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ABSTRACT

Novel semiconductor nanostructure laser diodes ascQuantum-Dot (QD) and
Quantum-Dash (QDash) are key optoelectronic compusrnfer many applications such
as ultra fast optical communication. This is maidlye to their unique carrier dynamics
compared to conventional quantum-well (QW) laskeat enables their potential for high
differential gain and modified linewidth enhancemnéactor. However there are known
intrinsic limitations associated with the semicocidu laser dynamics that can hinder its
ultimate performance including the mode stabiliipewidth, and direct modulation
capabilities. One possible method to overcome thHsiations is through external
control techniques. The electrical and/or opticatemal perturbations can be
implemented to improve the parameters associatéid tve laser's dynamics, such as

threshold gain, damping, spectral linewidth, anddenselectivity. This work studied the
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impact of external control techniques through atinjection-locking, optical feedback
and asymmetric bias control on the overall perfaroeaof the nanostructure lasers in
order to understand the associated intrinsic litoite and to develop strategies for
controlling the underlying dynamics to improve taser performance.

In this document, the impact of external contrebtigh optical injection-locking on
the modulation characteristics of QD and QDashrésasee investigated. Using the
conventional rate equations describing an injeelkimked system, a novel modulation
response function is derived which implicitly inporates non-linear gain through the
free-running relaxation oscillation frequency arahging rate of the slave laser. It is
shown that the model presented can be used to adeturmodel and extract the
characteristic parameters of the coupled systeractyr from measured microwave
experimental data. The significance of this modglapproach is that it allows all the
external control parameters to be extracted infitaguency domain where they can be
easily compared in order to further aid in optimgithe modulation performance of the
system. Using the simulation results, the impadntinsic slave parameters, including
the free-running relaxation oscillation, linewidthhancement factor, and damping rate,
on the injection-locked modulation transfer funotere investigated. The impact of ultra-
strong optical-injection on the slave linewidth anbement factor found in QD and
QDash lasers are analyzed using theoretical predsciand verified with experimental
observations. The experimental findings presemettiis dissertation show that the free-
running linewidth enhancement factor in nanostmectasers can be manipulated due to
the significant threshold gain shift under strongfieal injection. This novel finding

along with the enhanced bandwidth advantages dffémethe direct modulation of
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injection-locked nanostructure lasers promises th pa realizing a new generation of
compact, chirp-free, and ultrafast (>100 Gb/s)agtsources for data transmission.
Using an external optical feedback stabilizationthod and/or asymmetric bias
control, a dual-wavelength emission mechanism @&lized in a two-section QD
distributed feedback (DFB) laser. It is shown thatler asymmetric bias conditions, the
powers between the ground-state and excited-statiesnof the two-section device can
be equalized, which is mainly attributed to theque carrier dynamics of the QD gain
medium. It is also found that the combination gn#icant inhomogeneous broadening
and excited-state coupled mode operation allowsntla@ipulation of the QD states
through external optical stabilization. The teclhidesign and external control
approaches described in this study along with atroe-chip photomixing capabilities

have potential in engineering a compact and lovi-€biz source for future applications.
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Chapter 1

External Control Techniques in Semiconductor Nanosticture Lasers

1.1 Introduction

Semiconductor coherent light-emitting diodes are oh the key optoelectronic
components that have been widely used in many sfiddch as ultrafast optical
communication systems, spectroscopy, remote senammd) optical data storage. The
intrinsic dynamics of semiconductor lasers are waiglepending on their structural
design and the make-up of their material systener@we past 50 years there have been
many efforts devoted to improving semiconductoetggerformance by improving the
internal laser properties through the inventiomo¥el semiconductor material systems
and designing better cavity structures or by imgeting external control techniques to
enhance the laser characteristics. With the dewatops in crystal growth technology
and the invention of novel semiconductor materidls®e internal performance of
semiconductor lasers has been significantly impitogeer the past few decades. The
following is an up-to-date and brief summary of #mvancement in growth of novel
semiconductor structures used in laser devices.

A definite breakthrough in the field of semicondarclasers was the invention of
double heterostructure (DH) lasers in 1963 [1] inick both carrier and optical mode
confinement [2]-[6]improvements resulted in reduction of the threslmident density
and also enabled continuous wave (CW) operatiaw@n temperature[7], [8]. Further
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developments in semiconductor material systems \aereeved by advancements in
crystal growth techniques and realizing the conaagfpjuantum size effects which
resulted in the first demonstration of a quantunil W@W) laser structure in 1977 [9],
[10]. In the QW material system, the carriers amefined within quantized energy levels
due to the reduction in the physical space volumanie dimension which helps to reduce
the threshold current density and allows for cdrdfdhe lasing wavelength by changing
the quantum well thickness [11]-[12]. The advaetagf one dimensional confinement
in QWs motivated more efforts to study the higheteos of carrier confinement, which
lead to the development of new nanostructure nasesystems such as quantum dot
(QD) and quantum dash (QDash) [13]-[15]. The irgeie QD and QDash arises from
their unique carrier dynamics resulting form thae@ensional (3-D) carrier confinement.
This confinement in all directions leads to diserguiantized energy levelbat can be
controlled by changing the size and shape of tm@stauctures. Predicted by Arakaeta
al, semiconductor laser active regions made from 8ebfinement systems should
exhibit better internal performance compared to @wve region lasers [16], [17]. The
potential internal improvements in QD materials ddneen experimentally verified on
actual laser devices, which include low transpayemarrent density [18], less
temperature dependence of threshold current defifityincreased gain and differential
gain [17], and a reduced linewidth enhancemenbfd20]. Despite all the improvements
made in 3-D confinement material systems, therestileseveral limitations associated
with their carrier dynamics that can hinder thenétte laser performance including the

mode stability, linewidth, and direct modulatiorpeailities.



A clear example of these limitations can be seerthin direct modulation of
semiconductor lasers. Directly-modulated semicotatuasers have become one of the
most efficient candidates for high-speed commuigpoain microwave frequencies
because of their compactness and relatively lowidation cost. Compared to external
modulation techniques, directly-modulated lasemimonly used in optical fiber link,
have simpler driver electronics and lower power stonption. Direct modulation
involves changing the current input around the l#asl above threshold. It is principally
a simpler method and is easier to implement rathan external modulation, but the
output light produced depends on the laser's compliternal dynamics. For instance,
compared to QW lasers, higher gain and differergah in nanostructure QD lasers
would typically be expected to contribute to a @rgnodulation bandwidth [21].
Furthermore QD nanostructure lasers are known thibéx near zero linewidth
enhancement factors at threshold which theoreficalledicts a chirp-free direct
modulation performance [20]. In reality, strongrgaaturation with carrier density in QD
lasers as result of inhomogeneous broadening pievitie laser from reaching its
ultimate high-speed performance. This is becausestiong gain saturation in QDs
causes both the damping effect and the linewidtiaeoement factor to significantly
increase with carrier density [22].

In general, high frequency chirp, small relaxatioscillation frequency, limited
output power, excessive noise, and high distorfimit the high-speed performance of
semiconductor lasers to transmissions at bit fa¢ésv 40 Gb/s. In order to improve the

modulation characteristics, such as obtaining highedulation bandwidth or minimal



frequency chirp, we need to be able to control madipulate some of the intrinsic laser

parameters such as optical gain and/or the linéwadhancement factor.

1.2 Motivation for this Study

One possible method for improving the overall perfance of semiconductor
lasers is through various external control techesguThe original interest in using
external control techniques in semiconductor lagersnotivated from a desire to
understand the associated limitations and instesiliand to develop strategies for
controlling the underlying dynamics to improve tlaser performance. Using these
techniques, external electrical and/or optical yéstions can affect the parameters
associated with the laser’s dynamics, such ashblégain, damping, spectral linewidth,
and mode selectivity. The external perturbatioms aféen produce undesired instabilities
in the laser, but they can be well controlled t@duce desirable laser properties
including improvement in the modulation characterssand spectral stability.

The objective of this work is to implement commottegnal control techniques to
investigate their impact on the overall behaviomahostructure lasers with a focus on
improvement in direct modulation performance anelcial characteristics. The external
control techniques studied in this dissertatioriude optical injection-locking, optical
feedback, and asymmetric bias control. These tqdesi were previously studied
thoroughly in bulk and QW lasers, but very litteeknown about the impact of external
control on performance of nanostructure lasersuginoly modulation characteristics and

wavelength stability.



The work presented in this dissertation initialcfises on modeling the direct
modulation behavior of injection-locked QD and Qbasanostructure lasers under
strong optical injection and stable locking corafi8. The existing modulation response
model is reformulated using small-signal analydighe coupled rate equations of the
master and slave lasers. As a result, a novel ratidalresponse function is developed
that allows one to extract the key operating patarseof the system directly from
measured microwave response data. The significaittes modeling approach is that it
allows all the external control parameters to bieaexed in the frequency domain where
they can be easily compared in order to further iaidoptimizing the modulation
performance of the system. The model presentedpocates the impact of nonlinear
gain, which is known to be significant in QD and &3 lasers, along with the field
enhancement factor relating the deviation of tleady-state slave field amplitude from
its free-running value at high injection strengthhis is one of the major differences in
modeling the modulation response of an injectiackénl QD and QDash laser. Using the
simulation results, the impact of intrinsic slavargmeters, including the free-running
relaxation oscillation, linewidth enhancement facemd damping rate, on the injection-
locked modulation transfer function are studied.

Unique carrier dynamics in nanostructure laserowal for the linewidth
enhancement factor to fluctuate within a large eang these devices [23]. Previous
studies found that the linewidth enhancement faoionanostructure QD and QDash
lasers strongly depends on the photon density altleet gain compression enhancement
with carrier density in theses devices [22]. Thigrkvaims to investigate the impact of

strong optical injection on the slave linewidth anbement factor found in QD and



QDash lasers. The theoretical predictions and é@xeetal findings presented in this
dissertation show that the free-running linewidtih@ncement factor in QDash lasers can
be manipulated due to the significant thresholch gdift under strong optical injection.
This novel finding along with the enhanced bandwidtivantages offered in the direct
modulation of injection-locked nanostructure laspremises a path to realizing a new
generation of compact, chirp-free, and ultrafastO(> Gb/s) optical sources for data
transmission.

The second part of the dissertation focuses onrgeéng dual-color emission in a
single laser diode by using the external contrahméques of optical feedback and
asymmetric pumping. The device used for the dukdrcdemonstration was a two-
section QD Distributed Feedback (DFB) laser diodth whe Bragg wavelength only
coupled to the excited state. Specifically, thist pd the dissertation describes in detail
how the dual-color operation is realized throughudtaneous ground state emission that
is uncoupled to the Bragg grating due to signifidahomogeneous broadening common
in QD active region. In previous worksgh performance dual-color optical sources have
been intensively studied for terahertz (THz) sigmgneration using photomixing
techniques [24]. Considering that the existing Té¢tneration techniques are mostly
reliant on bulk optics, this work was motivated tng need for compact and low-cost
THz sources using externally controlled semiconaluletsers. In this study the technical
design and fabrication of the two-section QD DFBeladiode is described. With the
DFB device biased well above its threshold, it h®wn that either applying external
optical feedback or asymmetric pumping generates dingle-modesmission peaks in

the optical spectra—one line from the ground siae the other from the excited state.



The origin of this dual-color mechanism is showrbé&oassociated with manipulating the
QD carrier dynamics through controlled externaltymations provided by optical
feedback and/or asymmetric pumping. The technicasigh and external control
approaches described in this work along with curmemchip photomixing capabilities
have potential in engineering a compact and low-c&@¥/ THz source for future
applications.

The following sections provide general overviews applications of the external

control techniques studied in this dissertation.

1.2.1 Optical Injection-Locking

Overview of the I njection-Locking Technique

Optical injection-locking of semiconductor lasersvolves two laser diodes often
referred to as the master and slave lasers as shovigure (1.1). There are two
configurations of injection-locking systems. Oneicke is to inject the master light into
one of the slave’s facets and collect the lightrfrthe other facet. Usually an optical
isolator is placed between the master and slawdds prevent reflections back to the
master. In a simpler configuration, an opticatglator can be used such that the light
from the master is injected from one slave facetthe output is collected from the same
facet. The latter method is easier since it onlyunees one fiber coupled to the slave
laser. The master laser is usually a single-maulg,linewidth, and high power tunable
laser. Several commercially available laser soucegsbe used as the master, including
external cavity lasers with wide wavelength tunapiand highly linear, high-power

butterfly-packaged DFB lasers capable of wide tawmipee tuning of the wavelength.
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Tunable
N Master laser

Slave laser

Figure (1.1) Schematic diagram of an optically otjen-locked laser system. The red
arrows represent the light emission from each lasefhis is the less common
configuration for the coupled system. Both mirrofshe slave laser in this arrangement
would have to be partially reflecting. The moresaice version, which uses an optical
circulator between the master and slave lasersh@wn in chapter 2, Figure (2.3).
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Figure (1.2) Optical spectra of an injection-lockedbry-Perot Laser.



When the locking conditions are satisfied, the diestry of the slave is locked to
that of the master with a constant phase offsejurgi (1.2) shows measured optical
spectra of a Fabry-Perot (FP) slave laser withwaiticlout optical injection. As shown in
this figure, optical injection suppresses all FRle®) resulting in single mode operation.

There are two primary injection-locking parametdrgqguency detuningf, and
external injection ratioRex: Frequency detuning is defined as the frequendgebf
between master and slave laser. The external iojecatio is the master to slave power
ratio at the slave emitting facet. As the frequentyhe master is changed, the slave
mode will follow that frequency until the systemcbenes unlocked. The locking range
depends on several parameters including the extpoveer ratio, coupling coefficient

and linewidth enhancement factor of the slave laser

A Brief History of Optical I njection-Locking

The concept of frequency locking between two codipdscillators has attracted
many researchers for centuries. The idea goes toatle 17" century, when Huygens
discovered the synchronization phenomenon betwgerclock pendulums mounted on
the same wall [25]. It was not until the early 198Bat the fundamental theory and the
idea of frequency synchronization between two sendactor lasers was first studied by
Lang [26] and the benefits of this technique omakctievices was verified [27]. Most of
the early research was focused on weak opticattioje which typically yields a small
locking range. It was found that this regime letmlanstable locking regime that exhibits
resonant oscillation sidebands and chaotic behs&8], [28]-[32]. By the mid 1980s,

further developments on the injection-locking tegoe explored the advantage of the



stable injection-locking in semiconductor lasetsvas found that using optical injection-

locking as an external control technique in CWias@&n significantly reduce the laser’s
spectral linewidth and noise [33], [34]. These ingt were considered as the most
important benefits of optical injection-locking. the meantime, with the advancement in
laser designs and efficient material systems, tiheastages of injection-locking on

directly modulated lasers for applications suctcaserent optical communications was
realized [35], [36]. The improvements to the motedafree-running slave laser due to
injection-locking include an enhancement in theaxation oscillation, a reduction in

laser relative intensity-to-noise (RIN), a redustion nonlinear distortion, and most

importantly reduction in linewidth and chirp [283,7]-[46].

Typically, the modulation bandwidth of free-runnisgmiconductor lasers is limited
as a result of the resonance frequency and danmptegset by th&-factor [47]. It has
been shown that the resonance frequency enhancevitkrdptical injection-locking can
result in improving the overall bandwidth [48]-[5Higure (1.3) shows the experimental
results of an optically injection-locked laser demsiating this improvement. The
characteristics of the modulation response cumesgure (1.3) are shown to vary as a
function of the frequency detuning for constaneation strength. It is important to note
that improvement of the modulation bandwidth doatsatways include the enhancement
of the 3-dB bandwidth with resonance frequencysTéidue to the occurrence of the pre-
resonance dip observed at specific detuning camditias shown in Figure (1.3).
Depending on the detuning condition, enhanced nabidm response of an injection
locked laser can fall into broadband or narrowbeegimes of operation as illustrated in

Figure (1.3). Using optical injection-locking, arr@avband response with >80 GHz

10



— 10 : L] L] L] L] I L] L] L] L] I L] L] L] L] I L]

(1] - Narrowband

% g Broadband +

) oF ¥

c L

S _ 3dB

72} E

Q E

x -10F

ks E h

g F  Free-Running

T o0Fk

£ 20F

;_ -

s
: § § § § [ | § ' | ‘ 14 g §
0 5 10 15 20

Modulation Frequency (GHz)

Figure (1.3) Measured modulation responses of gction-locked FP laser, for various
detuning conditions, indicating free-running, brdehd and narrowband responses.

intrinsic bandwidth has been reported in a QW walticavity surface emitting laser
(VCSEL) operating at 1510 nm [53]. Hwareg. al have demonstrated a two-fold
improvement in the broadband response comparetetdrée-running case on a DFB
laser at 1310 nm under strong optical injectior].[52

Another important improvement in optically injectitocked systems over the free-
running lasers is the reduction in linewidth andrfhOne important figure of merit in
directly modulated free-running lasers is the l@terlength (BL) product. Limited
transmission distances in optical fiber links arainty due to the linewidth broadening
caused by frequency chirp. Reduced chirp by impeekbcking decreases the linewidth
broadening thereby reducing the pulse broadeningech by dispersive fibers. This
important feature of injection-locking was reportecreate low chirp, allowing for long-

haul transmission with improved BL product [35].
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Applications of Optically I njection-Locked Lasers

Recently, the external control technique of freening lasers through optical
injection-locking has been implemented in sevetatlesof-the-art applications including
millimeter-wave generation [54], all-optical signaiocessing [55], radio over fiber [56],
and cable access TV (CATV) [57].

Goldberg et al, first demonstrated millimeter-wave generation the sideband
injection-locking technique with sub-Herz RF linelvis [58], [59]. In this technique,
two slave lasers were coherently coupled by lockiregn to the adjacent sidebands of the
master laser. Using the millimeter carrier siggatherated by sideband injection-locking,
a 64 GHz carrier for data transmission at a raté5& Mb/s over ~13 km single mode
fiber was demonstrated [60], [61]. With the new aavements in the field of millimeter
wave generation using optically injection-lockedis®s, more compact designs along
with tunability features have been developed tls# anly one modulated slave and a
master laser as demonstrated in an injection-lotkeesection DFB device [62], [63].

