 8 um to show enough narrow stripe effects while avoiding the
high scattering loss that would occur in devices with narrower stripe. The laser
performances remain constant for the stripe width down to 8 um. For such a shallow
mesa, the induced shallow index step will cut off high order modes for relatively larger
widths.” So this 8 pm wide laser will emit mainly in the lateral fundamental mode, if the

other guiding effects, like carrier and thermal effects, are not considered.

b) Stable lasing cases --- high temperature and low current

In Fig. 5-17, the RT time-resolved spectra are shown for the narrow stripe laser. The mode
structures, in Fig. 5-17a, are well resolved with distance at 0.2 nm for 1 mm cavity length.
The check board pattern is also apparent in the mode peak spectrum as in Fig. 5-17b. So
the antiphase mode dynamics here is rather similar to that in Fig. 5-8 for the wide stripe

laser. The 270 K spectrum with a full spectral range is shown in Fig. 5-18a, and the coarse
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spectrum in Fig. 5-18b shows clearly that the neighboring modes cancel their oscillations
rather completely. The frequency damping effect is also present in these spectra, suggesting
that it does not depend on the multi-lateral-mode operation. The only obvious difference
here is the significant red shift of modes with time for the narrow stripe laser, as in Fig. 5-

17a. This evidences the strong junction heating effect in narrow stripe devices.
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Fig. 5-17 Time-resolved spectra of the narrow stripe 1.3 um QD laser, (a) with longitudinal mode structure
resolved; (b) only the mode centre intensities are shown.
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Fig. 5-18 Time-resolved spectra of the narrow stripe 1.3 um QD lasers. Mode center intensities at different
spectral resolutions are shown.
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¢) Dynamic instability cases --- high temperature but high current

L. Time-resolved spectra
The above shown spectra are rather regular as those of wide stripe lasers. However at
higher currents, the temporal behavior of lasing spectra differs. As shown in Fig. 5-19,
strong destabilization gradually sets in with current, and it comes up eatlier for higher
current. Because no such instability effects are observed in wide stripe devices at the similar
current density, we attribute this instability effect to the narrow stripe effect. As in Fig. 5-
19, for 3.5 x I;, the mode dynamics show increased frequency compared to the former low
current spectra, and the spectrum is in regular form except the strong red shift induced by
the junction heating at this high current. Note that in the spectrum for 3.5 x I, there are
apparent patterns that seem indicating spectral intensity modulation and blue shift of peaks
against the red shift of the spectrum center. But these patterns are not the real spectral
features, rather a visual display effect. For a full view of the dynamic instability, we have
plotted these spectra in a wide spectral window, so the mainstream parts of the high-
resolution spectra are pressed in a narrow spectral region. That then induces the misleading
interference pattern effect. Be careful that the similar situation may occur in a few of the

following 3D spectra.
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Fig. 5-19 Time-resolved spectra of the narrow stripe 1.3 pm QD laser at high currents. Iy, = 23 mA.

With current, the instability effect begins to appear first in the end of the 3 us pulse, and
then moves gradually to the beginning of the pulse. At 5 x I;, the destabilization occurs in
the middle way with a new peak appearing far away at the high energy side. A clear view of
the whole course can be seen in the 3D plot of a similar spectrum at 270 K in Fig. 5-20a
for 4 x I,. At the pulse beginning, there are double mainstream peaks that show antiphase

mode oscillations. Since near 0.8 ps, a new peak at the high energy side begins to grow up
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at the expense of one of the original peaks, and it gradually red shifts back to the
mainstream. In between the original main peak collapses, with another new peak borne at
its high energy side. Near the pulse end, one peak comes up on the same position as the
collapsed main peak, and the lasing spectrum is resuming the intensity and position as
would be expected from a stable lasing case, as in Fig. 5-19. Note that after the main peak
collapse, the antiphase mode dynamics also disappear from the scene.
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Fig. 5-20 Time-resolved spectra of the narrow stripe 1.3 pm QD laser at high currents in different plots.

As can be seen in Fig. 5-19, with further current increase, the instability processes start
earlier and return to the stable lasing course even quicker. Up to 9 x I, a chaotic lasing
process follows. Before the instability process begins, the red shifts intensify with current,
indicating stronger junction heating effect. Now we analyze the total output time traces of

these lasing processes.

1. Total output power
In Fig. 5-21a, the time traces of the total output power are shown for various currents. As
noted before, for relatively low currents, the modes oscillate in antiphase relation before

the instability occurs. Apparently the present smooth total output time traces evidence the
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antiphase mode dynamic at low currents. In these time traces, the dynamic instability
processes are reflected in the power reduction regions just before the strong singularity
point, after which the power retreats continuously. For 9 x I, the second run of dynamic
instability induces a strong power boost at its beginning. It should be emphasized that the
driving electrical square pulse has an amplitude variation within 1% for 5 x I, and 0.22%
for 7.5 x I, so the big variations in the total output power are supposed not due to the
current change, but rather originate from the dynamic instability effects characteristic of
narrow stripe devices. It may be possible that a large current uncertainty or noise could
help trigger the dynamic instability process.
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Fig. 5-21 (a) Total output time traces of the narrow stripe 1.3 pm QD laser at various currents. (b) Time-
resolved spectrum with longitudinal mode structure resolved.

II. Mode structure
The above analysis shows that in the dynamic instability process, both the transient
spectrum and the total output power vary dramatically. What about the mode fine
structure? In Fig. 5-21b, the mode resolved fine spectrum is shown, which is a zoom-in for
the first pus period of the spectrum as in Fig. 5-20b. A universal mode red shift pattern is
recognizable in the whole 1 us period, and as before it is attributed to the junction heating

effect. During the instability process around t=0.4 us, it can be observed that the mode red

shift rate increases. In the whole instability process all modes are displaced about half of

the mode distance from the original red shift course as determined by the junction heating
effect. This mode displacement is equivalent to a variation of the effective refractive index
Ang ~ +6 x 10", The mode red shifts afterwards become normal, implying that the
changed mode guiding condition is stable against the junction heating effect. With current,
such as at 9 x I, as in Fig. 5-19, a second time of destabilization near t=1.5 ps first reverts

the mode guiding, and then chaotic instability appears with unpredictable mode behavior.
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IV, Time-averaged spectra
From RT down to 200 K, the dynamic features are rather similar, with stable lasing at low
currents and instability processes at high currents that finally lead to chaotic instability. The
RT time-averaged lasing spectra are shown in Fig. 5-22. Low current spectra show single
peaks direct above the ASE maximum, and only at high currents like above 8 x I, the
lasing instability causes a shoulder at the high energy side. It has been clear that this
shoulder is mainly present during the instability process. So it is totally different from the
spectral intensity modulations as caused by the lateral cavity effect. Moreover, in Chapter 3,
it has been shown that the lateral cavity effect is rather stable lasing feature, as in Fig. 3-15.
It is interesting to note that in a deep mesa laser, where the lateral cavity effect is active, the
lateral mode is confined through at least weak index guiding, due to the inherent step index
profile. The index-guided mode is robust against the variations of current, carrier density
and temperature, so no dynamic instability effects like above can be observed in the
narrow stripe deep mesa devices. This guarantees that the spectral intensity modulation

features from the deep mesa devices have a stable temporal behavior.
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Fig. 5-22 Time-integrated lasing spectra of the narrow stripe 1.3 um QD laser.
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d) Low temperature spectra and dynamics

For temperatures below 200 K, the near threshold lasing spectra show abnormal features
like in the wide stripe devices. The time-averaged spectra are shown in Fig. 5-22 for 125 K.
Typical abnormal features include the nonsymmetrical near threshold spectral profile, red
shift from the ASE maximum, the distinct lasing edges, and sharp lasing peaks with broad
shoulder. All these features have been observed in wide stripe devices, and attributed to the
carrier transport effects. In the following we analyze the spectral dynamics underlying these

abnormal features, with emphasis on the peculiarity in narrow stripe lasers.
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Fig. 5-23 Time-resolved spectra of the narrow stripe 1.3 pm QD laser at various currents.

For 125K, Fig. 5-23 shows a series of time-resolved spectra with increasing currents. Some
of them are plotted in Fig. 5-24 in 3D to enhance the perspectives. The dynamics are
astounding. For I < 1.7 x I, two time zones with distinct spectral features can be
identified. The first is just after laser turn-on, and its transient behaviors are pretty similar to
that observed in the wide stripe devices for currents very near threshold. The lasing action
begins at the ASE maximum, and the lasing peak red shifts quickly with time to the lasing
edge, above which no lasing modes exist. The lasing edge peaks correspond to the sharp
peaks in Fig. 5-22, where the spectrum is averaged for only the first half us period. The
dynamics near the lasing edge vary with current from stable lasing to spectral waving effect,
as in Fig. 5-25(a, b, d). Note that in Fig. 5-23, at 1.03 x I, there is a similar turn-on
dynamics as that for 1.04 x I, though the former is not so far way from the ASE
maximum and has rather weak intensity, as suggested by the time-averaged spectrum in

Fig. 5-22 (middle).

The second time zone follows almost directly after the collapse of the peak in the first one. It

features a broad lasing range that may expand at the low energy side. Apparently the mode
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intensity is stronger for longer wavelength, though the average mode intensity is much

lower than the former peak intensity.

As known, the above two-time-zone dynamics is not observed in wide stripe devices. In
Fig. 5-23, at 1.7 x I, the dynamics are rather chaotic, and the two time zones are not so
distinct as before, as can be seen in Fig. 5-24c. For even higher currents, a typical
spectrum is shown in Fig. 5-25 for 2.7 x I;. The chaotic lasing dominates in the first time
zone, whereas in the second zone one the dynamics is surprisingly stable with gradually

increasing intensity.

loffe 4924(10 x QDs), 1 mm x 8 ym, 2s HR

Fig. 5-24 Time-resolved spectra of the narrow stripe 1.3 pm QD laser. Note the different time scales for
1.2 x I

Finally, we can see that for even lower temperatures like 50 K, the time-averaged spectral
features are different from the former 125 K ones only for currents near threshold, as in
Fig. 5-22. The lasing dynamics, as shown in Fig. 5-26 and Fig. 5-27, are not so much
different, except that the first time zone shows more distinct variations of spectral waving

patterns.
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Fig. 5-25 Time-resolved lasing spectrum of the narrow stripe 1.3 um QD laser at 2.7 x Iy, and 125K.
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Fig. 5-26 Time-resolved spectra of the narrow stripe 1.3 pm QD laser at various currents.
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loffe 4924(10 x QDs), 1 mm x 8 pm, 2s HR 50K

Fig. 5-27 Time-resolved spectra of the narrow stripe 1.3 pm QD laser at various currents.

5.5.3 Discussion and conclusion
After the above spectral analysis, we discuss the possible mechanisms underlying these

laser dynamics processes, with the dynamic instability at first.

a) Dynamic instability mechanism in narrow stripe lasers

L. Non-uniform lateral profiles
As noted, the dynamic instability phenomena at high temperatures are characteristic of
narrow stripe lasers that are mainly gain-guided in the lateral direction. In these lasers the
mode guiding conditions can be varied at the change of current and temperature, especially
due to the narrow stripe effects as discussed in Section 5.5.1. The natrow stripe effects lead
to a considerable contribution from the non-uniform lateral distributions of gain, carrier
density, and temperature to the mode confinement in narrow stripe devices. This basically
brings the mode guiding dynamic effects into the lasing process, and prepares for the

possible dynamic consequence.

11 Total output power and mode losses
It has been observed that the dynamic instability process is accompanied with the dramatic
change of spectrum, total output power and mode structure. Under the constant injection

current, it is hardly possible that only the junction heating can induce these changes
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without significant variation in the mode field profile. The change of the total output
power can be related to that of mode loss, just like in the traditional Q-switching case. The
reduction of mode loss will lead to the enhancement of total output power. As the mirror
loss is supposed to be relatively constant for the supported lasing modes, the possible
source for the change of loss would be the absorption loss, scattering loss and propagation
loss, all of which depend on the mode field profile. In the gain-guided devices, the increase
of mode loss can result from the mode expansion in its lateral extension, or it can occur
when high order lateral mode is switched on and enhanced. For the current 8 um stripe

width, both situations would be possible.

II. Mode self-focusing
In Fig. 5-21a, before the onset of dynamic instability, the total output power is
continuously increasing and the trend is relatively stronger for higher currents. This implies
that the mode loss is decreasing with time. The thermal guiding effect should contribute to
the loss reduction, for the temperature gradient increases with time due to the junction
heating. With increasing optical power, the lateral spatial hole burning effect is enhanced
that then can suppress the carrier density. In a normal carrier-induced dispersion case, the
carrier density suppression will lead to the refractive index increase, thus enhance the mode
guiding. The thermal guiding and the following carrier guiding effects accelerate each other
so that the mode is se/f-focusing, which could cause destabilization eventually. Note that, QD
gain can have stronger spatial hole burning effect than any conventional laser gain, due to

the weak linked carriers between isolated dots.

IV, Lateral spatial hole burning and high order modes
Now we consider the temporal behavior of the lasing mode spectra. At the beginning of
every instability process there appears always a new lasing spectral region at the high energy
side, far away from the mainstream spectrum. This implies that at least for these new lasing
modes the gain is excited by higher carrier density. Considering the spatial hole burning

effect as illustrated in the following schematics:

Spatial hole burning

Mode
contraction

e
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it can be seen that with the contraction of /ateral mode profile (thin line), the hole burning in
the carrier density profile (thick line) becomes intense, and the double lobed cartier profile
ensues. The carriers accumulated at the double lobe regions are less consumed by the
fundamental mode, so they could support higher order modes. As the fundamental mode
is self-focusing, the overlap of mode with the double lobes continues decreasing, thus the
possibility for the switch-on of high order modes increases. As in Fig. 5-21a, at 5 x I, the
destabilization finally occurs near the middle of the 3 us pulse. The optical power is actually
reduced within the instability stage. This results from the high loss for the high order
modes. The high order new lasing modes consume mainly the gain at the double lobe
regions, where the carrier density is much higher than the middle region, so they should
appear at the high energy side of the original spectral modes. However, the fundamental
mode does not contract so much at this current, so it is also in strong need of the gain in
the same region. This gain competition effect may help explain the spectral development at
the beginning of the instability process as in Fig. 5-20a, where the new spectral modes at
the high energy side appear at the cost of the original peaks, and their further red shift and
enhancement lead to the collapse of the main peak. The red shift of high energy spectral
modes can be related to the decrease of carrier density at the double lobe regions. After the
mode and carrier adaptation in the instability process, the stable lasing is being resumed,
and near t=2.4 pus the power jumps to a higher level, which is due to the turn-off of the

high loss higher order modes.

At higher currents, the total optical power increases since the laser turn-on, and the
instability process appears earlier and lasts shorter, as reflected in the power reduction
region before the apparent maximum point, as in Fig. 5-21a. Except the shorter duration,
the spectral development is similar to the low current case. So it can be assumed that high
order modes appear in the instability process due to the spatial hole burning effect, as in
the former low current case. At high currents, the mode adaptation is hastened by the large
intensity of high order modes due to higher carrier density. It is interesting to note that in
the short instability process, there is an anomalously large mode red shift, which would be
equivalent to An,; ~ + 6 x 10*, as in Fig. 5-21b. In the normal carrier dispersion case, such
positive index change means a decrease of effective carrier density. This is consistent with
the assumption that high order modes are switched on to consume the excess carrier
density at the double lobe regions. In Fig. 5-21b, from t=0.2 to 0.5 us, the mode spectra

change dramatically with some modes turning on and off many times, in contrast with that
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in Fig. 5-20a. This shows that the mode gain competition at high current and high optical
power level intensifies, which is presumably due to the better mode confinement for all
modes at higher temperature and even stronger spatial hole burning effect that helps feed
high order modes with preferable gain distribution. The spatial hole burning is the crucial
mechanism for the dynamics of switching between the fundamental modes and high order

modes.