Pulse broadening due to fiber dispersion is ont@fmajor limitations in long-haul
digital communication systems. To prevent the meldata loss and increased bit error
rate, several electro-optical repeaters are tylgicajuired to regenerate and reshape the
optical signal along the fiber link. The main dimek of using these repeaters is that
they increase the cost and complexity of the systaohthey also introduce additional
speed limitations as a result of electrical to agdtiand optical to electrical conversions.
Fortunately, all-optical signal regeneration andseureshaping have been realized
through a side-mode injection-locked DFB laser amdbuble injection-locked FP laser

[64], [65]. This technique is based on switching fbcking stability as a function of
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injection strength. At a fixed frequency detunitizg locking threshold condition of the

slave laser defines the lock or unlock states endbupled system. In this method, the
master laser is modulated with the digital sigmad #hen it is weakly injection-locked

into a side-mode of a DFB slave laser. At a diditélstate, the injected power is enough
to lock the master to slave and the slave outputtatas the master frequency
information. At a digital “0” state, small injectggbwer leads to the unlocked situation,
and the output will be that of the slave. A bandgdter is typically used to only transmit

the master frequency at the output. Therefore,athreipt threshold of the locking and
unlocking processes is used to reshape the didtasigmals, resulting in a frequency
modulated signal with reduced noise.

Improved modulation characteristics of optical atien-locked lasers including the
enhanced bandwidth and reduced chirp have beeremngpited in radio-over-fiber and
CATYV applications [56], [57]. In a recent studyetkxternal optical injection technique
has been employed in a hybrid radio-over-fiber aysto improve the bit error rate
performance [56]. Using the resonance frequencyamcgment in an injection-locked
DFB laser modulated with 125 Mb/s digital signalarrowband transmission at the sharp
resonance peak is demonstrated. A similar apprdech been applied to a CATV
transmission experiment using a directly modulabdeB laser under strong optical
injection. The modulated signals were up-convettetthe enhanced resonance frequency
at 18.5 GHz and transmission parameters were caupgdarthe baseband free-running
transmission values. Comparing the transmissionem@xgnts under strong optical

injection with the free-running results showed dBimprovement in composite second
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order (CSO) and composite triple beat (CTB) pertomoes over a 100 km single mode

fiber transmission [57].

1.2.2 External Control through Optical Feedback

Overview of External Optical feedback

Semiconductor lasers subjected to external opfeadlback are known to exhibit
very interesting nonlinear dynamics, which eithead to instabilities and chaotic
behaviors at the laser output or result in pratiyiazseful impacts that can improve the
device’s intrinsic characteristics. Commercial @milon of semiconductor lasers in
optical fiber links was the first practical motiiat for studying the behavior of
semiconductor lasers subject to optical feedbagknEa small back reflection from the
fiber pigtail tip or optical fiber connectors intbe diode laser module was shown to
degrade the modulation characteristics and incrdasdntensity noise [66], [67]. To
prevent these undesired effects, the laser diodastnitter modules are usually
accommodated with an optical isolator which rejeetg back reflection but increases the
cost of using laser diodes in optical fiber links.

In 1980, Lang and Kobayashi reported on some aspédhe statics and dynamics
of the semiconductor laser exposed to the exteopécal feedback from a distant
reflector [68]. In that study, the authors broughtlight the intrinsic characteristics of
laser gain media including the broad gain spectrtemperature dependence of the
material refractive index, and the carrier dendigpendence of the refractive index, each

exhibiting complex behavior under external feedbeskditions. They also reported on
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experimental observation of bistability and hyssesen the laser output light output as a
function of injected current characteristics.

Since then, understanding the effects of opticablbiack on both dynamical and
spectral features of semiconductor lasers has pessued extensively [69]-[71]. Early
studies on the spectral characteristics showed theataser linewidth could be either
narrowed [70] or broadened [69] under the influerafe optical feedback. These
behaviors were initially understood through thecsiaé response sensitivity to the phase
of the reflected light. Goldberet. al have demonstrated that by changing the feedback
parameters somewhat, multi-stability can be obska® the system performsnbde-
hops” where a laser diode operates on a single eXtematy mode for some time, but
then suddenly switches to another [72]. Anothemfaf bistability, referred to addw-
frequency fluctuatioriswas studied by Mgrlket. al [73]. This form of instability is
observed when the laser is pumped close to theshbl@g and is subject to moderate
feedback levels. At this condition, laser outpuived sudden drops followed by a gradual
build-up. The noise properties of semiconductoelasubject to optical feedback have
attracted considerable theoretical and practidar@st [74], [75]. More generally, much
effort has been devoted to modeling the impact gifcal feedback on the dynamical

behavior of semiconductor lasers [76], [77].
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Figure (1.4) Regimes of optical feedback for a O&8&er indicating the feedback power
ratio at which the transition between regimes ocasra function of external round-trip
time [79].

Regimes of Optical Feedback

It has been experimentally and theoretically shtive the effects of external optical
feedback on laser dynamics or spectral properaesbe different depending on several
factors including the laser bias condition, strerghd phase of optical feedback, and the
distance between the external reflector and ther leavity [78]. It was based on these
observations that Tkach and Chaprylyvy first expentally introducedthe regimes of
optical feedbackin semiconductor lasers [79]. In that study, fidentifying operating
regimes of feedback were characterized by referem@ither the dynamical or spectral
properties of the laser and conventionally labeledegimes | to V as shown in Figure

16



(1.4). In regime |, under weak feedback levels,l8ser linewidth can be either narrowed
or broadened depending upon the phase of the bptealback. Regime Il is
characterized by the appearance of longitudinal enteopping. In regime 1l the laser
becomes stable and locks to the mode with miniminglesmode linewidth. In regime
IV, with increasing feedback level, the linewidthtbe laser dramatically broadens. This
phenomenon is referred to asoherence collapse.Further increasing the feedback
strength into regime V, the laser enters a staklereal cavity mode operation. There
have been extensive studies made of the five fedédiEgimes of semiconductor laser
operation [74]. In particular, considerable effoais been given to determining the nature
of the laser dynamics in the coherence collapsenesgor regime IV, as it was first

reported by Lenstrat al [80].

Advantages of Controlled Optical Feedback

As mentioned before, optical feedback has been slioywroduce deleterious effects
on semiconductor lasers including significant lindtw broadening and mode-hopping.
However, based on the observed impacts on the dgahrand spectral properties,
controlled external feedback is predicted to hawechmpotential in stabilizing and
improving laser performance. Recent advancementsoiteling the nonlinear dynamics
of semiconductor lasers subject to optical feeddeamke provided a path to understand
the associated instabilities and develop methodscdatrolling the useful underlying
dynamics for practical applications [76], [80].

Advantages of controlled feedback have been rehlizearlier studies where it was

showed that adjusting the feedback level and phmaaghing can result in a stable
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operation with considerable spectral linewidth aaing [81]. Coherent feedback control
has also been found to be useful in enhancingelagation oscillations and reducing the
signal distortion in the modulated laser outputf][Fhese effects are very important for
the laser especially when it is implemented in cenecommunication systems.

In another control method of optical feedback,emirency filter is typically used to
access a desired dynamical behavior in a spe@f@on by restricting the phase space
that is available to the feedback laser system. [B3{ely, the idea of controlling the
nonlinear dynamical behavior in semiconductor ladeas been developed to utilize
chaotic dynamics in applications such as chaos hsgnization for secure
communication systems [84]. The filtered opticaédback technique has become an
interesting topic [85], since it can control thesda dynamics through two external
parameters: the spectral width of the filter arefjfrency detuning of the free-running
laser. The frequency filter method was shown toigle a mechanism for controlling the
impact of relaxation oscillations on the dynamicasponse of the laser as well as
permitting an external control over the nonlinagasitof the device [83]. Using this
approach, tunable and pure frequency oscillatiorike solitary laser can be generated by
detuning the frequency of the optical feedbackugtoa Fabry-Perot resonator [86].

The external control through delayed optical feetbhaas recently found its way
into the field of semiconductor passively mode-kdkasers. Recent studies have been
both experimentally and theoretically shown thattoaled external optical feedback is a
simple and efficient method to improve the RF limgttv and timing stability via

reducing the RF phase-noise in passively mode-tbtasers [87], [88].
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Applications of Semiconductor Laserswith External Optical Feedback

Applications of semiconductor lasers with contrdliexternal optical feedback are
driving rapid developments in theoretical and ekpental research. The very broad
gain-bandwidth of semiconductor lasers combinedh Wiquency-filtered, strong optical
feedback create the tunable, single frequency lasgstems utilized in
telecommunications, environmental sensing, measeme@nd control [89]. Those with
weak to moderate optical feedback levels lead @octtaotic semiconductor lasers which

can be implemented in secure communication sysfedjs

1.2.3 External Control through a Monolithic Multi-Secti@esign

In the earlyl960s, after the invention of DH semdbactor lasers, stabilizing the
single-longitudinal mode operation in semiconductasers was one of the most
important challenges in developing high bit ratel @ngle mode fiber transmission
systems [91]. For this reason, several opticalgnatiion approaches have been proposed
including, but not limited to: external cavity lasewith spherical mirrors, distributed
Bragg reflector (DBR) lasers, cleaved-coupled ga¢@®) lasers, and monolithic two-
section lasers. The idea of developing coupledtgdasers [92] was initially based on a
simple method to improve the single-mode stabilitgler high modulation frequencies
and temperature fluctuations in semiconductor £48B]. A similar idea was later
proposed to implement a coupled-cavity design tortiolling the laser output, such as
wavelength tuning, by separately pumping the irciial cavity [94].

The 1980s saw rapid development of new designs thedretical studies for

coupled-cavity lasers [95]-[97]. With further deepiments in device fabrication
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techniques, monolithic multi-section lasers, a aoa$ the C laser, have become readily
available for new research topics and developingliegtions including direct
modulation, passive mode-locking, and wavelengtiiniy [98]-[101]. Samples of the

interesting applications for multi-section lasevides are presented below.

Optical Gain-Lever

The optical gain-lever was first realized by K. Vahala, et al in 1989 by
demonstrating the enhancement in modulation effayreproduced by either optical or
electrical modulation of laser cavity [102]. Befdtet, the idea of producing parasitic-
free modulation in semiconductor lasers was dewslagsing a technique called “active
layer photo-mixing” [103]. In this method, the lighroduced by two single mode laser
sources was mixed and optically pumped the actayerl of another laser diode,
producing a carrier density modulation. In 1989, Moore and K. Y. Lau [104]
suggested that a two-segment configuration in er ldsode could be used to produce a
net gain in the conventional carrier modulatiorsemiconductor lasers. Specifically, Lau
studied the optical gain-lever effect to enhance #fficiency of direct intensity
modulation and optical frequency modulation of a4section QW laser [105].

Figure (1.5) shows the schematic view of the twaiea gain-lever configuration
with a typical gain versus carrier density chamastie of a semiconductor laser. In the
two-section laser, each section is biased at éiftepump levels, where the net bias
results in a lasing condition. As shown in Figufe5], under asymmetric current
injection, the short section (a) referred to as ritmdulation section, is DC biased at a

lower gain level than the long section (b) termkd gain section. This Bias scheme
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Figure (1.5) Schematic diagram of a two-sectiomgaver semiconductor laser with the
evolution of gain versus carrier density [106].

provides a high differential gain under small-sigR& modulation. The gain section is
only DC biased and provides most of the optical lgogtion, but at a relatively smaller
differential gain. Since the total gain is clam@dxbve the threshold and due to the non-
linear dependence of gain with carrier density, amall change in carrier density in the
modulation section produces a much larger varianorarrier density in the gain section
and consequently in the total photon density. uthsa case an RF optical gain will result
when the differential gain in the modulation sefi6 ,, is greater than the differential
gain in the gain sectiorG p.

Recently, much research work based on the gain-kffect has been conducted to
improve modulation characteristics of QD nanostitetasers. 8 dB and 20 dB intensity
modulation efficiency enhancements were demonstnagéeng p-doped and un-doped QD
lasers respectively [106], [107]. It was also tldioally and experimentally

demonstrated that under an extreme asymmetric baadiguration, a QD laser
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employing the gain-lever can exhibit a two-fold anbement in the 3-dB bandwidth

compared to a regular single-section QD laser [108]

Multi-Section DFB/DBR Lasers

Tuning the laser frequency is very important foraaiety of applications in coherent
optical communication, such as wavelength divisionltiplexing (WDM), heterodyne
detection systems, frequency modulation, and dpsiegiching in local area networks
[98], [100], [109]. Depending on the applicatiohettuning mode, range, and speed
requirements are different. Usually for WDM applioas, large and continuous
frequency tuning is desired (>1 THz), while thegirency modulation requires small but
fast frequency shifts (<1 GHz) [110].

Monolithic multi-section DFB lasers were shown #vé potential for stable single-
mode operation and fast tuning performance [11®@je Timplest design was a two-
section DFB laser which had a simple tuning medranil11]. Controlling the pump
current through the tuning section can change thisston frequency as a result of shift
in the effective index and the Bragg wavelength.

A new generation of tunable lasers, include the f¥@0], and three-section [112]
DBR lasers which are typically constructed of a D&Rtion for frequency tuning, a gain
section for amplification and in the case of thee¢hsection DBR, a phase control part
that provides smaller wavelength tuning steps andarstability. Today, DBR lasers are
widely used in several applications since theyrolfeger tuning range (> 40 nm), and

narrow linewidth performance [113].
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In addition to frequency tuning features, advanBP®R lasers have been widely
studied for various applications such as opticatrmnication systems. In recent studies,
the optical injection locking technique has beemlkimed with gain-lever modulation in
multi-section DBR lasers to further improve the RErformance, including the
modulation efficiency enhancement, bandwidth impraent and nonlinear distortion
reduction. Using this technique, a 10-dB enhancénenthe intensity modulation
efficiency, a 3x improvement in the modulation bardth, and a 15-dB suppression of
the third-order inter-modulation distortion has beeported in a multi-section QW DBR

laser [114].

1.3 Organization of Dissertation

This work studies the manipulation of intrinsic caeristics of nanostructure QD
and QDash lasers using external control technigfiegptical injection-locking, optical
feedback, and asymmetric bias configuration.

Chapter 2 studies the impact of optical injectiooking on the direct modulation
characteristics of QD and QDash nanostructure $adéris chapter recasts a predictive
response model to investigate the modulation cheniatics of QD and QDash lasers
under stable injection-locking conditions. The praged response function accounts for
the unique carrier dynamics in these lasers byiamiyl incorporating the nonlinear gain
compression through known free-running parametélsing this model, the key
operating parameters of injection-locked QDash @t lasers were extracted directly
from measured data in the microwave domain ande$gts are compared for each laser

structure. Chapter 2 gives a detailed charactévizatf the slave QDash and QD devices
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under investigation and highlights the key freening parameters that make these types
of active regions suitable for implementation iniajection-locked laser system. The
validity of the response model then is examinededasn the extracted value’'s
correlation with theoretical predictions. It is @lshown that comprehensive analysis of
the extracted parameters can be further used immiptg the overall modulation
performance of the coupled system.

In chapter 3, the impact of optical injection-laegion the linewidth enhancement
factor of a QDash slave laser is investigated. His thapter, manipulation of the
linewidth enhancement factor of an injection-lockg®ash laser under zero detuning
and strong optical injection is studied. The expental findings are validated by
comparing the extracted linewidth enhancement gafuem the measured microwave
response to the directly measured results.

Chapter 4 describes methods of external contridtengeneration and stabilization
of dual-mode emission in a single frequency QDrlasede. In this chapter, a dual-
mode emission mechanism is realized for the fimetby asymmetrically pumping a
two-section QD DFB laser operating in the excitetesmode. The detailed design and
fabrication of the two-section QD DFB laser diode gresented. This chapter also
demonstrates how combining the unique QD carrieradycs along with excited state
coupled mode operation allows for the manipulatb@D states through external optical
feedback stabilization.

Lastly, chapter 5 gives a summary of the work amghlilghts proposed future
research related to the impact of external conéahiniques on overall characteristics and

performance of QD and QDash semiconductor lasers.
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Chapter 2

Modeling the Injection-Locked Characteristics of Nanostructure

Semiconductor Lasers

2.1 Introduction

As introduced in Chapter 1, injection-locking ofreeonductor lasers is one of the
most attractive research topics since this metimodides superior improvement in the
high-speed characteristics of directly modulates#ia such as increasing the modulation
bandwidth, suppressing non-linear distortion, dasirey relative intensity noise, mode
hopping and reducing chirp [1]-[7]. Previous stidave mostly investigated the impact
of the injection-locking technique on the modulatjroperties of bulk and QW lasers,
but very little is known about the impact of optiagection on the novel nanostructure
lasers such as QD and QDash devices. As discusdbd previous chapter, compared to
bulk and QW devices, 3-D confinement nanostructasers were expected to exhibit
much better modulation performance under opticgciion as a result of their unique
carrier dynamics and superior intrinsic charactiess

Most notably, previous works have focused on reddizhigh modulation
bandwidths and associated design strategies, athlye modulation properties of the
coupled system in the spectral domain, and nunibrigavestigated the modulation

response of the injection-locked system [4]-[11].
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Noting the benefits of extracting relevant opemrarameters from measured data
in order to aid in future simulations, this chaptecuses on extracting the operating
parameters from an injection-locking system byadtrcing a novel modulation response
function and experimentally verifying the validitgf the resultant model in the
microwave domain using two types of nanostructuenisonductor lasers, QD and
QDash Fabry-Perot (FP) devices as the slave |d%es.extracted parameters of the
coupled injection-locked system include the in@etistrength, linewidth enhancement
factor, threshold gain shift, coupled phase offsstveen the master and slave laser, and
the field enhancement factor which characterizesdiwviation of the locked slave laser
from its free running value. This chapter describew the derived model incorporates
nonlinear gain through the free-running dampinge rand relaxation oscillation
frequency, specifically nonlinear gain compressidmch arises from using nanostructure
laser systems. The validity of the model and amcyrof the extracted terms are
examined based on theoretically expected valueshirfitting parameters at extreme
detuning ranges. Also the derived model is usegeidorm theoretical simulations to
analyze the impact of the linewidth enhancementofaon the characteristics of the
modulation response function. This work shows wheondeling injection-locked
nanostructure lasers, the slave’s linewidth enhaec factor plays an important role in
the modulation response of the coupled system.mpact of the QDash slave laser bias
current and temperature variations on the freeingnrelaxation oscillation frequency,
damping rate, and linewidth enhancement factor,thedesultant effects on the observed
pre-resonance dip in the modulation response ofcthepled system is investigated.

Furthermore, the modulation response of a QD Fér lasder strong optical injection is
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fully characterized. It is found that at particulajection strengths and detuning cases, a
unique modulation response is observed that differa the typical modulation response
observed in injection-locked systems. The benéfihe observed response is that it takes
advantage of the resonance frequency enhancemiietvad through injection-locking
without experiencing the low frequency dip thatgigantly limits the useful bandwidth

in the conventional injection-locked response cddee second benefit of this unique
response is that there is an improvement in tha fregquency roll-off that extends the

bandwidth.