Note that even in the low current case as for 5 x I, in Fig. 5-21a, the background of the
total output power is still increasing continuously with time, and the power reduction due
to the instability only reduces the absolute power level but not changes the trend. This
indicates that even after the turn-on of high loss high order modes, the mode confinement
is still in improvement. We attribute the improvement to the change of carrier density and
index profile. As the high order lasing modes reduce the carrier density near the double
lobe regions, the refractive index there is increased that helps improve the mode
confinement wholly. Here the simultaneous increase of power and refractive index in the
instability regime indicates a normal carrier dispersion relation at the carrier density level in
the investigated QD devices, presumably due to the low threshold current density. It is
anticipated that the anomalous carrier dispersion would appear at higher carrier density,
and then the increase of carrier density will induce guiding effect, rather than the carrier

anti-cuiding effect, as is the case for conventional lasers.
guiding >

The above discussion shows consistent relations among the mode confinement, total
output power, and mode wavelength during the instability process. It indicates that the
strong non-uniformity in the carrier profile, as induced by the spatial hole burning effect, is
critical for the understanding of such a complex dynamic process. In contrast, for wide
stripe lasers, multi-lateral-mode lasing prevails from the laser turn-on, and no significant
spatial hole burning effect occurs that can cause strong non-uniformity in the carrier
profile, therefore the dynamic instability is prevented. For index-guided narrow stripe
lasers, the carrier non-uniformity can be significant due to the spatial hole burning effect,
but the mode confinement is not particulatly affected due to the inherent dominant index
guiding mechanism, which helps greatly delay the occurrence of destabilization to much

higher current and optical power regime.”
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V7. Junction heating effects, current focusing and thermal guiding

Now we discuss what happen after the instability stage. As in Fig. 5-21b and Fig. 5-28, the
mode red shift afterwards shows no anomalous index change. For the long term up to 3 us
as in Fig. 5-20b and Fig. 5-28, the red shift rate of the mode wavelengths is gradually
slowing down, indicating that the temperature begins to saturate. In this device, the
response time of junction heating effect decreases quickly with current and is within a s
for the two highest current cases in Fig. 5-19. In these cases, the spectra just after the
instability process are red shifted significantly, but after that they only show slight red shift,

consistent with the temperature saturation.

loffe 4924 (10 x QDs), 1 mm x8 ym, 2s HR 7 x|, 270K

)
|
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54 12'60 1266
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Fig. 5-28 Time-resolved lasing spectrum similar as that in Fig. 5-21b, but with longer pulse duration.

In Fig. 5-21a, it can be seen that at low current, the power reduction after the maximum
point continues to the end of the pulse; with current, the power begins to increase again
near the pulse end, such as for 7.5 x I, and higher current. This current dependent trend
suggests that the thermal effect is still there after the maximum power, and because the
temperature becomes saturated with time, it needs more time than at the beginning of the
pulse to help resume the trend of power increase, though the time can be shorter for
higher currents. Similatly, the power decreases after the maximum point, and it takes
shorter time at higher currents to retain the stable power level, especially for low currents
at the pulse end the power is still decreasing. This current dependence indicates that the
power drop is still a thermal effect, but it seems to have a trend exactly reversed from that
at the beginning of the pulse. We may exclude the possibility of temperature decrease,

which would cause the mode blue shift even after considering the power drop effect. The

172



power drop leads to increased carrier density and reduced index, which would result in a
mode blue shift on its own. So apparently the temperature is increasing continuously in the

power drop stage, as indicated by the continuous mode red shifts in Fig. 5-28.

To reconcile the above apparent contradiction between the temperature increase and
power drop effects, we need to consider more carefully the functions of junction heating,
The junction heating can have two effects. First it can generate a zemperature distribution in
the active region, so that a thermal guiding effect ensues. Second it can heat up the whole
device and increase the background temperature. The first effect usually has a fast response
time than the second one. Apparently, a more focused current profile will generate a larger
temperature difference in the temperature distribution, though the whole heating power is
still the same. The mode confinement is mostly affected by the temperature difference that
results in index change, whereas, the modal gain and effective index is mostly determined
by the averaged temperature. So even without changing the background temperature, the
temperature distribution can be in change due to the varied current profile. The uniform

current profile will generate the least temperature difference for the same current.

After the laser turn-on, the fundamental modes dominate, so the current flows mostly to
the center region of the mode profile, where the carrier depletion is strongest. With time,
both the background temperature and temperate difference increases, thus leading to both
the mode red shift and thermal guiding effect. In the power drop regime, the temperature
is still increasing with time, but there lacks the thermal guiding effect. The latter means that
the temperature difference changes little. We attribute the less significant temperature
difference to the particular current profile. As discussed before, the instability process
introduces high order modes into the lasing process, and leaves a low carrier density as
indicated by the anomalous red shift of mode wavelengths. In the whole instability stage,
the modes and carrier density profile adapt to each other intensely, and the fundamental
modes also balance with high order modes through the spatial hole burning effect. In the
end of this chaotic mode competition process, a rather stable configuration of modes and
carrier density profile is reached, that will stop the instability and return the laser to stable
lasing stage. The low carrier density and stable lasing indicate that both the fundamental
modes and high order modes are present and they cooperate to make a rather flat carrier
density profile, for otherwise, one type of modes will be favored and that can lead to
instability again through the spatial hole burning effect. Therefore, through the instability

process, the carrier density profile is switched from a strongly distorted, double lobed one

173



to a rather flat top profile. Simultaneously the current profile is also switched to a more
uniform profile. Clearly this resulting current profile is less efficient in generating
temperature difference, and the thermal guiding effect is taken out of functioning. By the
thermal response time, the power will begin to decrease for the deteriorated mode

confinement condition.

The power drop causes the increase of carrier density and the reduction of effective
refractive index. So the mode guiding condition is changing due to the carrier anti-guiding
effect. The mode intensity ratio has to adapt to the new situation. The power drop also
means a weakened spatial hole burning effect, which makes the mode interaction less
intense and a mild mode adaptation can occur without instability. The high order modes
will be affected earlier by the varied mode guiding condition than the fundamental modes,
so it is anticipated that the mode intensity ratio becomes to favor the fundamental modes.
To this point, it is clear that the thermal guiding effect will come into function, for the
reduction of high order mode ratio will cause a more focused current profile that can
enhance the temperature difference. But up to this time, the background temperature has
been raised after a long period of continued increase, so it will be harder to generate
temperature difference. This is why we see that the power recovery process needs much
longer time to have a significant power increase that at the beginning of pulse. The higher
current helps shorten the recovery time. As can be seen in Fig. 5-19 and Fig. 5-21a, for 9 x
I, the mode self-focusing after the power drop leads to another run of destabilization.
This time the mode guiding conditions are different from the first time, and the instability

process becomes chaotic.

V1. Conclusion
In conclusion, the transient dynamics of shallow-mesa narrow stripe MQD lasers are
strongly impacted by the inherent weak mode guiding mechanism. The variations in the
non-uniform distribution of gain, carrier density and temperature can perturb the mode
guiding conditions and lead to significant change in the laser output. The junction heating
effects are the driving force in generating the transient dynamics. The temporal change of
thermal guiding condition induces the change of total output power and carrier density,
and the interplay of these processes may cause the mode self-focusing effect. A significant
spatial hole burning effect will lead to dynamic instability that is characterized by the
switch-on of high order lateral modes and the ensuing mode and gain adaptation processes.

Intense mode competition can occur between the fundamental modes and high order
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modes, as mediated by the spatial hole burning effect. The dynamic instability process ends
with a rather stable lasing condition characterized by low carrier density and balanced
mode components. It is found that the formation of thermal guiding depends on the
current injection profile. A more focused current profile helps generate large temperature

difference and enhance the thermal guiding effect.

Due to the anomalous carrier dispersion property in QDs,” it is expected that, for devices
working at higher carrier density, the above dynamic instability may be avoided by the
canceling effect of thermal guiding and carvier-induced guiding mechanisms, or at least delayed

to higher power regime.

b) Low temperature spectral dynamics

The above discussion shows that, at high temperatures, the transient dynamics of shallow-
mesa narrow stripe MQD lasers are impacted by their sensitive mode guiding mechanism.
The non-uniformity in the lateral profiles of gain, carrier density and temperature is the
crucial factor that induces various transient dynamics. At low temperatures, these factors

still exist, and continue to affect the transient mode guiding conditions.

In Section 5.4, we have discussed the low temperature transient spectral dynamics of the
wide stripe MQD lasers. There it has been shown that their dynamics are impacted by the
carrier transport effect, and determined by the gain inhomogeneity among the QD
multilayers and the bottlenecked carrier transport processes. The peculiar dynamic features
appear at low currents near threshold and in the first us. After the first 1 ps the laser output
becomes stable and so is at high currents. Similarly, in narrow stripe MQD lasers, we found
also certain dynamic features characteristic of the carrier transport effect. Like in Fig. 5-23
and Fig. 5-24, the turn-on transient dynamics within the first 1 us are rather similar to those
in Fig. 5-15 from the wide stripe device. The dynamics in Fig. 5-26 are just the variations of

spectral waving patterns as in Fig. 5-15.

In narrow stripe devices, the lateral non-uniformity of gain and carrier density will add to
the gain inhomogeneity as induced by the limited carrier transport across the MQDs. That
modifies the sum gain in narrow stripe devices. However, the rate limiting processes in the
gain and carrier dynamics are still those vertical carrier transport processes, which are not
affected by the variation of stripe widths. Therefore, the major laser dynamic features
based on carrier transport effects should remain the same for wide or narrow stripe

devices, as is the case.
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On the other hand, the particular transient effects in narrow stripe devices are driving by
the junction heating, and these thermal effects are characterized by their slow response and
only become relatively fast at high currents. So the typical dynamic time constants of
carrier transport effects are much faster than the thermal one. This makes the carrier
transport dynamic features less vulnerable to the transient effects in narrow stripe lasers,

especially at low currents and in the laser turn-on regime.