2.2 Injection-Locking Theoretical Model

In order to characterize the high-speed modulagierformance of an injection-
locked laser system it is important to investigéie governing theory that can be
obtained by modeling the characteristic paramaisensg a set of coupled rate equations
[12]-[14]. Mathematical translation of the injeatidocking system operating in the stable
locking regime based on three fundamental ratetemsawas first demonstrated by Lang
[12]. This section capitalizes on improvements e rate equations governing the
dynamic properties of an injection-locked systenoiider to investigate the modulation

properties of such a system under strong optigatiion [8]-[10].

2.2.1 Rate Equations

The differential equations describing the dynanatan injection-locked system

have been developed by introducing terms descritbpgical injection into the
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conventional rate equations governing the freeingmoharacteristics of the slave laser.
The additional terms include a coupling vallg,the magnitude of the injected master
field, Aij, and the detuning frequency between master anc,sliwi,. The model
assumes the slave laser is being directly moduletech that the small-signal
approximation can be applied. Additionally, it ssamed that the laser has been exposed
to a relatively strong external optical injecti@uch that the impact of the noise and the
spontaneous emission rate coupled to the lasingenawd negligible [10]. The free-
running slave laser is biased well above threshbig: injection-locking amplitude and

phase rate equations arise from the fundamentaplexfield rate equation [8], [10]:
_ . \E . ~
o T NE*ja)T - jha, B+ kA, (2.1)

whereE is the time-varying slave complex fielgjs the differential gainlN is the carrier
density anddN=N-Ny, is the shift in carrier density from thresholddam is the slave
laser’s linewidth enhancement factor. The complextec field amplitude and phase in
(2.1) can be separatedl%s Aexp(j@ , whereA is the amplitude of the slave’s internal
electric field, andpis the phase offset between master and slave labéh is defined
as @iave Phaster 1he variation of the slave field magnitude, phas$iset between the

master and slave fields and carrier density wittetcan be written as [8], [10]:

dA (g

P (EANJA+ (k cosp)A,; (2.2)
dp_ (9 Ay
E—G(EANJ—AC%J- —(kcsmqo)T' (2.3)
dN

=~ Joe TN = (e + 0AN)A (2.4)
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where the amplitude of the electric field squake,is proportional to the photon density,
Npn, andJdpias, yn @andyp correspond to the applied bias current densitgrse differential
carrier lifetime and cavity photon decay ratespeesively. It is important to note that the
phase variation in time depends on detuning thrai@h=caster Wiaver The linewidth
enhancement facton, the injection strength which is proportional Agj/A, the phase
offset ¢ and the detuning terdw,; are the key injection parameters that have a

significant impact on the coupled oscillator system

2.2.2 Steady-State Solutions

The equations described in (2.2) to (2.4) define teamporal and dynamic
behavior of the system. The injection-locking phaeaon is investigated through the
steady-state solutions arising from these threferéifitial equations. Under steady-state,
the right hand side of (2.2) to (2.4) is equal évozas there will be no time variation in
the slave’s field amplitude, phase and carrier ignE/sing an approach presented by
Murakami [8], the steady-state parameters of thexiion-locked system can be defined
as the steady-state phase offggt,steady-state carrier density, steady-state locked
slave field,A,, and the free-running slave field; [10]. Based on this strategy the first
general condition for the system under injectiocklog can be clearly found through
(2.3) by introducing the steady-state parameteds smtting the left hand side equal to

Zero.

Ad, =%(9ANO)—(kcsin¢a)% (2.5)

46



where the change in carrier density under the gtetate condition is expressed as
ANg=No¢-Ny. Equation (2.5) describes the correlation betwésmguency detuning,
threshold condition and the strength of the in@cheld. It can be clearly seen that
depending on the detuning condition and the phtsetpthe injected field can result in a
threshold gain shift througlgdNo,. Note that the group velocity is implicit in the
differential gain termg.

Using this method and solving for the steady-sfseameters of the coupled
system, the relationship between the free-runnimylacked fields, an expression for the
steady-state phase offset, and the change in twl\ysstate carrier density can be

expressed as [8], [10]:

2= Z—VNANJ/(l gANOJ 2.6
A (r y, Ao + V. (2.6)

@ = sin‘l{— By i} —tanta  (2.7)

kc\/1+ 0'2 Anj

2 ay
AN, = % |
0= (k. cosg) A (2.8)

The steady-state slave field and the phase ofttetden the slave and master laser and
its boundary can be further used to find an expwasfr detuning,4ay,. However,

computing the detuning value for a specific casgtspossible unless the key parameters
such as phase offset, linewidth enhancement faeod injection strength can be

extracted for that case. Rearranging (2.7) to sfavéhe detuning ternia,; becomes:

Aay; =~k N1+a? %sin‘l(qq) +tant a) (2.9)

nj
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The steady-state phase offset equation and theegsipn for the change in the
carrier density can be used to indentify the ingectlocking stability condition that
determines the locking boundaries which was finstoduced by Mogenseet al. [13].
The initial constraint on the system can be fourainf equation (2.7). To find a real
solution for the phase, the gierm has to be less than or equal to 1, leadinthéo

following expression:

-tan™(a) -

N |

<@ <-tan'(a) +g =cot™(a) (2.10)

This constraint, which is known as the “locking fhaidth” [13], leads to the injection
locking method of measuring the linewidth enhanaanfigctor of the free running slave
laser, which is later discussed in this chapter.

An additional constraint is found in equation (2.&pr stability, the carrier
number,N, cannot exceed the threshold valb, In simpler terms, the change in the
steady-state carrier density must be less than Zigo< 0. Applying this limitation to

(2.8) and rearranging (2.10) yields the followingpeession for the phase constraint:
71 -1
—5 S @ <cot(a) (2.11)

Equation (2.11) indicates that the phase is bouraml@dss the locking range from
cot® (a) to 72, from the negative to positive frequency detgn@tiges, respectively.
Using the phase constraint in (2.9) and rearrandiddl), yields the important

expression for the coupled system locking boundangition [13]:

Ay Ay
—kV1+a? 2 <A, sk, —* 2.12
A @ A (2.12)
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Knowing the stable locking phase/detuning frequeoagstraints described above can
further assist in modeling the modulation respootehe coupled system at a given

frequency detuning by reducing the range of thm§tparameters.

2.2.3 Small-Signal Analysis (Dynamic Solutions)

A detailed approach to find the small-signal salatiof the rate equations
expressed in (2.2) through (2.4) has been demdedtma the literature [8], [10]. Based

on this method the absolute modulation frequensgarse function can be expressed as:

2 _[DA _ M (e +22)
A3 (c- Act) +(Bw- o)

(2.13)
where the parametric termsB, C, Z andM can be defined and simplified as [10]:
A=2ncosg +yy + 9A (2.14)

B=n?+2pcosp(gh + v )+ 9A (e —27c0sg)  (2.15)

C =, +9K)-9A(ys ~27c0sp)2 (2.16)
Z =n(asing - cosp) (2.17)
:% (2.18)

The injection strength is proportional to the cauglterm and the field ratio as:

Ao _

A Mo/ Ree (2.19)

n =K,
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whererp is the maximum injection ratio arRie = Al/Ay is the slave field enhancement
factor due to injections, incorporates the external master to slave poweo, réhe
coupling efficiency between the slave and masterlaand the efficiency of the injected
field entering the slave laser cavity due to theefareflectivity. At this point, the
enhancement of the slave field is introduced asditional term denoted as the field
enhancement factoRgg, which takes into account the deviation of theeslsteady-state
field magnitude compared to its free-running vadti@ high injection ratio and a specific

frequency detuning.

2.2.4 Modulation Response Function

The modulation response model expressed in (2it8ugh (2.18) can be used to
simulate the modulation characteristics of an itmpeclocking system in the microwave
domain. There are as many as 8 fitting parametea\ed in this model, and this large
number of potentially unconstrained parametersaallfor many possible solutions that
will reduce confidence in extracted results. On¢hefgoals of this work is to reduce the
number of fitting parameters through known freening slave terms along with
additional constraints on remaining injection-lougkifitting terms. By doing so, the
parametric term#\, B, C, andZ defined in (2.14) through (2.18) can be translated
terms of known free-running and injection-lockedguaeters. This reduces the number
of fitting parameters and expresses the remainargrpeters in terms of the injection-
locking operating parameters which then will be jgcted in the targeted relative

modulation response function. Since the |? term defined in (2.13) and (2.18) is
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independent of frequency, it can be cancelled enrtiative modulation response form.

The “A” term in (2.14), is effectively a damping ratetbé& coupled oscillator as follows:

A = yslave + yth (2-20)

The slave damping ratgyave is related to the free-running damping rate arades with

the field enhancement factor as:
— A2 — 2
yslave_gAb+yN_(yfr_yN)RFE+yN (2.21)
where y; = gAzr +yy is the free-running slave damping rate gnds assumed to be

independent of optical injection. The explicitatbnship between the locked and free-
running damping rates is a key feature of the cuirneodel and allows us to implicitly
include non-linear gain effects as explained belgwis the threshold gain shift and
appears as a damping component resulting from rgavie slave from its free-running

condition. It is also related to the phase offset mjection strength such that:

Vin = 27€08% = 2(77,/ Rec Jcosg = ~gAN, (2.22)
Again it is necessary to note that the group vé&ois implicit in the differential gain
term, ‘g”, everywhere in this derivation. Using (2.21) tdbstitute for the slave damping

rate in (2.20) and re-writing the expression faf,“we have:

— 2
A_(yfr_yN)RFE+yN+yth (2.23)
The second and most important term located in @moahinator of the response function
is “B”, which corresponds to the overall resonance feegy of the system. Substituting

for the threshold gain shifi, in the ‘B” term defined in (2.15) and rearranging yields:

B=r?+y (0B + 1 )+ 98 e —v) (224
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The second term in (2.24), which is related to sheady-state slave locked field and
carrier lifetime as ¢A. +y, ), effectively appears as a damping rate which ban

directly linked to the slave damping rajgae Using the definition in (2.21), this term

can be re-written as follows:

— 2 2
B =17+ VoVmet 9B Ve = Vi) (2.25)
By multiplying both sides of the steady-state dolubf the locked field found in (2.6) by

the differential gaing, and rearranging on the right hand side, yields:

_ 9Ae ~ 9N,
Ve T OAN,

s13 (2.26)

The first term in the numeratchfryp, corresponds to the free-running relaxation

frequency squaredes. Substituting the threshold gain shift defined(#22) allows

(2.26) to be rewritten as:

o + YV,
gA = ——TNIn 2.27
Ve = Vi ( )

Substituting (2.19), (2.21) and (2.27) into (2.2B) rearranging will give the following

expression for theB” term:

B= (6 + 2/ V)* o/Ree P + VoV W R (2.28)

For the case of zero injectiong is zero and (2.28) is equal to the relaxationdesgpy
squared of the slave lasBr= «f, which simply represents the slave’s free-running

operating condition. Similarly, by applying (2.192.21), (2.22) and (2.27) into (2.16)

and rearranging,C” can be simplified and expressed as:
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C=(/Re Ve ~ IR +ml- (@ + vz (229)

The ‘Z” term defined in (2.17) is the zero of the freqeemesponse solution in equation
(2.13). This term corresponds to the correlatiotwben the detuning phase offset and

linewidth enhancement factor and can be expressed a

Z = (17o/ Ree (@ sing, — cosgs) (2.30)
By manipulating (2.13) and applying the parameatims expressed in (2.23) and (2.28)-
(2.30), the relative modulation response functidnaostably locked system can be
expressed as:

C 2
) ~ | (a? +2?
2 _|H(@) _ (Zj w+2) 1 (2.31)

HO (c-Awf +(Bw-o?f L+ (@).))

[Hel

The second term in the denominator accounts fop#rasitic RC circuit in the
laser diode and the carrier transport effects wheris considered as a free-running
characteristic constant that can be extractedis important to note that the response
function expressed in (2.31) has a cubic frequedegendence. Depending on the
detuning condition, either thB-containing orC/A-containing poles in the denominator
may have a dominant impact on the overall resonfirgeiency.

Analyzing the parametric terms in (2.23) and (2@830), also indicates that the
enhancement of the steady-state field through niection strength has a significant
impact on the modulation response of the couplstegy. On one hand, the damping rate
described irA, can be increased rapidly by the square of thié é&ehancement factor. On

the other hand, the resonance of the coupled sygteem in B also depends on the

53



deviation of the steady-state field from its freeuning value and the maximum injection
strength. TheC term defined in (2.29), balances the interactietwieen the damping and
overall resonance through the zero of the respbansgtion, Z term, which depends on
the steady-state phase offset, the linewidth erdramnt factor and injection strength.
Therefore, the frequency detuning, injection stterand slave’s linewidth enhancement

factor are the key operating parameters of thefige-locked system.

The impact of linewidth enhancement factor on theduafation response of an
injection-locked nanostructure laser is separaitehgstigated later in this chapter. The
impact of increasing injection strength on the eweanent of resonance frequency has
been theoretically and experimentally demonstratedeveral research groups [8], [15].
However, it is important to note that the resonaineguency of the coupled system also
changes dramatically across the locking boundargmf its free-running value
(minimum) at the negative frequency detuning edgist maximum achievable value at

the positive frequency detuning edge.

2.2.5 Key Frequency Detuning Cases

The approach presented here is to simulate the latgaiu response for different
values of injection strength and/or frequency detyirand briefly discuss the impact of
each factor on the resonance frequency and ovessflonse of the coupled system.
Based on the small-signal modulation response erirv (2.31) and the detuning/phase-

locking boundaries defined in (2.11) and (2.12je¢hmodulation regimes with unique
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Figure (2.1a) Simulation of the modulation resporfsaction under zero, extreme
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characteristics can be observed and are illustiat&igure (2.1a). All the responses are
normalized to a zero DC value. In this simulatithe numerical values for the free-
running parameters were chosen from the QDash $€? sudied in this work. In Figure
(2.1a), the modulation responses at the negataguéncy edge, at zero detuning, and at
the positive frequency edge were simulated usifigeal maximum injection strength. At
the negative frequency detuning edge, the steadg-phase boundary is defined by the
slave laser's linewidth enhancement factor ag'(c)t The modulation response in this
case is heavily damped and there is no eviden@retonance peak, making the 3-dB
bandwidth relatively small.

The positive frequency detuning edge is charaadriby a sharp and high
resonance peak. The resonance peak is proportoriaé injection strength and is now
enhanced in comparison to the free running case. Mhximum resonance peak is
defined when the locking boundary phase is appratety 17/2. The resonance peak
being proportional to injection strength makes plositive detuning edge very attractive
for high-speed applications. However, the 3-dB bddth does not scale with the
resonance frequency. To understand this better, ptiogression of the resonance
frequency enhancement at positive frequency degueithge with increased injection
strength is simulated in Figure (2.1.b). As thesation strength is increased, a pre-
resonance dip between the DC value and the resercauses the response to fall below
the 3-dB value and limits the corresponding usabileguencies for broadband
applications. Based on real and imaginary poleyamabf the coupled system’s response
function, the origin of the undesired dip at paestifrequency detuning has been

previously investigated and detailed results canfduend in the literature [10]. The
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occurrence of the pre-resonance dip and its impadhe modulation response is briefly
summarized here.

Most notably, the pre-resonance dip has not besarebd in the two pole system
(free-running case). Thus, the pre-resonance dipgh@esented in the injection-locked
system is related to the cubic frequency dependehdbe response function given in
(2.31). Generally, two of the three competing paéshe response function control the
damping and resonance effects in the response vus&milar to the case of a two pole
system. The pre-resonance dip is basically causethd third pole of the response
function which scales by the injection strength @noduces a steep 20 dB/decade roll-
off as the modulation frequency exceeds the frequer the pole [10]. The third real
pole, P34, of the response function given in (2.31) candentl from the determinant of
the frequency response as given in [B];y = C/(4B*+A?). Parametric term8, B, andC
are given by (2.23), (2.28) and (2.29). The siz¢hefdip is inversely proportional to the
frequency of the third pole. At low injection radithe roll-off is weakened by the zero of
the function, reducing the dip depth. As the infttstrength is increase®z4 reduces
due to the enhancement of resona)enthich pulls the third pole toward the DC value
and causes the dip to become more significant. Bagethe relationship betwedh,q
and parametric terms, increasing the valueCpfby increasing the slave laser’s bias
current (or power), will increasBsq and reduce the dip. The impact of free-running
parameters on the undesired dip are experimentalgstigated and presented later in
this chapter. Despite the fact that the observedgdnerally has an undesired effect on
the modulation response, the positive frequencye exdge is still useful for narrowband

applications.
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Figure (2.1c) Simulation of modulation responsecfion under zero detuning, for
various values of injection strength.

Using this approach, resonance frequencies up @ GBz have been reported in
injection-locked QW DFB and VCSEL devices [11]. Hower, there are still various
methods to take advantage of the enhanced resormdnttee system at the positive
frequency detuning case by optimizing the free-migrevice parameters. This topic is
separately investigated in detail in section (3.6f@his chapter.

Another interesting detuning scenario is the zestuning case. Figure (2.1.c)
shows the evolution of the zero-detuned modulatésponses as a function of injection
strength,/. Similar to the positive frequency edge case gasing the injection strength
enhances the resonance frequency at the expensigher damping that reduces the
height of the resonance peak under strong optigattions. Most notably, the zero
detuning condition has a relatively flat responsdar strong injection. This flat response

can be useful for broadband applications.
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Chapter 3, studies the impact of strong opticadanpn on the slave linewidth
enhancement factor under zero-detuning conditiGh®osing a zero-detuning condition
for this study is motivated by the following reasé zero detuning, sinc8awn=0, the
steady-state solution of the phase offset give(Rii) reduces tog = -tari*(a). This
relationship, simplifies the parametric terms giver(2.23) and (2.28)-(2.30) as well as
the relative modulation response function express¢#.31). Based on the zero-detuning
phase condition expressed above, gh@ndZ parameters given in (2.22) and (2.30) can
be simplified using trigonometric identities: sitdA(a)}= af[1+a?*? and

cos{-tari’(a)}=1/[1+ a*]*?, resulting in the following expressions:

= i = i
Vin ( R. JCOS% RFEW (2.32)
Z = (15/Ree Jla'sing —cosg) = -(%jVH a’ (2.33)

The importance of this simplification is that itreinates the phase dependence of the
threshold gain shift, and the zero pole te#ndf the response function, makes it easier to
model the measured modulation responses and exitradiey operating parameters of
the injection-locked laser system. Chapter 3 ubessimplified expressions given in
(2.32) and (2.33) to extract the resultant shifthe threshold gain and slave’s linewidth
enhancement factor under strong optical injecttoengjths.