The two-time-zone behaviors, as in Fig. 5-24 and Fig. 5-27, can be attributed to the
sensitivity of the carrier transport effect to the variations of the dot layer spectral gain
profiles that determine the sum gain. In narrow stripe devices the lateral non-uniform gain
profiles can vary with the mode profile, and the typical narrow stripe transient effects are
the temporal variations of mode guiding conditions. So the dot layer spectral gain profiles
can vary in the transient, and this leads to the particular variations of carrier transport

dynamic features in narrow stripe devices.

As stated before, the carrier transport specific dynamics occur at low currents and in the
laser turn-on regime. After the turn-on dynamics or at high currents, the narrow stripe
transient effects would dominate the laser dynamics. As can be seen in Fig. 5-27, from 2 x
I, to 3 x I, the stable lasing after the short period turn-on dynamics is destabilized to a
chaotic one. This shows again that the dynamic instability is characteristic of the transient
laser dynamics in narrow stripe MQD lasers, especially for the gain-guided ridge waveguide

devices as in the present case.

5.6 Summary

In this chapter, the carrier transport effects in MQD lasers are explored. First, we study the
time-averaged spectral features of MQD lasers under the variations of different parameters,
such as temperature, device loss, dot layer number and the dot confinement energy. The
peculiar spectral features are consistently attributed to the gain inhomogeneity that is

caused by the limited carrier transport across the MQDs.

In the next, the spectral dynamics pertaining to the peculiar spectral features are analyzed.
The underlying basic laser dynamics processes are discussed, including the possible self-
organization mechanisms that lead to the characteristic turn-on dynamics and spectral
waving patterns. It is found that the limited carrier transport at low temperature is crucial
for a consistent laser dynamics system analysis. From the mode dynamics aspects, the

spectral waving patterns are equivalently to the mode phase shifted relaxation oscillations.
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These damped relaxation oscillations are identified to be the main relaxation oscillations
that have much reduced frequencies due to the carrier transport effect. With current, phase
transition of mode dynamics is observed from the antiphase mode oscillations to the

collective damped relaxation oscillations.

Then, the dynamic instability processes in the transient dynamics are studied in shallow-
mesa narrow stripe MQD lasers. They are related to the weak mode guiding conditions
that are perturbed by transient junction heating effects. Multi-lateral-mode dynamics are
introduced by spatial hole burning effect. The non-uniform lateral profiles of gain, carrier
density and temperature are discussed with relation to different mode guiding mechanisms
and their interplay. The formation and extent of thermal guiding is found to depend on the
current injection profile. A more focused current profile favors thermal guiding for the
enhanced temperature gradients. In addition, the low temperature spectral dynamics of
narrow stripe MQD lasers are analyzed. The variations of carrier transport related dynamic

features are related to the narrow stripe transient effects.

Finally, based on the above studies, we note that the strong quantum confinement and gain
nonlinearity pertaining to QD systems make QD lasers rather attractive for the study of
nonlinear laser dynamics. Coupled with the carrier transport effect, the MQD lasers can be
useful model systems” for the study of nonequilibrium nonlinear dynamics far away from
equilibrium. The great flexibility in tailoring the QD and laser parameters by advanced
growth technique offers QD lasers a particular advantage, among many other merits of
semiconductor lasers, over other types of laser systems. Specifically, in the future, the
spatial-temporal patterns of the optical near field” in the MQD lasers can be explored, in
addition to the spectral-temporal patterns. These will provide the information of spatial

mode dynamics in support of the present study of dynamic instability in MQD lasers.
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6.1 Introduction

The two-dimension (2D) optical cavities with regular or tailored geometries'® have
attracted much attentions in recent years. On one hand, there is interest in the study of the
fundamental ray optics and wave propagation dynamics in these cavities. For example, 2D
polygonal cavities including square-shaped ones are subjects of study in renowned billiard
problems, concerning the chaotic dynamic properties.” The optical counterpart of these
billiard problems is the study of mode or orbit dynamics in the polygonal optical cavities,
for the specular reflection of the billiard at the sidewalls resembles the optical reflection at
the cavity boundary. The study on the optical cavities with basic geometrical shapes, such
as circle and square, is fundamental for the understanding of those with much complex
geometry. On the other hand, the 2D optical cavities have great potentials for applications
in the area of optoelectronics, integrated optics and optical communications. They are
compatible with the current planar waveguide and processing technology so that large-scale
cost-effective implementation and large scale integrations becomes possible. The flexibility
in tailoring the optical functions by adjusting the cavity geometry would be another
advantage. It is shown that, by fine-tuning the geometry, stadium-shaped microlasers based

on quantum cascade structure can emit efficiently in strongly directional far field profiles,
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in contrast to the round shaped lasers with whispering-gallery-modes, which have
extremely low light output efficiency.””"” In this respect, the geometrical factors play a
critical role in affecting the basic cavity optical functions, such as the cavity transmission
and emission properties. Among the most basic 2D geometrical shapes, the circle or round
shapes have been addressed for long due to their highest symmetrical properties. However,
square-shaped cavities are only addressed till recently. For square-shaped cavities, recent
studies mainly concern the high-Q), high-finesse cavity resonance modes confined by total
internal reflection (TIR)," because these modes provide strong and stable mode selectivity
and particulatly the long side area of the square cavity allows a stronger evanescent wave
overlap'? for out-coupling, compared to the very limited overlap point in the round cavity.
The square micro-resonators has been shown to be able to potentially act as efficient add-
drop filters in compact integrated optic devices.”'" In addition to these cavity transmission
properties, recently large progress has been made in understanding the emission properties
of vertical cavity surface emitting lasers (VCSELSs) with oxide-confined square-shaped
apertures. The diamond-scarred near field patterns are successfully imaged and they are in
excellent agreement with the results of theoretical calculations based on 2D quantum
billiard models.”"* The modes confined by total internal reflection (TIR) can be cleatly
observed for the first time experimentally. The results of the above studies provide a

strong base for the further exploration of the emission properties of square cavities.

VCSEL 4 sided laser
k

r4

X

Fig. 6-1 Schematics of VCSEL and four-side lasers.

In this chapter, we study the emission properties of the four—sided lasers that possess near-
square-shaped laser cavity. The four—sided lasers belong to edge emitting lasers, in contrast
to the VCSELs with square apertures. As illustrated in Fig. 6-1, the wave vectors of
confined modes in the square VCSEL have finite transversal component k, (Z is normal to
the 2D cavity plane), which allows the direct observation of TIR modes, whereas, in the
four-sided lasers, the mode wave vectors have both lateral components (k,, k) in finite size,
but the transversal component k, is negligible. The latter fact means that the TIR modes in

four-sided lasers are totally confined in 3 dimensions, and contribute no output. The
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emission of the four-sided lasers comes from those modes that are not or only partially
confined by TIRs. In Fig. 6-2a, the typical ray trajectories of TIR modes are shown in the
square cavity. The total confinements by TIRs ensue when both the reflection angles are
larger than the critical angle for TIR; otherwise, the modes will emit in either pair of
opposite boundaries. In Fig. 6-2b, the mode emits in the upper and lower sides due to the

partial reflection, meanwhile it is totally reflected in the other two sides.

(a) 0,0, >0,

P S

Fig. 6-2 (a) Total internal reflection modes. (b) Leaky modes. The dashed lines denote a closed orbit mode.

The four-sided lasers investigated in this work are fabricated from the similar laser
structures as used for the stripe geometry lasers. The stripe definition lithographical step is
left out, and the wafer thinning and p- and n-side metallization are the only steps to
process the laser die. For the formation of near-square-shaped cavity, the laser die is cut in
4 sides. The as-cleaved 4 facets are perfect cavity boundaries endowed by the nature. As
gain media, the QDs support emission in a wide spectral band, owing to their broad
spectral gain profile. This facilitates the observation of resonance mode wavelengths in a
wide range. The superior lasing parameters of the used QD laser structures, like low
threshold current density, high internal quantum efficiency and low internal loss, help
minimize the complication from the non-uniform thermal and carrier distributions, so that

the intrinsic spectral and azimuthal mode properties can be revealed.

In the following, we first investigate the far field emission profiles of the four-sided lasers,
and then discuss their basic lasing characteristics including the light-current and spectral
ones. In the next, the spectrally resolved far field profiles are investigated to reveal the
characteristics of azimuthal modes in the four-sided lasers. Finally, by ray trace simulation,
the corner diffraction effect on the azimuthal modes is studied for the near-square-shaped

cavity, and is compared to the former experimental results. Note that the emission
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wavelength (~1-1.3 um) is much smaller than the cavity dimension (~500 pm), so it is

justified to use ray optics in this work.