With the relative modulation response function diéed in (2.31), along with the
parametric termg, B, C, andZ defined in (2.23), (2.28)-(2.30), the modulati@sponse

of the injection-locked laser can be accurately ebedl Furthermore, the validity of the
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presented model can be verified by least-squatgsgfiof the measured modulation
response data and the key operating parameteitseodupled system can be directly
extracted in the microwave domain. The curve-fijtprocess begins with identifying the
key operating parameters of the coupled systenudied in the modulation response
function. The termd\, B, C, andZ, consist of a combination of terms associated with
free-running characteristics of the slave laset temain fixed and the rest of the terms
that are linked to the optical injection. These ynhtting parameters can be problematic
when modeling the experimental data with a leastaiseg fitting method. The following

section is focused on a novel approach to sohgeptablem.

60



2.2.6 Identifying the Known Free-Running Operating Partarse

By taking into the account all the terms in (2.2 finds that eight fitting
parameters includings, J W Mn, 1o, Ree, Z and y: are needed for the simulation. All of
the terms are expressed as angular frequenciepteRee Compared to previous
research, this method represents a novel expernapiproach that allows an easy
comparison of the relative magnitudes of the fiftparameters [8]. Since the model is
comprised of multiple fitting parameters, therelWw# many solutions available that can
fit the experimental data. Most of these possibddutions can be eliminated by
introducing proper restrictions to the operatingapaeters during least-squares-fitting,
such that they can vary only in an acceptable physange. However, restrictions are
not enough to reach a reasonable level of accushtlyge model unless it is combined
with a reduction of the freely varying fitting panaters. Fortunately, some of these
parameters can be extracted from the intrinsic-fueaing parameters which can be
determined from the slave laser operating chariatits.

The operating parameters of an uncoupled systeee-(fning slave) can be

extracted from the conventional 2-pole modulatiesponse model [16]:

o’ 1

' 4
(of —’)? +yref 1+(wy,)’

Hel = (2.3)

This expression is used to fit the free-running olation response and extract three of
the fitting parameters: the free-running relaxatwstillation frequencyw, the free-

running damping ratey, and the parasitic roll-off induced by. These parameters are
intrinsic characteristics of the slave laser ancha@ unchanged when the system is

injection-locked. The other fitting parameter foundthe free-running characteristics is
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the inverse differential carrier lifetimg. This term can be directly extracted by plotting
the known free-running damping rates as a funcbbrthe corresponding relaxation
oscillation frequencies through the conventiongiressiony;= K >+ ) [17]. Knowing
the value of) is beneficial since it may have a significant iipan the high frequency
behavior of the system under modulation. Consedyyghe number of fitting parameters
can be reduced from 8 to 4 by keeping the freeinghterms constant during the
simulation. Further constraints on the remaininginfy parameters are found by
considering the theoretical limits of coupled systphysics. In the following sections
(2.3) and (2.4), the experimental setup and reduwmels needed to characterize the free-
running and injection-locked parameters of the esldaser and coupled system are

described.

2.3 Free-Running Characterization - Experimental Setup

The experimental setup used to characterize tlee-riinning device is
schematically shown in Figure (2.2a). The setupsist® of a test laser mount and heat
sink, a high-speed probe station, and diagnosbos tsuch as an optical spectrum
analyzer and network analyzer. To prepare for Isigbed testing, each device was
mounted on a gold-plated C-mount using either imdior silver epoxy. Because the
ground contact of the device is located at thedpotbf the laser, a ground pad with the
same thickness as the laser chip is mounted adjaxdéme laser device to bring both the
signal and ground contacts to the same level. Astihted in Figure (2.2b), this

configuration is necessary for high-speed testingesit helps to eliminate the parasitic

62



Heat Sink

Lensed Fiber

50150
Splitter

[@=———) 00003
(0o |[EE |[m=][0 O
)

RF,, 2 l ‘ H1HIE
DetectorDl ol == ] ==

HP8722D Network Analyzer

I [ i DC Bias
“\ Current Source

Figure (2.2a) Schematic of the free-running dewbaracterization experimental setup
(Not to scale).

PC

Ground pad is shorted to C-mount
(common ground with laser )

\ ‘ " 3 Ground Pad
g pn ; s ] - 3

Indium coated C-mousith

. ~;* } @

High-Speed Pico-Probe ‘D
Test Port SG Input Port 4 rew

(‘Signal*@round) |6—~‘——4 I Emlttlng Facet

Figure (2.2b) Picture of the high-speed configusatshowing the test laser, ground pad
and schematic of 40GHz signal-ground Pico-Prdbe

Il
w

63



capacitance and inductance generated from the elewvider the test. Furthermore, this
configuration also enables use of a high-speedalignound 40 GHz Pico-Prob# to
minimize high frequency parasitic effects. The Camicthen is clamped on a copper heat
sink block, and the desired temperature is maiathihy a thermoelectric controller
(TEC) unit. DC bias and microwave modulation signakre provided through port 1 of
an HP8722D vector network analyzer connected tdLah continuous-wave current
source. Prior to the measurement, a full two-patibcation was performed on the
network analyzer to eliminate the parasitic andI&¥Ses in the microwave cables and
probes. The laser output was coupled into a leffigded mounted on a piezoelectric
controlled stage with submicron alignment accuraryd coupling efficiencies of up to
60% were achieved. Once collected by the lensedd, fibe laser output was sent to the
diagnostics parts of the experimental setup. Thé&s®dMeam splitter allows one to
measure the modulation response of the laser wimialtaneously monitoring the optical
spectra of the test laser. To measure the modulatisponse (}5°), the laser output was
collected by a 25 GHz high-speed Discovery semiootat photodetector (Lab Buddy),
which was connected to port 2 of the network arely& high resolution (1.25-1.75 GHz
at telecom frequencies) Ando/Yokogawa AQ6319 opspactrum analyzer (OSA) was
used to monitor the optical spectra of the tedrlaBhe light-current characteristics of the

slave lasers under test were also measured usialgsphere integrating sphere.
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2.4 Injection-Locking Characterization — Experimental Setup

Figure (2.3) shows the block diagram of the expental setup used to characterize
the injection-locking laser system. In additiortthe equipment used for the free-running
setup, a tunable master laser, optical circulgiofarization controller, band-pass filter
and erbium-doped fiber amplifier (EDFA) are add&imilar to the free-running
experimental characterization procedure, the oyiputer of the slave laser was carefully
coupled into a single-mode polarization maintainit®M) lensed fiber using the
piezoelectric stage controller. The anti-reflectiohR) coated PM lensed fiber was
connected to port 1 of a 3-port PM circulator. Dmtical circulator serves as the core of
the injection-locking setup such that it providée tdesired propagation path for the
optical signal and blocks undesired light from doupinto the slave and master laser.
Depending on the operating wavelength of the slaser under test, the tunable master

laser's wavelength was adjusted appropriately.

PM Circulator

Master < E Polarization Controller PM Lensed fiber
Tunabled 5 HE = Slave Laser
Laser L ST Port 2 Port 1
Port 3 DC + RF Signalw\ RFor 1
Optical Spectrum | _
N
Analyzer (OSA) 50/50 Splitter HP 8722D
Network Analyzer
- )
High-Speed | RF,.:2
Detector Current Source

Figure (2.3) Block diagram of the injection-lockiagperimental setup.
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The master laser used for the QDash injection-fagleéxperimental setup was a
tunable external cavity laser (New Focus 6200) vatisingle-mode PM fiber pigtail
connected to port 2 of the circulator. The tundéder operates at wavelength range from
1530 nm-1580 nm with a 10 pm tuning resolution. pirt 2, the master laser was
connected to a Keopsys EDFA capable of outputtimgaaimum power of 100 mW to
boost the optical signal from the master lasere dmmplifier noise is reduced by using a
Santec band-pass filter. After the band-pass filidree-space polarization controller was
used to ensure that the injection field polarizatieas controlled from the master laser.
Port 3 of the circulator was connected to the tsgbed Lab Buddy detector through
which the relative modulation response,{fp was measured using the HP 8722D
network analyzer. The 50/50 beam splitter at past the circulator was used to measure
the modulation response of the injection-lockecdashile simultaneously monitoring
the frequency detuning between the master and $teezs. The high resolution OSA
(Ando/Yokogawa AQ6319) was used to measure thecapspectra to determine the
frequency offset between the master and slavedaasrwell as to identify stably-locked

conditions.
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2.5 Modeling the Injection-Locked Characteristics of QDash FP Laser

As mentioned in the previous section, reducingtbmber of fitting parameters
and applying reasonable constraints to the remgifiting parameters improves the
confidence in the least-squares-fitting results dgcreasing the number of possible
solutions. In section (2.2.6), the known free-rumgnparameters required for modeling
the coupled system have been indentified. In tecien, the free-running operation of
the QDash FP device is studied and the key fresingnparameters are extracted from
measured data. Using (2.34), the free-running atiem oscillation frequency, free-
running damping rate, inverse differential carriéetime, and the parasitic RC time

constant can be extracted.

2.5.1 Description of the QDash Fabry-Perot Laser

Figures (2.4a) and (2.4b) show the schematic dpltéayer structure and atomic
force microscope (AFM) image of the QDash nanostineclaser device. The QDash
laser wafer #258H is a multi-mode FP grown by MolacBeam Epitaxy (MBE) on an
n"-InP (001) substrate. The active region is a Dash-Well (DWELL) consisting of
five stacks of InAs quantum dashes embedded in oeEsBjvely-strained
Alg2dGa.1dnossAS quantum wells. Each quantum well is separated3@ynm wide
undoped, tensile-strained AkGa 2JdNo.s0AS spacers on both sides of the DWELL active
region. Lattice-matched AbdGa1dnos2AS waveguide layers of 105 nm are added on
each side of the active region. The [ur&-thick AllnAs p-cladding layer is beryllium

(Be) step-doped to reduce the free-carrier losBbs. n-cladding layer is 500-nm thick
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Figure (2.4a) Epitaxial layer structure of the In@®ash laser.

Figure (2.4b) AFM image of the InAs QDash laserenat [18].
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Figure (2.5) Wide-span spectra of the QDash FPrasdias current of 60mA.

AlInAs [18]. The laser structure is capped with@4m thick p*-InGaAs layer. Four-
micron wide ridge waveguide laser bars were fabtegtausing standard processing
techniques and cleaved into 500-um long cavity tlehgThe free-running operation of
the QDash laser was characterized using the expetahsetup described in section
(2.3). The nominal emission wavelength of this Fé¥ick is around 1567 nm, the
threshold current was measured to be 54 G\~ 2700 A/cm) with a slope efficiency
of 0.2 W/A at room temperature. Using the long-wenmgth limit of the measured total
cavity loss, the internal loss of the QDash maltevis estimated to be 14 €njil9]. The
FP modes have an average free-spectral range @SRJ1 nm (85.7 GHz) across the
100 nm span shown in Figure (2.5). The average ¥8ls an average group index,
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of 3.5 for the QDash active material. Given theagtsdl facet reflectivity oR;=R,=0.32,
cavity length ofL=0.05 cm, internal loss afi=14 cni*, and an average group index of
ng=3.5, the threshold gain was calculated to be 8618 which yields a photon lifetime,

Ip, of 3.2 psec.

2.5.2 Determining the QDash Laser Free-Running Paramatetshe Nonlinear

Effects

The free-running microwave parameters were obtalmefitting the free-running
response curves measured for the QDash FP devitket@onventional modulation
response function expressed in (2.34). Figure }2séaws the measured free-running
modulation response of the QDash device along with curve-fitting results. This
examination of the free-running laser operatingldgd a free-running relaxation
oscillation frequency ofi= 2.7+0.02 GHz, a free-running damping rateygf 7.4+0.32
GHz and a parasitic RC rate gF67 £0.4 GHz. The error for the free-running values
were measured based on a one standard deviatidideroee interval, and are observed
to be less than 5% of their extracted values. bfitexh to these three values, the inverse
differential carrier lifetime ), was found by plotting the free-running dampingeras a
function of the relaxation oscillation frequencyuaced,f,?, as shown in Figure (2.6b).
The corresponding value fgg is determined at the intersection of the plottathdvith
the y-axis and was found to be approximately 4083 GHz. TheK-factor, which is
found from the slope of the curve in Figure (2.68)0.45 ns and includes the effects of

non-linear gain compression in the usual mannégy [2@].
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Figure (2.7) Square of the relaxation oscillatisaquency versus the free-running output
power.

The impact of non-linear gain on the free-runnialgxation oscillation frequency

can be studied through the following relation [42R]:

C,P. _CP

2 _ f ' out f " out

f _1+‘€ppout 1+@

sat

(2.35)

where, &, is the gain compression factor related to thguupowerP,, andC; is a
fitting constant. The ratio dP,,; / Psay €Stimates the impact of gain compression at a
given output power through the introduction of Haturation powerPsy. Based on the
relation described in (2.35), the impact of noreéingain compression is incorporated, in
part, into the injection-locking model through thee-running relaxation oscillation
frequency which will be kept constant during sintigla. Figure (2.7) shows the variation

of the relaxation oscillation frequency squaredadanction of the output power for the
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QDash device. Using (2.35) to fit the experimenata illustrated in Figure (2.7) results
in a saturation power dsy [IL7 mW, a gain compression factor&fl] 6x10 2mw? and

a maximum free-running relaxation oscillation freqay of 7.6 GHz [22].

2.5.3 Modulation Response of the Injection-Locked QDasR Pevice:

Experimental Findings

In this section, using the experimental setup desdrin section (2.4), the
modulation response of the stably injection-lockgDash FP device is examined at
different detuning cases using the modulation nespdunction derived in (2.31).

Figure (2.8) shows the free-running and injectiocked QDash modulation
responses measured under zero and extreme detscémgrios. The slave laser was
injection-locked at the mode closest to 1565 nme Trfjected power provided by the
master laser at the slave arm (port 1 of the @tou) and the total slave power from both
facets were measured to be 3.5 dBm and 4.7 dBnpectgely. The Side-Mode
Suppression Ratio (SMSR) for stable locking wagmato be 30 dB; using this criterion,
stable locking was observed for detuning frequen@iem 13.5 GHz to -17.1 GHz. At
the zero frequency detuning condition, a 3-dB matioih bandwidth of 11.7 GHz was
observed which corresponds to a three-fold impre@nrelative to the free-running
case. At the positive frequency detuning edgentbhasured response exhibits a large dip
as well as a high resonance peak. Due to signtfidamping, only a slight improvement

in the bandwidth is observed for the negative fesmy cases.
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Figure (2.8) Modulation responses of the free-riignand the injection-locked QDash
laser under zero, positive and negative frequeratyrdng conditions.

As described in the previous section, reducingrthaber of fitting parameters
and applying reasonable constraints to the remgifiting parameters improves the
confidence in least-squares-fitting results by dasmg the number of possible solutions.

The following section discusses the fitting paraanebnstraints on the remaining terms.

2.5.4 Fitting Parameter Constraints

In order to reduce the number of possible solutionshis curve-fitting, it is
necessary to put additional constraints on the fearaining fitting parametersg, Reg,
o andZ, which are introduced by the injection-locking stadue to the interrelationship

between these four parameters, constraining theorces to restrictings, /7, Rre, and
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the linewidth enhancement factor. This transforomats important because the linewidth
enhancement factor of the investigated QDash Fét laas been found to change from
~1.0 to 11 above threshold [23]. This order of niagle change in the linewidth
enhancement factor is unique to this nanostrudase.

The constraints on the phase offsgf, are based on the allowed locking range
through the threshold condition and considerin@XR.The result is that the phase offset
varies betweenr¥2 for positive frequency detuning up to &at for negative frequency
detuning. At the extreme positive frequency detgriéase, the phase offset between the
master and slave should be/2. According to the phase condition at the positiv
frequency detuning edge, the value of the fieldamckment factorfReg, should be 1,
since the slave’s steady-state field matches te-fiunning field due to the 90 degree
phase offset between the master and slave. Fothal possible values of detuniri@se
is greater than 1.

The maximum injection ratiog,, can be extracted directly from known device
characteristics and controllable parameters inekgerimental setup. Using the fiber
coupling efficiency,y., the external power ratid?x; (ratio of the master to the slave
power measured outside of the slave’s front facedyity length,L, and front facet

reflectancer, of the FP slave laser, the maximum injectiororégigiven as [24]:

o= LM\/UCRM (2.36)

2n,L 1
wherec is speed of light in free space amds the optical group index. Using (2.36) and

given a slave laser cavity length of 0.05 cm, growgex of 3.5, a mirror reflectivity of

r’=32% for the cleaved facet, a coupling efficiencydd and an external power ratio of
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1.5, the maximum injection ratigyp, was found to be 98 GHz. As the coupling efficienc
was carefully maintained during these experimahtsmaximum injection ratio was kept
constant throughout the experiment. Since physi¢cht threshold gain shify,, cannot
exceed the photon decay ragte it is also important to verify that the calculkt®y, is
less thary, which in this case is 313 GHz.

The linewidth enhancement factar, of semiconductor lasers can be separately
measured using several techniques each with differdvantages and limitations, which
are summarized in chapter 3. In this work, the-freeing value of the above-threshold
linewidth enhancement factor for each nanostructiendce was measured by using the
injection-locking technique [22], [25]. The advaggaof this method over other-
measurement techniques is that no fitting-pararsetee required, which reduces the
uncertainty of the measurement. This method takleardage of the asymmetry in the
stable locking region over a range of detuning othlihe positive and negative side of
the locked mode. Based on this technique, the loitevenhancement factor can be found
using the following expression [25]:

B )
a= || = | (2.37)
Af

where, 4fneg and Af,os correspond to the negative and positive frequeletyning ranges
which are determined by a SMSR limit of 30 dB.slimportant to note that the value of
the SMSR is judiciously chosen depending on thétdinons of the experiment. In this
case the SMSR is chosen large enough such thatehk side modes of the slave laser
that are next to the injection-locked mode are gbmabservable above the noise floor.

Furthermore, for cases when the SMSR is chosemb80bdB, these side modes may
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Figure (2.9) Variation of linewidth enhancementtéacas a function of applied bias
current in the QDash FP laser.

have a significant influence on the injection-logki stability boundary, causing an
unreliable measurement for linewidth enhancemectiofa[26]. Using this method the
value of the linewidth enhancement factor can basueed through injection-locking
boundaries for a specific applied bias current.