6.2 Far field emission profiles

6.2.1 Ray optics in the four-sided lasers

In the four-sided laser diodes, the thin waveguide structure provides for a single-traverse-
mode optical confinement, similar to that in stripe geometry lasers. So it can be treated as a
2D optical cavity, with the four as-cleaved facets as boundaries. When the light rays meet
the boundary, they are reflected totally or partially depending on the incidence angle. Here
we consider only the TE mode (i.e. the electric field parallel to the incidence plane), for the
intensity of TM mode is found to be one order of magnitude lower generally, presumably
due to the low reflectivity for TM modes, similar as in stripe geometry lasers. The
reflectivity for the TE mode at the semi-infinite semiconductor (GaAs) - ambient interface

is given by the following Fresnel s formula:"
R, = (ncosb, — ncos0,)’/ (n,cosb, + n,coso,)’ 6-1)

Where n; = 3.3, n, = 1 and 6, is the incidence angle, 0, the outgoing far field angle. The

reflectivity curve is shown in Fig. 6-3.

20 -
— |_“'90
100} g neff=3.3 "_
3 v k12
7] / , ‘
= ' _—
S|z ' g =
8| < g
o |ss
o ‘E‘ 4458 | =
k] 2| o
ot @©
é E ") -4E
5 | H ] & 8
= &
} i
ot 0 L0

0 5 10 15 T
6 (degree) 0,~176°

Fig. 6-3 Angular dependence of reflectivity of TE modes, mitror loss, and number of reflections in a

roundtrip. The incidence angle 0 is also converted to the far field angle.
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For the ray traces with incidence angles 6. <0 <90°-0, the light is totally confined by
TIR’s at all boundaries, as illustrated in Fig. 6-2a. Null reflection loss makes these modes
of high Q, but that also means that they have no contribution to the cavity emission. One
possible way of damping these modes is through the corner diffraction, which may couple
out part of the mode intensities, but this emission should provide no angular features at
first hand. For the incidence angle is complementary in 90° for the consecutive reflection
of the same ray trace, light emission through reflection loss is only possible through the
opposite two boundaries in either one edge direction, and for one incidence angle 6 < 0.
as illustrated in Fig. 6-2b. It is generally conceivable that a typical ray trace will plough the
whole cavity after a definite number of round trips, except those of periodic orbits like the
dashed one in Fig. 6-2. In the present lasers, 0, = arcsine (n,/n) ~ 17.6° so for all the
emitting modes, the ray trace will bounce many times between two opposite boundaries

within one round trip, as illustrated by the solid ray trace in Fig. 6-2b.

In Fig. 6-2a, it can be seen that with only a minor change of incidence angle, the ray
trajectory shows significant variations from the periodic orbit (in dashed line). This is
characteristic of discrete ray dynamics. The ray trace can even hit the corner after one
roundtrip. Here the corner represents a singularity point for the ray optics. We assume the
corner diffraction produces no far field profile, or to say the light is isotropic in the 2D
plane after the corner diffraction. So the corner diffraction becomes an important loss
mechanism for all kinds of rays that have a chance to meet the corner in their lifetime. In
Section 6.4.2, we will explore the corner diffraction as a critical mode selection for the

azimuthal modes.
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Fig. 6-4 Far field measurement setup.

6.2.2 Far field profiles
As a gross characteristic of emission from the four-sided lasers, we start with the far field

emission profiles; here concentrating on the spectrally integrated profiles and in later
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sections spectral-resolved ones will be addressed. As for the experimental set-up, the laser
diode is seated on the centre of a rotating stage composed of two stepping motors, which
is controlled by computer. A LN, cooled Germanium detector with Lock-in technique is
used to collect light on a distance of 1 meter from the laser diode, providing for ~1°
angular resolution. Both fast and slow axes are scanned as schematically shown in Fig. 6-4.
For the slow axis, we use the mask to stop the emission light from both side facets in order
to measure the emission profile form the single front facet. The laser diodes are fabricated

from the laser structure (TU3623) with 3-fold stacked 1 pm InGaAs QDs.

a) Fast axis profile

In the fast axis (i.e., vertical to the laser diode junction plane), a single-lobed profile (Fig. 6-
5a) is observed for all the currents, which is consistent with the single-transverse-mode
confinement. The tilt of the emission maximum to the substrate direction can be attributed
to the non-symmetry of the waveguide in the fast axis. Note that the intensity above
threshold stays in the same order of magnitude as that below threshold. This is a
characteristic feature of the four-sided lasers, because the high-QQ TIR modes lase only
inside the cavity without out-coupling to the far field emission, whereas the far field
emitting lasing modes are those of long lifetime against reflection and other losses, so their
threshold losses are higher than the TIR modes, and their emission intensity is suppressed
by the lasing TIR mode. The short-lived modes with large losses will contribute only to the

spontaneous emission.
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Fig. 6-5 (a) Fast axis far field profile. (b) Slow axis far field profile. The insets show the intensity ratio of

various profiles to the lowest current profile.
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b) Slow axis profile

Along the slow axis, the far field profile without the mask is shown in Fig. 6-5b. All the
profiles show double-wing patterns. The intensity ratio to the lowest current profile is
shown in the inset of Fig. 6-5b. Below threshold, the intensity increases at a common rate
for all directions, so the ratio remains constant for all the angular range. Above threshold, a
shallow dip in the intensity ratio shows up for the directions near the facet normal (0°),

indicating that the normal emission is slightly suppressed. However, the difference is rather

minor in the whole angular range.
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Fig. 6-6 (a) and (b) Slow axis profiles from single facet with (a) normalized. (c) Normalized slow axis
profiles from two facets. The dashed and dotted profiles are calculation results. See the text.

The former slow axis profile actually includes not only the front facet emission, but also
those from the two side facets. We use the mask in Fig. 6-4, to block the side facet
emissions, and get the single front facet emission. As in Fig. 6-6b, the single facet profile is
single lobed, and near the facet normal (0°) a strong non-symmetric profile appears that is
common for all currents. The normalized profiles for all currents are shown in Fig. 6-0a,
and it is striking to see that they coincide with each other. This shows that the lasing action
makes almost no impact on the far field distribution. The irregularity near the facet normal

(0°) can be attributed to the incomplete masking of the side facet emission.

Now we discuss the origin of these slow axis profiles. The emission profile is directly
associated with the angular intensity distribution of light that incident on the facet within

the laser cavity. The light is refracted into the far field according to Snell law:

n,Sin@, = n,Sin6, (4-2)
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where n; ~ 3.3,n, =1 are the refractive index of laser cavity and air respectively.

We first ignore the angular dependence of reflectivity, and will add its effect later. For
1(6,)A6, = 1(6.)A0,, and considering a uniform angular distribution inside cavity, i.c.

assuming I (8 ,) = Constant, the far field profile can be calculated as follows:

1(6,)A0, _ 10) n,Cos 0,

1(0) =
0 \/n[2 —n,’Sin6,’

(+-3)

The calculated far field profile is plotted in Fig. 6-6a in the dashed line. Its intensity is
normalized like the normalized experimental profiles in reference to the angle of - 45°. In

the next, we add the angular dependence of the reflectivity to the calculation.

®)=10)T,=10) (1-R) (4-4)

The result is shown in Fig. 6-6a in the dotted line. It is clear that the discrepancy lies mainly
in the central angular region. This indicates that the angular distribution inside cavity is

enhanced near the normal incidence, compared to a uniform angular distribution.

With the single facet profile, we can synthesize the full facet profile without masking. The
synthesized profile is shown in Fig. 6-6¢ in the dotted line, along with the normalized
experimental curves of those full facet profiles (see Fig. 6-5b). Apparently the characteristic
double-wing pattern originates from the overlap of the emissions from the neighboring
facets. The intensity maximum at 45° is evident in all the profiles. The experimental curves
coincide well with each other, indicating again the negligible impact of the laser action. The
discrepancy between the experimental curves and the synthesized profile can be attributed
to the uncertainty of the measurement near the facet normal, which significantly modifies

the intensity near 0° and 90°.

Based on the above study, the four-sided laser can be treated as a special stripe-geometry
laser with ultra broad emission area. For the loose mode confinement in the lateral
direction, the slow axis profile is rather broad, ~90° (see Fig. 6-0b), as compared to the
narrow Gaussian profile of the narrow stripe laser that has a typical FWHM of only ~10—
20°.
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Here the far filed profile shows no significant impact of laser action. Later we will see that
the lasing output power of the four-sided lasers is rather limited, even compared to the
spontaneous emission. So without screening out most of the spontaneous emission, it is
difficult to see any fine structures as related to the emitting lasing modes. In later sections,
we will use spectral filtering to measure the spectrally resolved far field profiles, and discuss

the distinct angular dependence therein.