Figure (2.9) shows the variation of linewidth entement factor as a function of
applied bias current for this device, which incesaffom ~1.0 to 11 as the applied bias
current is increased from its threshold value tar® According to the results obtained
from this measurement, the value of the linewidtihasmcement factor is allowed to
fluctuate as the detuning is adjusted based onobservation of large variations in

linewidth enhancement factor for this device, attditauted to the carrier density not
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being clearly clamped at threshold in the QDasHaser under test [23]. This is one of

the major differences in modeling the injectionkimg behavior of the QDash laser.

2.5.5 Curve-Fitting Results

The parameters that were allowed to vary in thevestitting included the
linewidth enhancement factar, phase offset between the master and slave lgsemd
field enhancement factoRee. All other fitting parameters are fixed and thewaifitting
constraints are summarized in Table (2.1). Therdoothe parameters given in Table
(2.1) was not carried forward into the least-sgsiditéing of the coupled system as they
were less than 5% and thus considered to be nelgligieast-squares curve-fits of the
experimental data using the modulation responsetium presented in (2.31) and the

parametric terms described in (2.23), (2.28)-(2&@)shown in Figure (2.8).

TABLE (2.1)

Fixed fitting parameters and summary of constrairsisd in the
least-squares-fitting under a bias current of 6Q mA

Fixed Fitting Parameters

fr (GHz) # (GHz) | ®(GHz) }(GHz) 110 (GHz)

2.7+0.02 7.4+0.32 4.8+0.3 67+0.4 98

Fitting Parameter Constraints

a=0 Ree>1 -T2 < g < cot™a
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The free-running device parameters were held cohsita the modulation
response function expressed in (2.31). The maxinmjp@ction ratio was constrained to
be 98 GHz, as the coupling efficiency was carefaibintained during the measurements.
The extracted phase shift was constrained betwee® and cota. The field
enhancement factor, phase offset, and linewidthamecdment factor were directly
extracted through curve-fitting using (2.31) and threshold gain shift was calculated
for each detuning case by using (2.22). The opeggtarameters extracted through least-
squares-fitting data collected for various measutetiining cases are presented in Table
(2.2). The error based on a one standard deviabofidence interval is also shown in
Table (2.2). The error associated withR-g, n, and ¢ are observed to be negligible for
all detuning values away from the negative freqyetetuning boundarAs the negative
frequency detuning boundary is approached, ther eémoreases for the extracted
parameters. This is because, as shown in FiguB), (fhe response becomes over-
damped, which decreases the amount of informahiah dan be extracted from a least-
squares-fit of the corresponding modulation respsnSimulations using (2.31) show
that asg approaches zero, changes to the valuaes &g, and y;, result in only minor
changes to the modulation respanse

The calculated values for the threshold gain shiff,show an increase as the
detuning goes from positive to negative valuessTrend is consistent with the induced
threshold shift increasing as the injected andesfaalds become more and more in phase

from positive to negative frequency detuning.
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TABLE (2.2)

Extracted injection-locking operating parametersnir least-
squares-fitting of experimental data with respamselel in (2.31).

Af (GHz) a @ (rad) Ree ¥n (GH2)
13.5 1.59 £0.07 | -1.5740.001 | 1.00+#5x10" | 0.16 0.2
11.0 2.47 +0.08 | -1.48:0.002 | 1.06:8x10" | 16.8+0.4
9.9 2.46 +0.08 | -1.45:0.003 | 1.09%:1x10° | 21.7 +0.5
6.1 2.50 +0.04 | -1.370.003 | 1.24t1x10° | 31.5+0.4
4.9 2.55+0.04 | -1.35:0.003 | 1.271x10° | 33.8+0.4

0 2.66 +0.04 | -1.21¥0.006 | 1.4Q:2x10° | 49.4 0.7
-3.7 2.67 #0.05 | -1.090.01 | 1.48:5x10° | 61.2+1.3
-8.6 2.55+0.09 | -0.95:0.03 | 1.521x10% | 75.0 2.9
-13.5 2.33 0.2 -0.58+0.2 | 1.60#5x10% | 102.5+8.4
-15.9 2.06 £1.7 -0.17+0.2 1.7942x10" | 107.4 +21
-17.1 2.00 £1.8 -0.03+0.2 1.80£2x10" | 108.8 +23

The fitting results also show that the value of fileéd enhancement factoReg,
increases as the frequency detuning is changes thenpositive edge to the negative
edge. This trend corresponds to theory describm@erease in the slave laser steady-
state power under negative detuning conditions. [PA¢ extracted phase shift results are
consistent with the theory stating that stable ilogloccurs for phase ranges fromi2 to

cot’e. The extracted values of the linewidth enhancenfector for different detuning
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cases varyonsistently within the expected range which waasue=d separately for this
device as reported in Figure (2.9).

As also shown in Table (2.2), the extracted vahfethe linewidth enhancement
factor vary with detuning within the experimentalroe range. This leads to the
conclusion that linewidth enhancement factor cannenipulated by adjusting the

detuning condition. This is a potentially usefudukt for future low-chirp applications.

2.5.6 Model-Based Analysis

With the validity of the modulation response modetrified based on
experimental data, it can be used to predict ilgaetiocking behaviors for any FP slave
laser once its free-running parameters are known.

By knowing the operating parameters of the system,then possible to predict
the optimum operating limits of the device suchpagticular detuning frequencies and
the maximum possible bandwidth. One key parametemly a prominent effect on the
modulation response is the linewidth enhancemertbfaThe undesirable dip observed
in the modulation response for the extreme posifreguency detuning, as shown
experimentally in Figure (2.8), can be removedryreasing the linewidth enhancement
factor and keeping the same injection ratio. ThHisgasion occurs because an increaged
factor raiseZ which increase€ which raiseds;4 as was described in Section (2.2.5).

In Figure (2.10a) the change in the modulation sasp under extreme positive
frequency detuning due to a change in the linewglthancement factor is illustrated

theoretically. At the positive frequency detunindge, the phase offset is roughiy2
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Figure (2.10a) Simulations of the modulation resgfunction for various values of the
linewidth enhancement factor.
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causing the threshold gain shift to approach zggo,0, and the field enhancement to
become unity, Reg=1. The maximum injection ratio and the free-rumgnifitting
parameters are kept constant for all three casase¥ used in Figure (2.10a) were based
on the extracted physical parameters for the ilgpdbcked QDash FP device under test
at extreme positive frequency detuning. The phdésetoof, ¢ = -2 (-1.57 rad),
threshold gain shift ofy»,=0.16 GHz, and the field enhancement factorRpg=1 were
kept constant for all three cases. Ideally, siheelinewidth enhancement factor increases
significantly in this device (1.0 to 11) larger ®iaurrent and slave power, the dip in the
modulation response should be removable assuminighaenough injection power is
available to maintain a constant injection ratibeBignificance of this observation is that
because the highest relaxation oscillation frequeaed hence the highest possible
modulation bandwidth occur at the positive frequyedetuning edge, removing the dip
will achieve the highest possible modulation bamtfiwvifor the injection-locked system.
Figure (2.10b) experimentally demonstrates thisidreshowing modulation response
curves at the extreme positive frequency detunoigedor bias currents of 60 mA, 70
mA, and 80 mA and linewidth enhancement factor.8f 3.2, 6.1, respectively, as shown
in Figure (2.9). The dip is shown to be reducedhasbias current, and correspondingly
the linewidth enhancement factor, is increasede8as the theoretical model expressed
in (2.31) and depending on how tiBcontaining andC/A-containing terms in the
denominator interact, the dip reduces as theirna@sces detune from each other due to
the change in the linewidth enhancement factornfédrent bias levels. As described in
Section (2.2.5), an alternative explanation is tiha P34 pole is increasing as the

factor goes up. The maximum injection ratio foe 80 mA, 70 mA, and 80 mA cases
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was calculated by (2.36) to be 103 GHz, 116 GHd, H)¥ GHz, respectively. Note that
although the peak frequency decreases as the tmigmtis increased, the magnitude of
the peak remains relatively constant. The decreaige observed relaxation oscillation
frequency is likely due to increased device heatinghe bias current is increased, along
with an increased cavity mode shift [10] which rsven by the linewidth enhancement

factor as given in (2.5).

2.5.7 Temperature Effect on the Injection-Locked QDashsdraModulation

Response

In section (2.2), the modulation response functiwodeling the injection-locked
behavior of nanostructure laser systems in the awiave domain was derived and
discussed. This function analytically and experitaiy (in QDash FP laser) showed that
the undesirable dip observed in the modulationaese for extreme positive frequency
detuning is altered by the linewidth enhancemerttofa and other free-running
parameters of the device under a constant injeatitio. Due to the distinct carrier
dynamics in this QDash device, the free-runningapeaters, including the linewidth
enhancement factor, need to be considered in dodgptimize the modulation response.
This section investigates the impact of QDash slaser temperature variations on the
free-running relaxation oscillation frequency, damgprate, and linewidth enhancement
factor, and the resultant effects on the modulatiesponse of the injection-locked
system. Figure (2.11) shows the light-current ctiarsstics of the QDash FP device for

various temperatures, indicating a >2 mW increasethe output power as the
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Figure (2.11) Light-current characteristics of th@Dash FP device for various
temperatures.

temperature decreases fronf@Qo 5C. It is important to note that the strong satorati
around 100mA at room temperature is mainly duééodevice heating effect.

The slave relaxation oscillation frequency and dagpates are extracted from
the free-running responses using (2.34) and thailation with device temperature is
illustrated in Figure (2.12) for a constant biasreat of 75 mA. Results in Figure (2.12)
show an increase in both the relaxation frequemcydamping rate of the slave laser as
the temperature decreases fronfQQ@o 5C. This trend is also consistent with theory
which says the slave laser's damping rate and aétax frequency increase with power.

The variation of the linewidth enhancement factbrtte QDash device with
device temperature was measured using the injeldaking technique described in

section (2.5.4). The unique property of QDash pisysivhich induces different carrier

85



5.0 G ; ; ; 10.0
o) A Y 1 o
g 4.5 :- 0‘ A 9 5 g
> s 1% 5
©  40F ° ] @
@ C S J )
> o) . . 1
2 3.5 -_ .... . b ooooo > — 9.0 2
LIC- - R | ..B..°o ® : §
S 30f VU Treeg, VS Z o
S : O 1 v
© u *ee, ] >

2.0—1 ! ! L_lgo

5 10 15 20

Temperature (°C)

Figure (2.12) Variation in the QDash free-runninglaxation frequency and damping
rate vs. temperature at a bias current of 75maA.
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dynamics, makes the above threshold linewidth ecdraent factor change with power,
P. As the temperature decreases and the bias cusréetd constant, the product of the
gain compression coefficient and powegP, rises, which increases the linewidth
enhancement factor a& ao(1 + ¢,P) [27]. The linewidth enhancement factor value at
threshold is given byr,. The variation in linewidth enhancement factorwigmperature

is illustrated in Figure (2.13), showing an incedom 2 to 3.3 as the temperature is

decreased from 2Q to 5°C.

Using the injection-locking system experimentalupepresented in section (2.4),
the frequency responses at the positive frequeratynthg edge were measured for
different slave laser operating temperatures vgryiom 5 to 20°C (while keeping the

injection strength constant).
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Figure (2.14) Improvement in the injection-lockeddulation responses at positive
frequency detuning vs. temperature variation.
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Since the slave power increases with reduced deecgerature, the master
laser's power is increased such that the extematted power ratio (master to slave’s
power ratio at the slave’s emitting facet) was kemtstant at 5 dB for all the cases. In
addition, the coupling efficiency was carefully ntoned and kept unchanged to ensure
that the injection strength stays the same throughise measurement. Under stable
locking conditions (SMSR: 30dB), the positive frequency detuning edges acated
around 19GHz. Figure (2.14) shows modulation resesnat this extreme positive
frequency detuning edge for various temperatures.

This trend shows a significant reduction in the esiced dip by as much as 7dB
and is attributed to the increase in the dampitegy aad relaxation frequency of the slave
laser as well as a small increase in the linewelthancement factor. Section (2.2.4)
theoretically discussed the impact of the thirdepofl the response function in (2.31) on
the sensitivity of the undesired dip. It was fouhdt maximizing theC term reduces the
dip. Increasing the slave bias current and/or reduthe device temperature, increases
the damping and relaxation oscillation as wellheslinewidth enhancement factor due to
the increased photon density in the laser cavilgchEof these increases serves in
maximizing theC term. As a result, the free-running slave paransedre the key factors

in optimizing the injection-locked performance bé&tnanostructure device.
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2.6 Modeling the Injection-Locked Characteristics of aQD FP Laser

This section experimentally investigates the higbesl modulation characteristics
of an injection-locked QD FP laser operating at@8in under strong optical injection
with a focus on the enhancement of the modulatiandividth. The coupled system
consists of a directly-modulated QD slave injedtsked by a distributed feedback
(DFB) laser as the master. At particular injectstrengths and frequency detuning cases,
a unique modulation response is observed thatrdiffeom the typical modulation
response observed in injection-locked systems. Oihigue response is characterized by a
rapid low-frequency rise along with a slow highefuency roll-off that enhances the 3-
dB bandwidth of the injection-locked system at #wepense of losing modulation
efficiency of about 22 dB at frequencies below 1z2GH

There are two benefits in having this unique resporOne benefit is that the
resonance frequency enhancement doesn’t expertbecow frequency dip that was
seen in the QDash laser case that limited the atmfumseful bandwidth for the high-
speed injection-locked response. The second beisetite improvement in the high
frequency roll-off that extends the bandwidth. Also3-dB bandwidth improvement of

greater than 8 times compared to the free-runriangedaser is achieved.

2.6.1 Description of the QD Fabry-Perot Laser

The epitaxial layer structure of the QD slave laseder investigation is
illustrated in Figure (2.15a). The QD slave lasasvgrown on an‘AGaAs substrate
using molecular beam epitaxy. The Dots-in-a-WeNELL) active region consists of 6
layers of InAs QDs embedded in compressively-seahinn 15GayssAs QWs each
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separated by 30-nm undoped GaAs barrier layersh Bate of the active region was
surrounded by a 45-nm waveguide layer of undopefisG&he p- and n-cladding were
1.5-um layers of lattice-matched )AGa sAs. The laser structure was capped with a
100-nm layer of GaAs. Three-micron wide ridge waudgs laser bars were fabricated
using standard processing techniques and cleave®@9-um long cavity lengths with
front and back facets HR/HR coated at 80% and 9&pectively, to increase the
ground-state gain. The light-current charactesstind the emission spectra of the slave
laser under investigation are shown in Figure @)1%he QD laser was found to have a
threshold current density of 211 A/&rfl.9 mA) with a slope efficiency of 0.23 W/A,
and a nominal emission wavelength of approximat&@5 nm at room temperature. The
average FSR of the FP modes was found to be ~ u80@42 GHz) across the 100 nm
span. Using the average FSR of 0.806 nm, yieldsleage group index of 3.52 for the
QD gain media. Given HR/HR facet reflectivitiesRaF0.8, andR,=0.95, a cavity length

of L=0.03 cm, an internal loss af=4 cni*, and a group index 0f,=3.52, the threshold
gain was calculated to be 8.6 twhich yields a photon lifetimey, of 13.7 ps.

The injection-locking experimental setup used toasuee the high-speed
characteristics of the injection-locked QD lasesimilar to the one described in section
(2.4). In this case, the master laser was a Fugsyerature-tunable QW DFB laser with
a nominal emission wavelength of 1315 nm. An ILKperature controller unit was used
to tune the master laser’s operating wavelengthrate of 0.1-nnmiC. The master laser’s
output was fiber-pigtailed into a single-mode Plidefi that was coupled into the second

port of a 3-port PM circulator. The PM circulaterdesigned to operate around 1310 nm
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current characteristics and emission spectra of@i2 slave laser under investigation.
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and has an isolation level of >20dB. The biasedeslaser was kept at 20 using a
thermo-electric heat sink controlled by a sepatateperature controller unit. A precise
piezoelectric stage controller with micrometer aacy was used to obtain a coupling
efficiency of 44%. The modulation response{f$was measured using the HP8722D
network analyzer and the 25 GHz Lab Buddy high-dpstector. The slave bias current
was supplied by an ILX 3811 current source conrmkttiehe network analyzer where the
DC current was mixed with a small-signal (-10dBnwpo level) RF modulation input
signal using a bias-Tee integrated inside the ndtvaoalyzer. Prior to the high-speed
measurement, a full two port calibration was penfed on the network analyzer to
eliminate the transmission loss induced by the sjgied cables and the Pico-probe. A
Yokogawa AQ6319 optical spectrum analyzer, witlesotution of 1.75 GHz at 1310nm
and a large dynamic range (60dB at maximum reswijtiwas used to characterize the
master and slave lasers frequency detuning ansstorethat the stable-locking condition

was always satisfied as the detuning and injecteeepwas varied.

2.6.2 Determining the QD Laser Free-Running Parameteds tha Nonlinear

Effects

The slave free-running relaxation oscillation freqay, damping rate, and
parasitic roll-off are determined by least-squafitng the free-running modulation
responses using the conventional response fungivem in (2.34).

The free-running modulation responses for variqudiad bias currents (from 5-

25 mA) along with the corresponding least-squan@vesfitting results are given in
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Figure (2.16) Normalized modulation response offtee-running slave laser for various
pump currents. The slave modulation responses argeditted with the standard
modulation response function given in (2.32).
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Figure (2.16). Note the damped response in this-fuaning QD laser. The slave
relaxation oscillation frequency and damping raies extracted from the free-running
modulation responses using (2.34) and their vanawith bias current are illustrated in
Figure (2.17). Results in Figure (2.17) show amaase in both relaxation frequency and
damping rate of the slave laser as the bias curseinicreased. This trend is consistent
with theory, where the damping rate and relaxafi@guency increase with photon
density.

Using a similar approach described as that usesation (2.5.2) for the QDash
device, the differential carrier life timg, was found through the measured QD laser’s
free-running damping rates as a function of theesponding relaxation frequencies
squared using the conventional expression [k&Kf,*+1/zv. As shown in Figure (2.18),
the corresponding value for the inverse differdrdgarier lifetime , is determined at the
intersection of the plotteds vs. f,> data with the y-axis and was found to be
approximately 9 GHz. From the slope of the samg fheK-factor was found to be 1.51
ns.

It is important to note that the injection-lockecbdnlation response function
expressed in (2.31) incorporates the contributiénthe inverse differential carrier
lifetime, which proved to be relatively large foret QD FP slave compared to the QDash
device.

The impact of non-linear gain on the free-runnialgxation oscillation frequency
was studied through the relationship given in (2.3milar to the case of modeling the
QDash laser, here it was assumed that the impaciooflinear gain compression is

implicitly incorporated into the injection-lockingnodel through the free-running
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relaxation oscillation and damping rate which wé&ept constant during simulation.
Figure (2.19) shows the variation of the relaxatastillation frequency squared as a
function of total output power for the QD devicesikh (2.35) to fit the experimental
data illustrated in Figure (2.19), a saturation povof Py (8.8 mW and a gain
compression factor &, 00.1mW™was calculated. These results show that QD FP laser
has a stronger gain compression compared to theIQBR device.

Previous sections studied the impact of the slaigesvidth enhancement factor,
a, on the modulation characteristics of the couplaser system, finding that the
linewidth enhancement factor is one of the key apeg parameters that has a significant

impact on the modulation response of the couplstegy. This parameter is separately

Linewidth Enhancement Factor
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Figure (2.20) Variation of the slave linewidth enlsament factor as a function of
applied bias current for a 1310 nm QD FP laser. Timewidth enhancement factor
varied from ~0.6 to 5 as the applied bias currentricreased from slightly above the
threshold value to 8 mA.
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measured through the injection-locking techniquecdbed in section (2.5.4). Using this
method, the linewidth enhancement factor is measatethe injection-locking positive
and negative frequency detuning boundaries fovargbias current.

In Figure (2.20), the variation of the linewidthhremcement factor for various
applied bias currents is shown for the QD deviazokding to the experimental findings
obtained from this measurement, the value of thewidth enhancement factor was
allowed to fluctuate in the injection-locked QD dasimulations as the optical injection
is increased or when the frequency detuning betwhenmaster and slave lasers is
adjusted. The large variation in the linewidth emtement factor fluctuation for this
device is mainly attributed to the strong gain cosspion at the ground state and the fact
that the carrier density is not clearly clampedhaeshold in these devices. As in the
QDash laser, a variation in thefactor of nearly an order of magnitude is possible

The small linewidth enhancement factor of 0.6 ghsly above threshold in the
QD FP laser under investigation promises uniqueuladion characteristics under optical
injection compared to QDash devices which were shetovhave a higher linewidth
enhancement factorf®) at a similar operating point. The strong depecdeof the
linewidth enhancement factor on the photon densitiue to the enhancement of the gain
saturation with carrier density, which is relatedthe occurrence of inhomogeneous

broadening and spectral hole burning in QDs [21].
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2.6.3 Modulation Response of the Injection-Locked QD FPeviDe:

Experimental Findings

Once the free-running operating parameters of tleveslaser are fully
characterized, the extracted free-running valuesb&aused to aid the injection-locked
simulations as similarly described in section @.5Figure (2.21) illustrates the spectral
responses of the free-running and injection-lockade at zero detuning. The free-
running spectra indicate a FP mode separationll86 GHz. The slave laser was DC
biased at 5 mA and maintained at room temperahn®ighout the measurement. The
master laser was pumped at 18.2 mA and thermatigetuto 21.6C where it is peak
locked to the FP mode centered at 1312.33 nm. TMERS was measured to range
between 30 to 55dB for the investigated injectidrerggths at different detuning
conditions. Note that choosing an appropriate védu¢he SMSR is critical as it defines
the locking boundary and assures the stable-loatamglition throughout the experiment.

Figures (2.22) through (2.27) show a complete erpartal modulation response
characterization of the injection-locked QD lasar fvarious frequency detuning
conditions and injection strengths. Each graphuihes the same free-running modulation
response along with different injection-locked @sges for specific positive and
negative frequency detuning cases. Choosing thefepeases was based on the highest
available modulation bandwidth on each positive aadative frequency detuning side
for a given injection strength scenario. For &lthreese cases, the slave laser bias current
was kept constant at 5 mA and emits a total oytputer of 0.79 mW. The pump current
on the DFB master laser was adjusted to obtaiméiseed external power ratid2gy;, Of

7, 12, and 15dB which respectively correspond & 31.5, and 24.4 mW available
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injected powers at the slave facet. Constant brashe slave laser while varying the

injected power provides a clear comparison for eéadlvidual case to examine the effect

of increased injection strengths on the overalbmesce frequency and consequently
maximum available bandwidth.

Figures (2.22) to (2.24) represent the normalizextiutation responses for the
free-running laser along with zero, positive andjatee detuning injection-locked
responses for external power ratios of 7dB, 12di8, B5dB. For each value of injection
strength, the maximum achievable bandwidth enhaanems measured compare to the
free-running case.

The positive frequency detuning cases (top grapghdjcate a bandwidth
enhancement of 2.6, 4.4, and 8.1 times, and thatwegfrequency detuning cases
(bottom graphs) indicate a 3-dB bandwidth enhanoénwé 4.6, 6, and 4.7 times
compared to the free-running case. In Figures J2@®ugh (2.24), the external power
ratio is set to increase from 7dB to 15dB. The mmaxn 3-dB bandwidth was observed at
the positive frequency detuning side with an 8.m¢iliovement compared to the free-
running case. It is important to note that on tlsifove detuning side, the maximum
bandwidth occurs at detuning cases that have aiarsfjape in the modulation response
that were not seen for the QDash laser. This nslvagbe is characteristic of situations that
have a small zer@, in the numerator of the modulation response fanc{2.31). This
small Z is enabled by the relatively small linewidth entement factor in the QD laser.
Further positive frequency detuning cases suffemfthe undesired pre-resonance dip
between the DC value and the enhanced resonaneema@iimum bandwidth for the

Pex= 7 and 12dB cases occurred at negative frequesteyithg side where the responses
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Figure (2.25) Modulation responses under positivel axegative frequency detuning
conditions for Ry.in=70dB, indicating the modulation efficiency decready 27dB and
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Figure (2.26) Modulation responses under positivel anegative frequency detuning
conditions for R..in=12dB, indicating the modulation efficiency decresiby 26dB and
35dB, respectively, compared to the free-runnirggca
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are usually more damped due to an increase indkie’s field enhancement with optical
injection.

The specific responses yielding the highest banithwic@t each external power
ratio are uniquely characterized by a rapid lowgfiency rise (corresponding to the
normalized cases) and a slower high frequencyofditompared to the free-running and
other detuning cases. These responses are shotugures (2.22) through (2.24) and
correspond td\f = -6.03 GHz withPex= 7dB,Af = -5.9 GHz withPex= 12dB, and alAf =
9.1 GHz detuning cases wil= 15dB.

Figures (2.25) through (2.27) illustrate the cgomsling un-normalized
modulation responses for the same cases showrgiumdsi (2.22) through (2.24). These
figures analyze the decrease in the modulationcieffcy of the injection-locked
responses with the highest bandwidth improvementpeawed to the free-running case.
As shown in these figures, the highest modulatidiciency drops are for the detuning
cases with maximum bandwidth in the normalized sasp. A 5dB improvement in the
modulation efficiency compared to the free-runnimgs observed in the QD laser’s
highly damped response whéfi = -19.2 GHz andPe= 15dB (Figure (2.27), bottom
graph). This detuning case has relatively highein g&t the expense of very low
bandwidth. Also, due to the lack of resonance deakhis case, this set of conditions
would yield a linear response [10]. This specifase of detuning is usually suitable for
low bandwidth applications that require higher gdow link loss) and higher linearity
[10]. As shown in both positive and negative fraegme detuning cases, the low
frequency roll-off decreases for the cases witlh&ignjection strength. In Figure (2.27),

theAf = 9.1 GHz detuning case with 8.1X improvement-uiB3bandwidth experiences a
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Figure (2.28) Normalized modulation responses @f fitee-running and the injection-
locked QD laser under various frequency detuningditions and injection strengths.
The slave 3-dB bandwidth was found to be 2.5 GHanwhis biased at 5SmA, and the
maximum injection-locked 3-dB bandwidth with theneaslave bias current and external
injected power ratios of &&= 7dB, 12dB and 15dB were found to be 11.5 GHZGHz
and 20.4GHz respectively.

22dB drop in modulation efficiency. However, toisse is still 5dB better than the zero
detuning case &.x= 7dB with only 2.6X improvement in 3-dB bandwidifhe physical
origin of this modulation efficiency drop is dedxd later in this chapter.

Figure (2.28) compares the normalized injectiorkémt modulation responses
with maximum 3-dB bandwidth for different injecti®trengths. With a 22dB drop in
modulation efficiency, the maximum 3-dB bandwidfi20.4 GHz was observed At =

9.1 GHz. This is an 8-fold increase in bandwidtmpared to the free-running case. To
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the best of our knowledge this is the highest maiituh bandwidth ever reported for an

edge emitting injection-locked QD FP laser opeptinl.31um and room temperature.

2.6.4 Extracting the Operating Parameters of the Injeetiocked QD FP Device

For a better understanding of the origin of theque modulation responses
observed in this experiment, it is beneficial taratterize the injection-locked cases with
the highest modulation bandwidth by extracting kbg operating parameters associated
with each case. Knowing these parameters can hbefuused to predict the ideal
operating conditions in order to optimize the madtioh characteristics of a
nanostructure semiconductor laser under opticattign.

Similar to the simulations performed for the QDd3h device, the theoretical
modulation response model described in section4R@n be used to lease-squares fit
the experimental data collected from the injeclimcked QD FP laser system in order to
extract the key parameters of the coupled systeynrelucing the number of fitting
parameters through known free-running fitting telams applying a proper constraint on
the remaining injection-locking terms, the opergtparameters of the coupled system
can be measured. These parameters include theidime@nhancement factog, the
slave-master phase offsep, the maximum injection strengthvyo, and the field
enhancement factoRre. The slave free-running terms including the freening
relaxation oscillation frequendy, free-running damping ratg, and inverse differential
carrier lifetime )t were extracted in section (2.6.2) by performinigast-squares fit on
the free-running modulation responses using (2845 slave bias level of 5mA, these

free-running parameters were found tofgel.9 GHz, .= 10 GHz and)k= 9 GHz, as
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shown in Figure (2.17), (2.18). The value of theagdic roll-off for the free-running case
at 5 mA was measured to 67 GHz. These parameters were kept constant dtiveng
simulations except for the parasitic roll-gffwhich was allowed to vary in an acceptable
range to explain the slow roll-off observed in theection-locked responses. As
described in section (2.5.4), since there are mawssible solutions that can fit the
experimental data, appropriate constraints araegppd the remaining fitting terms.

The constraints ong are based on the allowed locking range through the
threshold condition according to the phase bouedaior the extreme detuning cases,
which indicates that the phase offset can vary froi2 for the positive frequency
detuning edge to cdfa) for the negative frequency detuning edge. Thesptwndition
at the positive frequency detuning edge stipuldtasthe value oR-z should be equal to
1 since the slave’s steady-state field matchedrdgerunning field due to the 90 degree
phase offset between the master and slave. Thkdrdlancement factoReg, is allowed
to increase beyond 1 as the detuning frequendyified from the positive edge.

The value for, can be directly calculated using (2.36) for a giegternal power
ratio and be constrained tightly during the simaola. Using (2.36) and knowing that the
emitting facet reflectivity is 80%, the measure@rage group index of the active region
is 3.52, and a coupling efficiency of 449%,was calculated to be 47.5 GHz, 81.3 GHz,
and 116.5 GHz for the external power ratio®gf= 7dB, 12dB, and 15dB, respectively.
Since the coupling efficiency was carefully maintd during the experiment, the
maximum injection strength was held constant dutireggsimulations for each case. One
important constraint in the coupled system is fifatsically the threshold gain shif,,

cannot exceed the photon decay rage/7,), which in this QD device i85 GHz.
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Based on the variation of the linewidth enhancenfeetor with power in the QD
device (shown in Figure (2.20)), this value is athal to fluctuate with the variation of
detuning and injection strengths. Using a bias enurrof 5mA under free-running
conditions, the linewidth enhancement factor wasasueed to be2 by using the
injection locking method. In the case of strongeation, the slave’s linewidth
enhancement factor is expected to vary signifigantith both detuning and injected
power due to the strong dependence on the powecanér density seen in a QD device

[21].

2.6.5 Curve-Fitting Results

Based on the least-squares curve-fitting stratigpgribed above and using (2.23)
through (2.31), the injection-locked modulationp@sses with the highest bandwidth at
Pext= 7dB, 12dB and 15dB were successfully simuladed, the fitting results are shown
in Figure (2.29). The associated error analysisurmmarized in Table (2.3). The error
analysis was based on a one standard deviationdeoct interval calculated far, @,
Ree , and . The error for the extracted free-running values wegligible (< 7%).

The extracted values fax shown in Table (2.3) indicate that the linewidth
enhancement factor varies with frequency detuning mjection strength within the
experimental error range. These results showedttieaslave’s linewidth enhancement
factor decreases significantly from a free-runnuadue of (2 to -0.16 for an increased
power ratio up tdPex = 15dB. This trend is consistent with the resgliswn in Figure

(2.20), which indicates a variation of linewidthhamcement factor with power along
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.29) Least-squares fit results of the nalired modulation response of the free-

running and the injection-locked QD laser fax® 7dB and4f = -6.03 GHz, R= 12dB
and4f = -5.97 GHz, R= 15dB and4f = 9.1 GHz.

TABLE (2.3)
Extracted operating parameters for the injectiarkéal conditions shown in
Figure (2.29).
Pext (dB) | 4f (GHz) | 10 (GHz) a @ (rad) Rre ¥n (GHZz)
7 -6.03 47.54 | 0.521+0.8| 1.010+0.2 | 1.41+0.3 | 35.93+0.4
12 -5.97 80.04 | 0.384+0.5| 1.133%0.3 | 2.29+0.7 | 29.75+2.6
15 9.1 116.5 | -0.16+0.9 | -1.323%0.7 | 2.06£0.9 | 27.75.7
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with the existence of a free-running value as I@v0s6. Near-zero or even negative
material linewidth enhancement factors have beewipusly reported in QD material
systems [28]-[30]. Due to the delta function-likengity of states in QDs and their
random size distribution, the QD gain spectrunxjseeted to be fairly symmetric around
the gain peak. As a result, QD material systemaildhgield a very small linewidth
enhancement factor. Based on intraband carrier rdygnanalysis and the complex
susceptibility, a negative value for the linewidthhancement factor was found to be
possible in QDs if the effect of size dispersiomh@mogeneous broadening) is
sufficiently small [28]. This finding is very imptant since it indicates that a slave laser’s
linewidth enhancement factor can be reduced to rear values (even to negative) in an
injection-locked QD laser system under optical ¢tign by increasing the injection
strength and/or adjusting the frequency detunirmgvéter, noting the error bars onin
Table (2.3), the modulation response can only leel @s a rough indicator that tbes
small. Chapter 3 discusses the manipulation aireostructure’s linewidth enhancement
factor with optical injection in greater detail awn@éscribes how to measure it more
accurately.

The extracted values for the phase siiftare consistent with the theory stating
that the steady-state phase offset ranges froZnat the positive frequency detuning edge
to cof'(a) at the negative frequency detuning edge. The maxi phase values at the
boundaries are used to verify the validity of th&racted values for each case. Based on
the extracted values of, the phase boundaries at negative frequency aegdar Pex =
7, 12 dB are calculated to be 1.1, and 1.204 emhectively and for thRex = 15 dB case

is equal to -1.571 rad (orv2).
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Based on the extracted values @®rReg, 770, the a and i, are calculated for each
case. The calculated values fgr presented in Table (2.3) are relatively similae&zh
other except for the positive frequency detuningecdor this positive detuning case,
there is a slight decrease at higher injectionngtte due to the out of phase coupling
condition between the injected and free-runningle

As seen in Table (2.3), the fitting results R show a higher value at increased
negative frequency detuning and injection strendgihis trend corresponds to theory,
which describes an increase in the slave lasedy®ate field magnitude under negative
frequency detuning conditions with increased inggctstrength. It is also important to
verify the validity of the extracted value Bfe for each case, since the theory states it
cannot exceed the ratio of the external field atngé measured at the slave’s emitting
facet,Ree < (7XRex)™’>. The maximum achievable field enhancement faaipekternal
master powers of 7, 12, and 15 dB are 1.5, 2.53a#hdespectively.

Extracted results for the parasitic roll-off decaye, ., show a significant
decrease to ~ 6 ps in the decay rate comparee tbitips that was calculated for the free-
running case. This decrease is probably due talévece heating as a result of strong
optical injection. As indicated in Figure (2.29)etslope of the high frequency roll-off is
noticeably modified under optical injection whemyzared to the free-running case. The
decrease in severity of the roll-off contributes ttee 3-dB modulation bandwidth
improvement, generating the 8-fold improvement owuée free-running value.
Quantitatively, this roll-off is measured to be eppmately 20dB per decade under the
optical injection case, compared with a 35dB partade measured under free-running

operation.
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The extracted injection-locking parameters givenTable (2.3) can be used to
explain the low frequency roll off observed in t@que modulation responses shown in
Figure (2.29). Considering the modulation respofusetion given in (2.31), at small
modulation frequencies, as— 0, the absolute transfer function can be approx@chais

follows:

BA_M(-2)

H(w - 0) =
( )AJ C

(2.38)

As seen in (2.38), a smal value and/or larg€ term will increase the low frequency
roll-off near DC. Based on the relation betweenghase, linewidth enhancement factor,
and injection strength given in (2.30), the zerdh& function Z) can vary between 0 to
—(mo/Rre)a from the negative to positive detuning boundari€onsidering the
modulation response function given in (2.31), alknd value is generally desired since
it reduces the sensitivity of the denominator aadses the numerator to scale roughly
with the modulation frequency. Now to explain tHeserved low frequency roll off, lets
consider the modulation responses of the zero defuamd positive detuning case/dt=
9.1 GHz forPey = 15dB as shown in Figure (2.27). The zero deymmodulation
response dqy = 15dB is separately simulated using (2.31) aedojerating parameters
are extracted for this case. Using (2.29) and (21B@C andZ terms are calculated for
the aforementioned detuning cases and the reselfgrasented in Table (2.4). As shown
in Table (2.4), both detuning cases have sin@laralues but the absolute value bis
much smaller for thé\f = 9.1 GHz detuning compared to the zero detunasgcThis
explains the 22 dB drop seen between the free-ngnandAf = 9.1 GHz detuning case.

In contrast, only an 8dB drop is seen betweenrbeifunning and zero detuning case as
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TABLE (2.4)
CalculatedC andZ terms atAf =9.1 GHz and\f =0 GHz forPe,; = 15dB.