6.3 Basic lasing characteristics of four-sided lasers
In this section, we discuss the lasing characteristics of the four-sided QD lasers, including

light-current (L-I) curves and spectral properties.
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Fig. 6-7 L-I curves of two four-sided QD lasers at various temperatures.

6.3.1 Light-current characteristics

The L-I curves of a four-sided QD laser with 3-fold stacked InGaAs QDs are shown in
Fig. 6-7a. They feature two linear sections with distinct slope efficiency. The transition
points are found to coincide with the appearance of sharp peaks in the emission spectra, so
they can be assigned as the thresholds of the four-sided laser. Apparently these L-I curves
are totally different from those of stripe geometry lasers. Here the -1 section before the
transition point should be spontaneous emission. After the transition or above threshold,
the slope efficiency even decreases, instead of taking up in stripe geometry lasers. This
indicates that the spontaneous emission is suppressed above threshold, implying a clamped
carrier density above threshold. But the output power of the emitting lasing modes is so

limited that it is even lower than that supposed for spontaneous emission. Apparently this
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low lasing mode emission cannot make any significant impact on the carrier density as
such. We can readily attribute the suppression of carrier density to the TIR lasing modes.
As is, the TIR modes are always totally confined in the cavity without any contribution to
the far field emission. They have the lowest losses among all possible lasing modes, so
above threshold, they start lasing, and lead to the suppression of spontaneous emission.
The emitting lasing modes have higher losses due to the reflection and diffraction, so their
intensities amount to only a minor portion of the total lasing power, compared to the TIR
lasing modes. That makes the slope efficiency of lasing action look very low, and can be

even lower than that of spontaneous emission.

Now we discuss the lasing principle in the four-sided lasers. The four-sided lasers belong to
the traveling wave lasers in principle. There are very few TIR modes having closed periodic
orbits like the dashed one as shown in Fig. 6-2. But these few numbered modes are highly
competitive for their lowest loss levels. In comparison, other TIR modes may be damped
by the additional corner diffraction losses. The emitting lasing modes, or to say leaky
modes, have higher losses than any TIR modes, so they are, at first hand, inhibited to lase
aside the TIR lasing modes. Above threshold, the TIR modes with the lowest losses start
lasing, followed by the other TIR modes. In a traveling wave assumption, there will be no
chance for other leaky modes to lase at all. But in reality, the TIR modes with closed orbits
can form standing wave patterns, that is, the spatial hole burning effect is in action. This
eventually leaves a chance for the leaky modes to obtain enough gain for laser action.
Apparently among the leaky modes, those with longer lifetime will be favored in the lasing

process.

Because the TIR modes consume the main part of gain and current, they determine the
average gain levels by gain compression. The emission of long-lived leaky modes reflects
the gain compression levels. To demonstrate the gain compression effect, the L-I curves
from another four-sided laser with 6-fold stacked InGaAs QDs are shown in Fig. 6-7b.
The 6-fold one has higher gain saturation level, so the gain compression is less efficient
than in the 3-fold QD laser. This makes more gain margin for the leaky modes and
increases the slope efficiency for the 6-fold laser. Due to the stronger gain compression,
the L-I curves of the 3-fold laser shows more distinct turning points. Note that the
sublinear or supetlinear behavior near the turning point is determined only by the relative

difference between the lasing slope efficiency and the spontaneous emission efficiency.
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As can be seen in Fig. 6-7, the temperature dependence of the four-sided lasers is rather
similar to that of the stripe geometry lasers. It is mainly determined by the temperature
dependence of QD gain properties. The waveguide effects are more reflected in the

suppressed emission output and the following spectral characteristics.
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Fig. 6-8 Emission spectra of the four-sided QD laser.

6.3.2 Spectral characteristics
a) True spontaneous emission
In the following we investigate the emission spectra of the four-sided QD lasers. As in Fig.
6-8, the below threshold spectra show little change in the spectral profiles and the
maximum position. This is characteristic of the four-sided lasers, because the modes that
experience strong gain effect are mainly confined inside cavity. These spectra thus can be
used as true spontaneous emission spectra. As can be seen, the low temperature spectra are

much broader than the RT ones, reflecting the quenched interdot carrier redistribution.

b) Lasing spectrum characteristics

Above threshold, sharp lasing peaks appear in the RT spectrum in Fig. 6-8a. Apparently
the peak is not at the maximum of the spontaneous emission spectra. As a usual case in
stripe geometry lasers, the lasing peak should appear first at the maximum of amplified
spontaneous emission (ASE) spectrum. But as discussed, here the below threshold spectra
are true spontaneous emission ones, so their maxima are not the maximum gain positions.
In Fig. 6-8b, the low temperature spectra show more peaks just above threshold but with

low intensity, and only at high currents, more dense and stronger peaks appear. The high
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current lasing peaks are distributed symmetrically around the narrow range lasing peak of
the low current spectra, indicating that the gain increases steadily at both directions with
current. It is noted that at both temperatures, the integrated lasing power is apparently
much lower than the integrated power of spontaneous emission. This is consistent with the

low slope efficiency of the L-I curves.
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Fig. 6-9 Lasing spectra of the four-sided QD laser. In (a) the spectra are offset for clarity.

The evolution of lasing spectra with current is shown in Fig. 6-9. At RT, sharp and strong
peaks appear consecutively with current, and the spectra become broad at high currents.
The latter reflects the broadband characteristics of QD gains. At low temperature, as in
Fig. 6-9b, the lasing peaks are scattered in a wide range and generally low in intensity. This
reflects the reduced homogeneous broadening and the broadened gain spectrum. The
spectral hole burning effect due to the finite homogeneous linewidth at RT actually induces
lasing at a single sharp peak with a resolution-limited linewidth (~ 0.1 nm). This is rarely
achievable in the Fabry-Perot QD laser because the spatial hole burning effect induces
multi-longitudinal-mode lasing, but in the four-sided laser, the emitting leaky modes are
actually traveling wave modes, so they are free from the interference effect of spatial hole

burning effect.

It is recognizable that, in Fig. 6-9b, the background level of these small lasing peaks is
slightly reduced and shows corrugated structures, strongly suggesting that similarly
scattered lasing peaks from the TIR modes are suppressing the gain around this wide

spectral range, though the TIR lasing peaks are invisible to the outside. On the contrary,
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the whole background level of spontaneous emission is continuously increasing with
current. At low temperature this trend is slightly stronger than at RT. This shows cleatly
that the gain compression is stronger at RT, presumably due to the large homogeneous
linewidth; but for all temperatures, the gain compression does not clamp completely the
carrier density. The latter fact makes it possible for the leaky modes to lase. Normally for a
traveling wave laser, the mode gain compression will clamp completely the carrier density,
if without the nonlinear gain effect. However, in the four-sided lasers, the traveling wave
modes are actually dispersed spatially, not like in the stripe geometry traveling wave lasers.
This significantly reduces the gain compression effect. The QD gain adds to this reduction
further, due to the weak spatial cross relaxation induced by the weakly linked carriers

between spatially isolated QDs.
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Fig. 6-10 Histogram of most-neighboring-mode distances for the lasing spectrum in the inset.

As shown in the inset of Fig. 6-9b, the lasing peaks always show discrete structure. This is
further explored in Fig. 6-10 for the spectrum in the inset. The histogram shows that the
interval between the most neighboring peaks has a major distribution around 0.25 nm,
which is consistent with the mode distance of roundtrip resonance modes'' for this four-
sided laser cavity of edge dimension ~ 0.45 mm. In Fig. 6-11, more lasing spectra are
shown for various lasers and temperatures. As in Fig. 6-11a, the lasing just above threshold
is not necessarily single-mode, and there is mode competition as certain modes are turned
on and off with current. We note that the four-sided QW lasers are also studied, and they
share the similar I-I and spectral characteristics as those of QD lasers, except that the QW
lasers show more intense mode competition. This can be attributed to the stronger spectral

and spatial cross relaxation in the QWs that facilitates the gain suppression in the current
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traveling wave laser. At low temperature, like in Fig. 6-11b, the mode competition is rarely

seen, indicating reduced gain suppression.
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Fig. 6-11 Lasing spectra of other four-sided QD lasers. The spectra are offset for clarity, except in (¢)

It is noted that, in all the shown lasing spectra of the four-sided lasers, it can be frequently
observed that the discrete lasing peaks are somehow clustered, not confirming with the
continual spectral profile of QD gain spectrum. This aspect is rather complicated issue.
Here there is no apparent spectral modulation period such as those in Chapter 2, except
the roundtrip resonance mode distance that is comparable to the longitudinal mode
distance in the stripe geometry lasers. But we definitely cannot exclude the cavity effect.
The four-sided cavity geometry can only complicate the cavity effect. The mode interaction
is less known in this special cavity than in the Fabry-Perot lasers, due to the complex
discrete ray dynamics. The hidden TIR modes inside the cavity make the experimental
study of them almost impossible. A further study may be done with reduced cavity
dimension so that the resonance mode distance can be tuned. Near field optical study of

TIR lasing modes is also important.

Finally, it is emphasized that the abovementioned lasing characteristics are not limited to
specific QD systems, indicating that they are characteristic features of the four-sided laser.
In general, the four-sided lasers based on 1.3 um InAs QDs show similar L.-I and spectral
characteristics. But there are also certain peculiarity pertaining to the gain media. For
example, in Fig. 6-11c, we plot together the 100 K lasing spectra of the 10-fold 1.3 um QD

laser to compare their background levels. At the high energy side, it can be seen that the
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background level shows abnormal change with current. This can be related to the gain
inhomogeneity due to the carrier transport effect pertaining to the multi-stacked QDs, as
explored in Chapter 5. Possible dynamics undetlying this anomalous effect may be

investigated in the future to find the peculiarity affected by the laser cavity.
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Fig. 6-12 Far-field-resolved spectrum measurement setup. The slit stop is moved in vertical direction.

6.4 Far-field-resolved emission spectra

In this section we first study the far-field-resolved emission spectra of the four-sided lasers.
Then the corner diffraction effect is proposed as a selection mechanism for the azimuthal
modes in the near-square-shaped laser cavity. A ray optical analysis is done to test the

proposal.

6.4.1 Experiments

To measure the far-field-resolved emission spectra of four-sided lasers along the junction
plane, we use the experimental setup as shown in Fig. 6-12. The laser diode is fixed here,
and the emitting facet is imaged to the slit of the spectrometer. The far field is resolved by
using the narrow slit stop behind the first lens. The slit stop has an aperture width ~ 2 mm,

equivalent to an angular resolution of ~ 2.8° in the current setup. With the laser cavity
fixed at 45° to the optical axis, we can measure an angular range about + 17° around the

optical axis, which corresponds to the far field angles in between ~ 28° to 60°.

As known from the previous lasing spectra of the four-sided lasers, the discrete lasing
peaks are resolution limited and have low integrated intensity compared to the
spontaneous emission background. Therefore it is necessary to use the highest spectral
resolution (~ 0.1 nm) to resolve them from the background. That means a narrow slit
width ~ 10 um needs be set for the current spectrometer (BM50 0.5 meter). Such a narrow
slit cannot tolerate any sizable transverse movement of the image of the emitting laser

facets. The advantage of the setup in Fig. 6-12 lies in that it avoids the movement of laser
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diodes, so the uncertainty in mechanical movement of image is eliminated. The angularly

resolved spectrum is obtained by measuring the spectrum with the slit stop scanned in the

direction parallel to the junction plane of the laser diode. For every azimuthal angle, the

spectrum would include the emission from the two facets.
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Fig. 6-13 Far-field-resolved lasing spectra of the four-sided QD laser at various currents.

6.4.2 Results

The angularly integrated spectra are already shown in Fig. 6-9a. Here we present the

angularly resolved spectra for the same device.
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Fig. 6-14 (a) Far field profile obtained by spectrally integrating the spectrum in Fig. 6-13b. (b) The spectra

The lasing spectra are shown in Fig. 6-13 for different currents. The contour plots are

centered around 45°. The lasing spectral modes generally show double-lobed non-

at various far field angles.
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symmetrical profiles. In Fig. 6-13a, at 1.1 x I, there are only two spectral peaks that have
concentrated angular dependence. At 1.4 x I, more spectral peaks appear as in Fig. 6-12b,
but the angular dependence is not so much different from the former one. Most peaks
concentrate near two azimuthal angles, and the peaks near 40° are apparently stronger than
those near 50°. As mentioned before, the emission from both the front laser facets
contribute to the spectrum at each azimuthal angle, thus the current non-symmetrical
angular profiles indicate that at least there exists certain difference in the angular
dependence between the two facets. The spectra in Fig. 6-13b are integrated to get the far
field profile, as shown in Fig. 6-14a. The big dip near 45° is evident in the far field profile,
which indicates that there is also strong angular dependence in the far field profile from
each single facet, at least within + 10° around 45°. The angularly resolved spectra at three
azimuthal angles are compared in Fig. 6-14b. The spectral mode structures are rather
similar for all angles. This suggests that the azimuthal mode structure in the far field profile

could be related to the geometry factor.

6.4.3 Discussion

At first, it is interesting to compare the present far field profile in Fig. 6-14a with those in
Section 6.2.2. The previous far field profiles are measured without spectral filtering, so they
integrate all the spontaneous emission output, whereas the present far field profile only
integrates the very limited part of the spectrum where there are lasing peaks. As the lasing
power is comparable to or even lower than the integrated spontaneous emission, the far
field profile without spectral filtering would just smear out the impact of lasing action.
With spectral filtering, most part of spontaneous emission is screened out, so the structures
in the far field profile as brought about by the laser action can be revealed. In this aspect,
the spectrally resolved far field measurement is critical for the study of lasing azimuthal

modes in the four-sided lasers.

Secondly, from the nonsymmetrical far field profile in Fig. 6-14a, it can be inferred that
the far field profiles of the two neighboring facets are different, and both could have sharp
teatures. The two facets are different in nothing except their edge dimensions, as reflected
in the device dimension, 0.42 x 0.48 mm®. By denoting the cavity dimension as L. x .", and
L'=Lx (1 - ), then the rectangular level 8 of this near squate laser cavity is ~ 0.125, with L
= 0.48 mm. If considering the single-facet far field profile like in Fig. 6-6b, it is hardly
possible to understand the present far field profile featuring a sharp selection of lasing

azimuthal modes. Then the question is: what kind of mechanism can be responsible for
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the sharp selection of azimuthal modes? Does it have any relation to the current edge size

difference of 12.5 %7 In the next, we try to answer this question.

6.4.4 Corner diffraction effect in near-square-shaped cavity

In the following, we examine the corner diffraction effect as the possible selection
mechanism for the azimuthal modes. As the above experimental results suggest that the
geometry factor of the laser cavity could be important for the azimuthal mode selection,

we first analyze the loss mechanisms associated with the cavity geometry.

The selection of the far field azimuthal modes is equivalent to the selection of the
corresponding leaky modes inside cavity. For the leaky modes, the mirror loss is one of the
mode loss mechanisms that differ for different azimuthal modes. The roundtrip mirror
losses for modes with different azimuth angles can be calculated for the square cavity in a
similar way as for the Fabry-Perot lasers. As shown in Fig. 6-3, the mirror loss is a
continuous function of incidence angles in the angular region of interest, which is below
17° here. Apparently the mirror loss solely cannot select the azimuthal modes in a sharp
angular region. In the laser cavity, the internal loss and scattering loss are both distributed
losses and should be no difference for different azimuthal modes, so they can be excluded.
The only left loss mechanism then is the comer diffraction. As illustrated in Fig. 6-15, when
the ray traces run into the very corners of the cavity, they will be diffracted, and the ray
intensity will be damped instantly. If the mode can travel for a long time (compared with
its lifetime) without running into the corners, then it will be advantageous in the
competition with other leaky modes in contributing to the far field emission. Compared to
other loss mechanisms, the corner diffraction is different in that it is related to the
singularity points of the laser cavity, so the azimuth angles of the modes actually matter.
This suggests the corner diffraction can be the potential mechanism for the azimuthal
mode selection. For different azimuth angles, the probability of corner diffraction before a

certain number of roundtrips can be calculated as follows.

We do ray tracing in the near square cavity for the incidence angles that correspond to the
leaky modes. As in Fig. 6-15, the starting points for ray tracing are sampled uniformly from
the left side of cavity. For each angle, one run of ray tracing is initiated for each of the
starting points. The roundtrip number before the ray trace meets the corner is registered
for each run of ray tracing. In this way, a statistical distribution of the roundtrip number

can be found for each angle. We can set a #hreshold roundtrip number, and count the above
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threshold probability as the mode survival probability, which means the probability of the
specific azimuthal modes surviving the corner diffraction before the threshold roundtrip

number.

Ray tracing Corner diffraction

Fig. 6-15 Ray tracing schematics and corner diffraction effect.