Af(GHZ) | (O)Y(GHz) | Z(GHz)

0 5.67 -2.98

9.1 5.63 -0.81

shown in Figure (2.27). The small value for theAf = 9.1 GHz detuning case
corresponds to a combination of a small linewidtihancement factor along with the
unique steady-state phase condition whesig offsets thecosgp term in equation
(2.17). A similar approach can be used to explagndrop in the low frequency response
atPey = 7 dB and 12 dB. ThB,:= 7 dB has the highest low frequency roll-off cargd

to the 12 dB and 15 dB cases sinceZhelue is relatively small at this case due to a

lower injection strength.

2.7 Chapter 2 Summary

This chapter experimentally and theoretically anatlythe high-speed modulation
characteristics of injection-locked QDash and QDastructure lasers. Using a novel
modulation response function that describes theauym properties of an injection-
locked system, the key operating parameters of batiostructure laser systems were
directly extracted by performing a least-squaresafi the experimental data. The

extracted values were found to be in a good agreewi¢h theory which proved that the
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response model is a reliable method to extractkéne operating parameters of the
observed response in the microwave domain. It $® &und that the slave laser’s
linewidth enhancement factor has a significant icbpgan the modulation response of
injection-locked nanostructures due to the unigagier dynamics in these material
systems. For an injection-locked QDash laser, fibusd that the observed pre-resonance
dip in the modulation response can be virtuallynelated at highera values by
increasing the slave’s bias current or reducingdéeice temperature. In an injection-
locked QD laser the linewidth enhancement factdrttea unique modulation response
shape that takes advantage of the enhancementeofefionance frequency achieved
through optical injection without experiencing thee-resonance dip that significantly
limits the useful bandwidth in the conventional eictjon-locked response. Lastly,
comparing the extracted values of the linewidth asr@ement factounder injection-
locking to the measured free-running values idgntifat the slave’s linewidth
enhancement factor can significantly vary becausthe threshold gain shift in both
QDash and QD lasers under optical injection. Thgnitade of this variation is found to
scale with the injection strength and is the higla¢ghe negative frequency edge where
the threshold gain shift is significant. This findiis very important since it indicates that
by changing the frequency detuning and/or varyimg optical injection strength, the
slave linewidth enhancement factor can be manipdlain an injection-locked
nanostructure laser. In chapter 3, the manipulatbr@QDash linewidth enhancement

factor at zero detuning and under various optigaiction strengths is investigated.
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Chapter 3

Manipulation of the Linewidth Enhancement Factor in QDash

Nanostructure Laser under Strong Optical Injection

3.1 Introduction

Two key figures of merit in high-speed performangk directly modulated
semiconductor lasers are their limited modulaticandwidth and relatively high
linewidth enhancement factor. The modulation baddhwiis limited as a result of
suppression of the resonance frequency due tordseipce of nonlinear gain saturation
and strong damping rates in semiconductor lasdrs.lifewidth enhancement factar-(
factor) is a critical parameter that determineshbdhe static linewidth of the
semiconductor laser and the instantaneous frequehtlye device under direct current
modulation, also known as the frequency chirp. &eegy chirp of semiconductor lasers
leads to a dynamic broadening of the mode specwuader current modulation and
therefore limits the modulation rate in optical coonication systems. For instance,
frequency chirp has two major drawbacks in wavelerjvision multiplexing (WDM)
systems. First it can interact with the fiber dispen to create a power penalty which
limits the number of channels or the distance owkich the generated signal can
propagate. Second, chirp broadens the transmitectrsim and thus limits the channel

spacing by interfering with adjacent channels. Thiannel spacing interference can even

123



be seen in short transmission links. Therefore, ¢bwp and high modulation bandwidth

semiconductor lasers have been of particular rekeaterest for decades [1]-[6].

3.1.1 a-factor in QD and QDash Nanostructure Lasers

As discussed in previous chapters, compared to QuWhalk material systems,
nanostructure lasers such as QD and QDash are kmovaxhibit many interesting
advantages which are due to their unique carrigragycs resulting from the delta-
function-like density of states and three dimenaiocarrier confinements. More
specifically, potential for high differential gaamd a smalbti-factor make QD and QDash
laser devices unique from other material structuaesl suitable for high-speed
applications. Below-threshold measurements havertega-factor values, both negative
and less than 1, for QD lasers [7]-[9]. The maiawdyack is that the carrier density in
QD lasers is not clearly clamped at threshold duiaé inhomogeneous gain broadening
in QDs. As a result, the above threshaldactor in QDs behave quite differently from
the below threshold values, and at higher curremsiiies it becomes more power
dependent due to strong gain saturation [10], [Elfthermore, strong gain saturation
with carrier density increases the damping effacQDs, limiting their high frequency
modulation performance. In chapter 2, both of thixsétations were experimentally
investigated for free-running QD and QDash lasdise free-running experimental
results show that the above threshethctor is highly variable with photon density and

also the damping effect increases as a functi@uwént density in these devices.
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3.1.2 Controlling thea-factor through Optical Injection-Locking

Chapter 2 discussed an alternative solution toestite damping effect in QD and
QDash lasers through the external control technafusptical injection-locking. On one
hand, optical injection was shown to reduce the mag effect of the slave laser by
enhancing the resonance frequency and thereby dmterihe maximum achievable
bandwidth of the coupled system [12]. On the otieand, it was also demonstrated that
adjusting the frequency detuning and/or injectityargygth can significantly impact the
factor in both QDash and QD lasers. Strong optigigction under the stable locking
condition shifts the threshold gain of the slaveetaand thereby decreases the carrier
density which results in a reduceefactor. The maximum possible threshold gain shift
limit defines the lowest achievahiefactor and is proportional to the slave laser'gitya
photon decay rate. More specifically, experimerftatings from chapter 2 on an
injection-locked QD laser indicate that under sgraptical injection, the-factor in this
device can be significantly reduced from a freearng value of 2 to near zero or perhaps
negative values. In the latter case, the errdnengarameter extraction was too large to be
definitive. This reducedi-factor decreases the linewidth broadening, theeefeducing
the effects of fiber dispersion pulse broadenitignang for longer transmission lengths
and higher bandwidth-length (BL) product [13]. Fr@an application prospective, the
combination of large bandwidth and low frequencyrclalong with other benefits in
optically injection-locked nanostructure lasers geomising for implementation in
transmitter modules driving future long-haul anghhgpeed optical fiber links. The goal

of this chapter is to use the benefits of the higlariablea-factor in nanostructure lasers
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and experimentally investigate the manipulatiorthaf a-factor in a nanostructure laser

device under strong optical injection.

3.1.3 High-Level Objectives of tha-factor Investigation

In Chapter 2, the impact of the slawefactor on injection-locked QDash and QD
nanostructure lasers was theoretically and expetiaig investigated. Both theoretical
simulations and experimental results on an injeckicked QDash laser showed that a
higher slave lasem-factor can impact the injection-locked system mation response.
Particularly, there is a reduction in the undesipee-resonance dip in the modulation
response at the positive frequency detuning edg&ing this detuning condition suitable
for broadband applications. Unfortunately, largeactor values lead to significant
frequency chirp through fiber transmission whiahits the positive frequency detuning
case to short-haul applications only.

This chapter exclusively focuses on the impacttodng optical injection oru-
factor in the QDash FP laser and the correspondnoglulation response at zero-
detuning. Emphasis on the zero-detuning case islynbased on two reasons. First, the
zero-detuning case simplifies the theoretical modescribing the behavior of the
coupled system under modulation, making it easieimulate and extract the operating
parameters of the locked system from measured mespalata. Second, this case
demonstrates a relatively flat modulation resparsapared to other detuning conditions
making it most suitable for broadband applicatidfrem an implementation perspective,

the master and slave lasers can be reference@ ®athe wavelength locker, facilitating
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implementation in a compact butterfly package $lgteor high-speed applications in
optical fiber links.

In this study, manipulation of the slave lasax’$actor in a QDash FP laser with
optical injection is investigated using two diffetepproaches. First, using the amplified
spontaneous emission (ASE) technique, the QDasérimlaproperties, including the net
modal gain profile and below-threshalefactor, are separately measured as a function of
wavelength and current density. Knowing the fregaing material properties is very
important in identifying the optimum free-runningeyating point at which the-factor
can be manipulated to the lowest possible valudgmoptical injection. Then, the above
thresholda-factor is directly measured under optical injectiocking as the injected
optical power is varied using the ratio of the freqcy modulation (FM) to the amplitude
modulation (AM) indices technique. Second, measueegberimental modulation
response data is used to extract the relevant tipgna@arameters of the coupled system
including the threshold gain shift amdfactor, as it was described in chapter 2. The
FM/AM measureda-factor values are then compared with the extragtddes and the
results are correlated with the threshold gaint slaifised by optical injection.

It is important to note that the frequency chirgirectly modulated semiconductor
lasers is not always considered a disadvantage $gitt chirping can also be useful for
some applications such as narrowband frequency kaifing (FSK) modulation for
labeling purposes [14]. Therefore, the externaltr@driechnique of injection-locking
described here along with the benefits of a higtdyiable a-factor in QD and QDash
nanostructure lasers can be further implementedijiost the desired chirp parameter for

such applications.
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3.2 Characterization of the Material a-factor in a QDash Laser

The a-factor is defined as the ratio of the partial datives of the real and
imaginary parts of the complex susceptibility (ioé.the refractive index and gaing),
Xx(n)=x:+ix with respect to carrier density [15]. Since thdueced carrier contribution to
the refractive index and the imaginary part of$heceptibility are much smaller than the
refractive index in the absence of carriers,dH@actor can be expressed as follows [16],
[17]:

_dx,/dN __4n an/oN

a= = -
dyx, /oN A 0g/oN

(3.1)

wheren(A, N) is the refractive index of the active mediug{4, N) is the net modal gain
per unit lengthA is the peak emission wavelength in vacuum ldnsi the carrier density.
Both the refractive index and gain terms have wewgth and carrier density
dependence.

Since the first introduction of the amplitude-phasepling parametefactor) in
the early 1980’s [18], several techniques have he@emented to measure thefactor
in semiconductor lasers. The most commonly usedhodstare based on the analysis of
the amplified spontaneous emission (ASE) [19],RMYAM response ratio under small-
signal modulation [20], linewidth measurements [2djtical feedback interferometeric
self-mixing [22] and the injection-locking techney23]. These techniques can be
classified into two different categories: the firstpe is based on sub-threshold
gain/refractive index measurements and can betosehluate thenaterial a-factor; the
second type is based on above-threshold measuremedtis capable of measuring the

effective above-thresholax-factor. When measuring the above-threshmithctor of a
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device subject to optical injection, it is also wémnportant to first evaluate the material
o-factor to characterize the related material prigerof the device affecting this
parameter at higher photon densities.

In the following section, the net optical gain betQDash FP laser is measured
through the ASE technique to identify the wavelangnd carrier density dependence of

the materiabi-factor in this device.

3.2.1 ASE/Hakki-Paoli Technique for Determining the Maéo-factor

The ASE method of determining the optical gainpdtsown as the Hakki-Paoli
method, is the most common technique for measuheagnateriabi-factor as a function
of current density and photon energy [19]. Thihtegue relies on directly measuring the
differential gain,dg, and differential indexdn, as a function of a slight change in the
semiconductor laser carrier density in sub-threshmgberation. The measurement is
typically performed using an optical spectrum amafy(OSA). The differential index is
measured through detection of the frequency shiftthe longitudinal FP mode
resonances, while the differential gain is obtaibgdneasuring the net modal gain from
the FP modulation depth (gain ripple) in the ASEct of the laser [24]. Although this
method is reliable and straightforward, there ave tritical issues that can affect the
accuracy of this measurement. First, this methaglires the use of a high resolution
OSA for the case of closely spaced longitudinal esoénd also to minimize the
experimental error of the measurement. Second,thkemal peak wavelength shift
occurring in CW measurements needs to be eliminfabad this measurement in order to

only account for the net carrier-induced effects.
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The net modal gaingne; Ccan be extracted from the peak-to-valley ratiosob-

threshold ASE spectra using the following relattopg25]:

Ore :an{ L [&‘1}] (3.2)

N JRR [Vx e

whereL is the laser cavity length,is the ratio of the peak-to-valley intensity lesjednd
R; and R, are the front and back facet reflectivity, respety. The data for the net
modal gain for various injected current densitiesshown in Figure (3.1). Note the blue

shift in the gain peak as the pump level increases.
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Figure (3.1) Net modal gain as a function of wamgth calculated from the peak-to-
valley ratios in ASE spectra ranging from 1470.6r%/to 2700 A/crh
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Using the measured net gain profiles for a smatlezu increment ofll (or small
AN), dg anddn can be calculated by replacing the partial derreat with Ag/4l and
An/AI=-(n/A)AA/Al, respectively [26]. Using the expression in (3ahy substituting for
the differential gain and differential index defions, yields the following experimental

relationship for the material-factor:

__4mon/oN _ _(4nnj AN/ A (3.3)

X ag/oN X Jag/Al

Using this method, a below-threshold ASE measunénweas performed to
measure the net modal gain and matexighctor for the QDash FP device described in
chapter 2. The experimental setup used for thissoreanent was similar to the one
described in Figure (2.2a) for the free-running idevcharacterization except for the
high-speed characterization equipment. For the AS#Easurement, the CW current
supply was replaced by an ILX LDP-3811 pulsed curesurce to eliminate the heating
effects from thedA/Al measurements. Under CW operation, temperatureteffe the
QDash laser cavity can offset the blue shift in geak wavelength resulting from
increased bias currents. In order to minimize teenperature effects from the
measurement, the device temperature was carefudhjitared and kept constant at 20°C
throughout the measurement. Then the QDash dewasebvased using |is pulse widths
while the duty cycle varied from 1% to 100% in 1@¢rements. The measured optical
spectra were least-squares-fit using a Gaussi@mgfitunction, and the peak wavelength
was recorded for each duty cycle increment. Fon sab-threshold bias current, the peak
wavelength values were plotted as a function of dytle, and the results are shown in

Figure (3.2). The plotted data was then extrapdleaed% duty cycle (at y-axis intercept)
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and a 1 mA current step was used to calcugitell. Since thex-factor has wavelength
dependence, the materaifactor of the QDash device was calculated using) &t four
different wavelengths: 1579.9 nm, 1565.2 nm, 1550n] 1534.6 nm. The results shown
in Figure (3.3) verify that the materiatfactor values are smaller at shorter wavelengths
with respect to the gain peak at a current dengitye of 2647.1 Alchthat is close to
threshold. This result agrees with theory predgctia larger differential gain at
wavelengths blue shifted from the gain peak, resylin smallera-factors [27]. Since
optical injection by the master laser is at a fixeavelength and increasing injection
strength shifts the threshold condition to lowempuvalues, thet-factors is expected to
progressively decrease with injection as operasomore and more on the blue side of
the gain peak. In addition, tlefactors at all wavelengths generally decreasel wit
lower threshold condition in quantum dashes becafisewer carrier population in the

excited states [9].
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3.3 Direct Measurement of the Above Thresholda-factor in QDash Laser

under Optical Injection

In chapter 2, the above-threshatdfactor of the free-running QDash laser as a
function of bias current was measured using thectign-locking technique. It was
shown that the above threshaldfactor increases from ~1.0 to 11 as the applied bi
current is increased from its threshold value toualiwice the threshold in the free-
running QDash laser. In analyzing the below thresWGE measurement results, it was
found that the materiad-factor of the QDash laser fluctuates significantlith bias
current. Based on the observation of large vamation both the above and below
thresholda-factor for this device, we can predict that undaong optical injection,
QDash laser should exhibit even lowefactor values as a result of the threshold gain
shift from its free-running value. In this studhetQDash device'si-factor is directly
measured under optical injection as the injectionvgr is varied using the FM/AM

modulation technique and a high resolution optsgedctrum analyzer (OSA).

3.3.1 Description of the FM/AM Modulation Technique

First demonstrated by Hardet. alin 1982, the FM/AM modulation method is an
accurate measurement technique to evaluate theedhmesholdx-factor of single-mode
semiconductor lasers [20]. This technique reliestlom high-frequency small-signal
modulation of the carrier density of the laser ot#d by modulation of the bias current.
Since the gain and refractive index are both cadensity dependent, modulation of

carrier density will generate amplitude and freqyemodulation in the output signal.
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From the small-signal modulation analysis it wa®wn that the ratio of the FM/AM
modulation indices provides a direct measuremettt@tbove threshola-factor [20].
Consider the electric field(t) as a sinusoidally modulated signal composed of a

modulation frequency df, and a lasing frequency ffas follows [20]:
E(t) = EO(1+ g cosQn‘mt)j cod27t t + fcosert. )] (3.4)

In (3.4), mis the amplitude modulation index, afd=Af/f, is the frequency modulation
index (where Af is the maximum frequency deviation). Assuming aalssignal
modulation scheme ni<1), the spectral density of the field amplitudancbe
approximated for the center lifdg (at fo) and the first sidebands (at fox fy) as the

following expressions [28]:

Iy = [Jé(ﬁ) + (%)Hf(ﬁ)} (3.5)

1, ={ 32(8) +12(3,(8) - 3,(B)) 2 (3.6)
4

whereJ,(B) are ' order Bessel functions. Using (3.5) and (3.6),EMeindex3 can be
numerically evaluated by measuring the relativelssohd strengthy/ 1o from the spectral
response of the laser. The AM index also known as the modulation depth, can be
measured using direct optical signal detection ftbenratio of the modulated signal over
the carrier signal amplitudes. Under the direct utaiion scheme described above, the
relationship betweem, £, and thex-factor is described as an FM/AM respo2§8'm) as

follows [29]:
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26 _ a[1+ (f_] ] (3.7)

wheref=(1/27) vy(A/P)P is the characteristic frequency related to theigreelocity v,

the output poweP, anddy/dP=&0/(1+&P) which represent the impact of nonlinear gain
compression as a function of output power [30]s the gain compression factor related
to the output power. Note that the ratio2g#m in (3.7) is strongly dependant upon the
modulation frequencyn, [30]. As the modulation frequendy, increases, the FM/AM
response decreases rapidly until it reaches an @eyenatf,, >> f., in which it then
becomes proportional to treefactor value. Using this approximation and reagiag

(3.7), thea-factor can be determined by:
a= 28 (3.8)
m

It is important to note that the above expresssoonily valid for small-signal modulation
casesIfi<1) and high modulation frequencidg, &> f.).