In the ray tracing, we take advantage of the symmetrical property of the near square cavity.
The ray tracing can be done easily by the mapping method. As in Fig. 6-15, one roundtrip
can be, for example, from point A to point A" and from A" back to the left side. For each
angle, one look-up table for the mapping can be generated at first, and the following ray

racing is equivalent to looking up in the table for the consecutive mapping points.
tracing is equivalent to looking up in the table for th ti pping point

In the following we first analyze the calculated angular dependence of mode survival
probability, and compare the result based on the actual cavity dimension with the

experimental angular dependence of the emission spectrum.

Before the ray tracing, we need define some parameters. The rectangular level & has been
defined before as L."= L x (1-9) for the cavity dimension L x L". The actual laser has & ~
0.125 with L. = 0.48 mm. In addition to the rectangular level, another critical parameter is
the folerance € for the corner diffraction, that is, the corner diffracts the ray only if the ray
hits on a point within €L. from the corner apex, as illustrated in Fig. 6-15. The corner
diffraction is basically a wave optic effect, so the characteristic dimension should approach
the wavelength inside cavity. In the present cavity, the tolerance € can be approximated by
A/ (nl), ie. ~ 0.002. In practice, we found that a maximum roundtrip number of 10* is
enough, because after this number, almost no modes can survive from the corner
diffraction. The threshold roundtrip number is chosen to show more or fewer survived

modes. In the following, the mode survival probability is first calculated as a function of
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the incidence angle and for the different laser facets, and these results are converted to the

far field profile.
& : rectangular level 5=0: square
¢ : comer diffraction tolerance £ =0 : no comer diffraction
5=0.12 | Threshold |« | 6=0.115 £=0.002 | Threshold
- £=0.001 5000 L] 5000
=} = 9000 B = 9000
: - 8 ‘ L
— Z-T : % 11k .'.. T I 3 . .
-E | T T v T - T T T T
8 | £=0002 . - 5=0.11
2t - ot
g T L] A T 1 L L] T L
g [ o-00m 0 [ o=
5 1 [ T
L .l L L] T L) = L] L P L]
g om0
S [ =0.004 _
B . B = ™
- [ o] L] 1 [ |
T .
30 40 50 60 30 40 50 60
Far field angle (degree) Far field angle (degree)

Fig. 6-16 Mode survival probability at various rectangular levels and tolerances for corner diffraction.

The typical calculation results are shown in Fig. 6-16 With increasing corner diffraction
tolerance €, the number of survived azimuthal modes decreases dramatically, and finally
only a few of widely separated modes survive. This indicates that the corner diffraction can
actually select the azimuthal modes. Apparently high threshold roundtrip number leads to
high mode selectivity. In Fig. 6-16, with increasing threshold, the mode survival probability
is reduced, and only those most long-lived modes can survive with finite probability. In the
four-sided lasers, the threshold roundtrip number may be related to the available gain level.
With a lower gain level, a mode is required to have higher survival probability in order to
reduce the corner diffraction loss to match the gain for laser action. As discussed before, in
the four-sided lasers, the emitting lasing modes have rather low gain margin as pinned by
the non-emitting TIR lasing modes inside cavity, thus it is expected that the corner
diffraction effect will lead to a strong selection of the azimuthal modes. It can be seen that

in Fig. 6-16, for a rectangular level & = 0.12, the calculated far field profiles for the

tolerance € = 0.002 are rather similar, and in good agreement with the experimental far
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field profile in Fig. 6-14a. The used rectangular level value is within the error range of the

device dimensions, which amounts to = 10 um for a length of 0.48 mm.
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Fig. 6-17 Continued from Fig. 6-16.

In the near-square-shaped laser cavity, the discrete ray dynamics is not affected by the
scaling of the cavity dimension, but it can be rather sensitive to the cavity shape variations,
and this could have great impact on the far field profile. In Fig. 6-16, for a typical corner
diffraction tolerance € = 0.002, the calculated far field profiles for various rectangular levels
are shown. We can see a symmetrical profile for the exact square cavity (6 = 0), but with
the introduction of rectangular deviation, ie. the rectangular level & # 0, the symmetry
about 45° is broken, and the far field profiles originating from the different facets are quite
different. The very sensitivity to the rectangular level is shown by the totally different far
field profiles for & = 0.1 and 0.11. An increase of d to 0.115 leads to another different
profile. This behavior reminds of chaotic one. In Fig. 6-17, further increase of rectangular
levels leads to still different profiles, indicating that a large parameter change also result in
unpredictable behaviors. For 6 = 0.125, the azimuthal modes emitted from both the long

(L) and short (S) cavity sides are labeled respectively to indicate their origins. The non-

200



symmetry is evident in both the single-facet profiles and the total profile. The symmetry

breaking occurs for all 6 # 0 cases.

The above calculation results give us a good appreciation of the strong azimuthal mode
selection effect by the corner diffractions in the four-sided lasers. This is characteristic of
the discrete ray dynamics in the near-square-shaped cavities. It is believed that this discrete
dynamics could not only lead to a selectivity for spatial modes, but also a strong
discrimination for spectral modes, as evidenced by the varied lasing spectra of the four-
sided QD lasers. For such spectral mode discrimination, both factors, cavity geometry and
gain, i.e. the passive and active cavity properties, need be considered. Ideally, there are
always a group of spectral modes belonging to each selected azimuthal mode. These
spectral modes can scatter with each other and compete for the distributed gain, thus they
will be dispersed in the cavity space to avoid the full overlap of ray trajectories. As these
different ray trajectories have different corner diffraction losses, the associated spectral
modes then could be discriminated due to their different losses. However, the mode
scattering and competition is not limited to the spectral modes within one spatial azimuthal
mode. The spectral modes from different azimuthal modes can scatter each other as well
because they need share gain and carriers in the overlapped ray path region. The scattering
probability of each spectral mode is bound to the cavity gain distribution, cavity geometry
and its discrete ray dynamics. The internal TIR lasing modes are in the same situation
except that they are dark to the outside. When the gain is limited, these mode scattering
effects can be critical in determining the fate of most spectral modes. The resulting strong
spectral mode discrimination is evidenced in the discrete single-mode or few-mode lasing
spectra just above threshold. With current, more spectral modes begin to lase for the
available gain. The mode scattering can help rearrange the mode gain, thus we can see that
certain spectral modes are turned on or off frequently with current. The more significant
spectral mode competition in the four-sided QW lasers than in the QD ones shows that
the gain suppression through spectral hole burning effect is a crucial mode interaction
mechanism. At high current, the mode interaction helps distribute the gain rather evenly
among the spectral modes. This is reflected in the converging mode distance and mode
intensity with current. The fluctuation of mode intensity can be related to the statistic

properties of the mode scattering processes.
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6.5 Summary

In this chapter, we investigated the emission properties of the four-sided lasers for the first
time. The spectrally integrated far field profiles are measured in both fast and slow axis.
The fast axis profile is similar to that of the usual stripe geometry lasers. But the slow axis
profile from the single facet shows much broad far field width (~ 90°), due to the loose
mode confinement in the junction plane. From the slow axis profile it can be inferred that
the angular distribution of the spontaneous emission intensity inside the cavity is not
isotropic, but rather concentrates near the facet normal. The laser action has almost no
impact on the far field profile, due to the weak integrated intensity of the lasing modes

compared to that of the background spontaneous emission.

The L-I characteristics of the four-sided lasers show distinct turning points at the
threshold, but the output slope efficiency of the laser action is comparable to or even lower
than that of spontaneous emission, indicating that the major part of the injection current is
consumed by the high-Q TIR lasing modes, which, though, are totally confined inside the
cavity and make no contribution to the far field emission. The lasing spectra show
continuously increasing #ue spontaneons emission background with current, indicating that the
gain and carrier density is not completely clamped by the laser action. The spatial hole
burning effect of the TIR modes with closed orbits and the insufficient gain compression
provide gain for the emitting leaky modes. The emitting leaky modes are rather weak in
intensity for their higher loss than that of TIR modes, and the lasing spectra show sharp
and discrete spectral mode structures. The far-field-resolved lasing spectra are measured,
and through spectral filtering, large part of the spontaneous emission is screened out, that
helps reveal distinct spectral and azimuthal mode structure. The observed strong selection
of azimuthal modes in the four-sided laser is attributed to the corner diffraction effect.
Taking account of the corner diffraction effect, the ray tracing calculation result is in good
agreement with the experimental far field profile. In the end, we discuss the discrete ray
dynamics characteristic of the four-sided laser cavity. The mode scattering and gain
suppression are identified as important mechanisms for the spectral mode discrimination

in the four-sided laser.
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