In a similar approach, a modified method was preddsy Zhanget. al which
uses a graphical solution to estimate dhfactor [31]. In this methody, along with the
first 11, and second,, modulation side bands are measured from the rgppe@esponse of
the modulated signal. By varying the modulation tdeghe ratios ofé =I4/ Iy and
¢=(1%1o 1,) are calculated and plotted on a contour diagratim the x- and y- axis being
m and S, respectively. As shown in Figure (3.4), the giaphsolution is a straight line
which intercepts the contour diagram origin. Usthg expression (3.8) and at high

modulation frequencies, the value of tndactor can be extracted from the slope of the
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Figure (3.4) Sample contour diagram used to extracandf from graphical solution
[31]. The solid lines correspond toy{llo) and dashed lines represent’(l, I,).

graphical solution. The graphical solution is asyemethod to estimate tlefactor of
the laser using the FM/AM indices but, there armedimitations associated with this
technique. First, when measuring the second ordksbands, the modulation power
should be large enough to ensure that the secdetads are in the dynamic range of
the OSA. Second, the accuracy of the measuremenbealtered by unwanted second
harmonic signals generated by the RF source at higdulation depths. The main
problem with this method is the limited dynamic ganof the graphical solutions.
Moreover, this method cannot be implemented ininfection-locked QDash device in

which thea-factor is expected to significantly vary as a fiime of injection strength.

In this dissertation, tha-factor of the QDash device under optical injectveas

directly evaluated using the direct measuremenin,oénd 5. The modulation indexn

137



was measured by direct detection using a photodimdea sampling oscilloscope. The
modulation index8 was measured using a high resolution OSA. Thewallg section

gives the description of the experimental setujgl deethis measurement.

3.3.2 FM/AM Measurements - Experimental Setup

Figure (3.5) shows the injection-locking setup foeasuring the modulation
response andi-factor using the FM/AM modulation technique. Thgettion-locking
part of the setup is similar to the one presentedhiapter 2. The slave laser was DC
biased slightly above threshold at 60mA and diyentbdulated. The modulated signal

was provided by the HP 8722D network analyzer'srimil RF source where it was also

T ' o PM Circulator
prmen | = azg Polarization Controller Lensed fiber| @Dash FP
€5y
EE e M Slave Laser
A o 7]
I SEw
-~ 5 = DC + RF Signal
= = Amp + Filter IE
A € . |
1| =----- HRS 50/50 Splitter ,l, P 8722D
RF,, High-Speed| | Network Analyzer
§ T (S ESA (I Emam ln =a Detector yz

: RF .2 ?

S Current Source

; ______ > “m” == =

i il 1 it
14.85 14,90 14.95 15.00 15.05 15.105.15x10°
Frequency {GHz)

lac

Figure (3.5) Block diagram of the experimental petused to characterize the
modulation response ang-factor of the injection-locked FP QDash using #d/AM
modulation technique (this schematic is not drawadale).
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Figure (3.6) Free-Running and zero-detuning injatiocked spectra of the QDash FP
slave laser at different wavelengths.

mixed with the DC current through an integratedsiige. An 18 GHz RF signal

amplifier was connected to RF port 1 of the modafasetup to adjust the RF power as
needed. To prevent the second harmonic generayitimebRF source, a 20 GHz low-pass
filter was used after the amplifier. Using a Newc&® external tunable laser, the slave
was then injection-locked for the zero-detuningecasactly at four different wavelengths

as shown in Figure (3.6). In all of the injectiatking cases, the external power ratio,
Rext (Mmaster to slave power ratio at the external sfaget), was varied between -3.8 dB
to 9.3 dB using a C-band optical amplifier (EDFAYy the 1565.2 nm, 1550.1 nm and
1534.6 nm cases and an L-band amplifier for the9lhm case. A Santec tunable
bandpass filter was placed after the EDFA to elaterthe excess noise coming out of the

amplifier (the bandpass filter is omitted from thleck diagram for clarity). Also, an in-
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line polarization controller was used after théefilto maximize the injected power. The
injection-locking setup was capable of a maximunpl#ied optical power of 27 mW
which was limited by an overall 5 dB loss resultingm the polarization controller,
bandpass filter and fiber connectors. The AM indewas modified through the ratio of
the ac and dc components of the detected modutided| using an electrical spectrum
analyzer (ESA) and a 5Q terminator connected to a high-speed photodete¢tbile
the external power ratio was varied, the AM indexvas kept constant at 6% for all
injection-locking cases by adjusting the RF powetpat from the amplifier. The FM
index £ was obtained by measuring the ratio of the firdelsands to the center carrier
frequency amplitudes as a function of modulati@ytrency f=1 GHz - 15 GHz) using

an Agilent 83453B high resolution (1 MHz) spectroendHRS).
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Figure (3.7) Sample injection-locked QDash FM/AMspense as a function of
modulation frequency curve-fitted to (3.7) to claesize thea-factor.
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Using the measured center and sideband amplitumlesaltulate the relative
sideband strength/ 1o, S can be found as a function of frequency by plgttime left and
right hand-side of (3.5) and (3.6) from the int@tcbetween the two graphs. Since the
FM/AM response€f/m has strong frequency dependence, the actual véline a-factor
for each case was found by curve-fitting the mes@f/m response as a function of

modulation frequency using (3.7) as illustratedrigure (3.7).

3.3.3 FM/AM Measurements - Experimental Results

Figure (3.8) gives the measured FM/AM modulatiotuga of thea-factor as a

function ofRex for zero-detuning cases at 1579.9 nm, 1565.2 ®%0.1 nm, and 1534.6-
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Figure (3.8) Measured-factor as a function of & at zero-detuning cases using FM/AM
modulation technique.
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nm. Measured results for all zero-detuning caseficate thatoa-factor decreases
significantly asRex increases, which is due to the decreasing cateesity caused by the
injection-induced threshold shift and the assodiatsd shift of the gain peak. As also
predicted by theory and expected from the experiatignmeasured materiat-factor,
strong optical injection-locking at lower wavelengtfrom the gain peak resulted in
lower a-factor for the QDash slave laser. The lowesactors were generally very close
to zero and obtained for the 1534.6 nm zero-detunase fronRex= 7.8 to 9.3 dB. To
the best of our knowledge this is the lowestactor ever reported for an InP based

QDash laser.

3.4 Extracting the a-factor and Threshold Gain Shift using the Zero-
Detuning Modulation Response Data

For comparison and also to confirm the accuracthefmeasured-factor values,
the experimental modulation response data at eaxchdetuning case was used to extract
the relevant operating parameters of the systerdeasribed in chapter 2. Since the
FM/AM method used here only measures positive \&ltleea-factor sign can also be
identified by the extracted values from the simolsd. The FM/AM measured-factor
values are then compared with the extracted valndghe results are correlated with the
threshold gain shift caused by optical injectios. described in the previous chapter for
zero-detuning case, the injection-locking modulatiesponse function can be simplified
through reduced expressions for the steady-statsepbffset agy = -tari'(a), the zero of

the function,Z= -(7y/Ree)[1+a%]*? and the threshold gain shift,= (270/Ree)[1+a7] ™2

142



Using these simplified equations to fit measurespomse data, the number of fitting
parameters is reduced using known free-runninggemma by applying proper constraints
on Reg, and . The maximum injection strengt, is separately calculated using (2.36)
and was tightly constrained during the curve-fgtiBy solving a quadratic expression
arising from the steady-state slave field equagiren in (2.27) and the simplified
expression fon, at zero-detuning, one can generate an initial guakie forR-g using

the resulting quadratic equationRag>:

8t R T

Using the measured FM/AM values, thdactor was allowed to fluctuate between

-+@+ Experimental Data
= Curve-Fitting Results

Normalized Zero Detuning Response (dB)

2 5 8 11 14 | 17 20 23

Modulation Frequency (GHz)

Figure (3.9) Free-running and injection-locked mtation responses at zero-detuning as
a function of R The zero-detuning response data corresponds taptieal injection
locking near the gain peak wavelength at 1565.2 Tine. experimental response data is
curve-fitted using the simplified modulation resg@function.
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a reasonable positive and negative range. Both{faetor andy, were directly extracted
using the modulation response function presente@2ifl). Figure (3.9) shows the
normalized zero-detuning modulation response datze@-detuning and near the gain
peak wavelength at 1565.2 nm for various valueR.@f The response data at this zero-
detuning case shows that as the injection stremytheases, the 3-dB modulation
bandwidth improves as a result of an enhanced asmenfrequency until the response
curve drops below the 3-dB line &,=7.1 dB where the damping effect is more
dominant. The maximum 3-dB bandwidth B=6.3 dB is about 18 GHz, which
corresponds to a 4X improvement compared to theriuaning case. The curve-fits of
the modulation response data in Figure (3.9) gineadactor value and the related
threshold gain shift as a function Rfx. For comparison, the extracted and measuared
factor values along with the corresponding threglgalin shifts in GHz are plotted as a
function of Rex in Figure (3.10). The extracted values of théactor at zero-detuning
near the gain peak are in good agreement with &M technique measured values.
As described earlier, the maximum possible threklyalin shift is the cavity photon
decay ratej, which is approximately 312 GHz for the QDash taseder investigation.
As indicated in Figure (3.10), the extracted valtmsthe threshold gain shift show a
significant increase witlRex: The highest threshold gain shift for the zerasdetg case
near the gain peak is about 198 GHz which is ab8%t of the maximum possible value.
Using a similar approach, the zero-detuning mdcriaresponses at 1579.9 nm,
1550.1 nm and 1534.6 nm are curve-fitted and theaebted results are compared in
Figures (3.11) through (3.13) with the-factor values measured by the FM/AM

technigue. The operating parameters extracted ghrtaast-squares-fitting data collected
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Figure (3.10) Comparison between measured and etedaa-factor and extracted
threshold gain shift at zero-detuning cases asrection of Ry, The measured and
extracted values correspond to the injection-logkiase near the gain peak wavelength
at 1565.2 nm.

for each case are presented in Table (3.1)-(3.8mpEe zero-detuning modulation

responses and corresponding curve-fitting restiiteese wavelengths are also shown in
Figures (3.11)-(3.13). The modulation responses5d9.9 nm shown in Figure (3.11a)
indicate strong damping effects with increadeg; compared to the zero-detuning
responses near the gain peak wavelength at 1565.2The increased damping effect
observed in the modulation responses at longer lelagths from the gain peak is due to
the non-linear gain compression scaling with tleesifield enhancement as the injection
strength is increased. As a consequence of thispidgmeffect, the maximum 3-dB

bandwidth is limited to only 8 GHz &..=-0.6 dB. The zero-detuning modulation
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Figure (3.11a) Free-running and injection-lockedduntation responses at zero-detuning
as a function of B for the mode at 1579.9 nm. The experimental respaiada are
curve-fitted using a simplified modulation respofsection.
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Figure (3.11b) Comparison between measured andaetetd a-factor and extracted
threshold gain shift at zero-detuning cases asrection of Ry, The measured and
extracted values correspond to the injection-logkitase at 1579.9 nm.
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as a function of RB; for the mode at 1550.1 nm. The experimental respaiaga are
curve-fitted using a simplified modulation respohsection.
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TABLE (3.1)

Extracted injection-locking operating parameters1879.9 nm

obtained from the least-squares-fit of experimedéd.

Rext (dB) Mo (G HZ) a Rre Mn (GHZ)
-0.6 71.4 £2 5.1+0.09 1.2A2x10° | 19.3 +4.2
5.4 146.8 +4.6 3.6+0.4 1.48+3x10% | 50.6 +6.1
9.3 230 +5.7 2.28+0.7 | 2.01*1x10° 79 +9.5

TABLE (3.2)

Extracted injection-locking operating parameters1860.1 nm

obtained from the least-squares-fit of experimedéd.

Rext (dB) o (GHz) a Rre ¥#n(GHz)
-3.8 51.1 £2.7 4+0.06 1.152x10* | 21.5+0.9
54 147.3 £5 2.53+0.3 1.63+1x10% | 77.8 3.1
9.3 228.9+9.2 0.4+0.5 1.93+3x10% | 198.2 +18

TABLE (3.3)

Extracted injection-locking operating parameters1884.6 nm

obtained from the least-squares-fit of experimedéd.

Rext (dB) | 770 (GHZ) a Ree

¥n(GHZz)
24 96.2 +0.8 1.32+0.3 1.3245x10° | 84.8 +2.3
5.4 145.6£2.4 1.25+0.5 1.6247x10° 99 +7.5
9.3 229 +7.1 0.001x0.8 | 2.1622x10" | 212.7 +10.1
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Figure (3.14) Calculated threshold gain shift f@ra-detuning cases (as a function of
Rex) at 1579.9 nm, 1565.2 nm, 1550.1 nm, and 1534.6 nm.

responses shown in Figures (3.12a) and (3.138)960.1 nm and 1534.6 nm cases are
relatively less damped compared to the previous casd have maximum 3-dB
bandwidths of 13.3 GHz and 16.3 GHz respectivelgstvhotably, these values are only
slightly lower than the maximum 3-dB bandwidth lo¢ zero-detuning responses near the
gain peak wavelength at 1565.2 nm. For the zeroniley case at 1534.6 nm, the
combination of a zero alpha-factor and the neamfladulation response shown in Figure
(3.13a) forRexi= 9.3 dB is close to ideal for an optical transemitt This result is a first of
its kind!

Some general comments can be made upon analyzegi-factor values

extracted from each case and using the modulagigmonse function described in chapter
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2. Considering the simplified modulation responsecfion and associated parametric
terms A andB at zero-detuning, the relationship between thesghafactor, andRee
modifies the interaction between the injection rsgth, damping rate, and resonance
frequency. As the-factor is decreased, the damping rate driven byAtterm increases
at a faster rate than the enhanced resonance fregjegpressed by tH& term, resulting

in a damped response at higher injection strengghsbserved in Figures (3.12a) and
(3.13a). Going back to the zero-detuning respoas&879.9 nm, tha-factor is larger at
this case which caus&e to scale much faster with injection strength. Awmottrend to
notice for this case is that tihe andB terms are more sensitive Rpe rather than the-
factor. Thus as the injection strength is increaseelA term increases and tlgeterm
decrease witlR-c“which lead to the heavily damped responses showdigimre (3.11a).

As previously described in detail, the extractedactor and corresponding
threshold gain shift values as a functiorRgf; for different zero-detuning cases at 1579.9
nm, 1550.1 nm and 1534.6 nm are shown in Figurdsli§3-(3.13b). The extractemt
factor values for these cases are within reasonaekferimental error range which
verifies the validity of the measured values uding FM/AM technique. The extracted
values for the threshold gain shift in Figures {B)t(3.13b) show a significant increase
with Rey for each wavelength. For a better side-by-side paniaon, the corresponding
threshold gain shift values are separately plaged function oRey in Figure (3.14). In
this figure, the extracted threshold gain shiftiuesl are normalized to the group velocity
as ' vy to express the gain shift in &mThe results shown in Figure (3.14) verify that
the overall threshold gain shift is larger for ktjen-locking cases at 1550.1 nm and

1534.6 nm compared to the case at 1565.2 nm whiglaies, in part, the lowex-factor
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values at lower wavelengths from the gain peakmFtbe curve-fitting results an-
factor of 0.001 (or 0.0 within the curve-fittingrer range) was extracted for the zero-
detuning case at 1534.6 nm &Rg=9.3 dB.The largest threshold gain shift for the zero-
detuning case at 1534.6 nm is about 24.6" amhich is about 68% of the maximum
possible value and 5% more than that of the zetonitey case at the gain peak. The
maximum threshold gain shift for this case is egléuat to a reduced threshold current
density of 1458 Alctfrom its free-running value. The extracted valoe faximum
threshold gain shift at 1550.1 nm case is about @%he maximum possible value
which is only 1% higher than the shift at the gp@ak. The largest gain shift at 1579.9
nm case is about 25% of the maximum possible vaihee38% lower than the peak gain

which explains the larger-factor values found for this case.

To conclude, the QDash slave lasefactor at zero-detuning and under strong
optical injection was measured using the FM/AM teghe. Using a small-signal
response function describing the modulation chergstics of an injection-locked system
under zero-detuning, thee-factorand threshold gain shift were extracted from messur
microwave data as a comparison. The results virdlythe QDash slave lasedsfactor
can be manipulated through the threshold gain ahift result of strong optical injection.
As a result of this manipulation, anfactor of 0.001 £ 0.8) was obtained via simulation

and amu-factor of 0.0 £ 0.25) was obtained experimentally.
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Chapter 4

Two-Color Multi-Section Quantum Dot Distributed Feedback Laser

4.1 Introduction

Previous chapters studied the external controhefmulti-mode nanostructure QD
and QDash Fabry-Perot (FP) lasers by optical imgedbcking as potential candidates
for a wide variety of applications such as a clitgg and high-speed optical
communication system. After the successful dematistr of QD lasers in 1993 [1, 2],
many unique dynamic properties of these nanostresthave been verified on actual
laser devices including DFB lasers [3]. These prioge were summarized in chapter 1
and the impact of external control techniques @enaverall performance of nanostructure
lasers was discussed. Among the interesting priepeof QD and QDash lasers is the
large inhomogeneous broadening of the gain spec#asira result of size dispersion in
dots which is usually considered as an importaguré of merit in high-speed
performance of such lasers. This chapter is focusedmanipulating the spectral
properties of a multi-section QD DFB laser by altyjueaking advantage of this usually
undesired characteristic of QDs and combining thwie external control techniques of
asymmetric pumping and optical feedback in ordegeéaerate simultaneous two-color

emission in a single device.
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4.2 Motivation for the Two-Color Multi-Section Laser

Terahertz (THz) technology has a wide variety gblations in fields as diverse
as next generation computing and communicationshntdogies, medical and
pharmaceutical fields as well as basic materia¢rsx@ and homeland security [4]-[8].
Recently, significant progress has been made infidié of THz source generation,
which has created engineering opportunities thailo#x this new technology [9].
Specifically, there has been interest in the dguaknt of THz optoelectronic sources
since their electronic addressability and tunabwitould make them easier to operate
[10]. For this particular source, two coherentlyenfiering optical modes are typically
generated by two single-mode lasers, and the lightabsorbed in an ultrafast
photoconductive semiconductor [11]-[13]. This psgereates time varying electron and
hole densities that, under the influence of aniepptlectric field, are accelerated and
generate a THz wave that is equal to the differdreaguency between the two optical
modes [14]. Among other uses, such THz signalsbeanoupled to a radiating antenna
for transmission [15], and the frequency of the ignal can be changed by varying the
wavelengths of the optical modes. In order to tané stabilize the frequency output of
the semiconductor lasers, an external cavity ismsonly used that requires a relatively
bulky opto-mechanical design. Thus, it is highlgid&ble to develop a THz signal source
that is more compact and inexpensive to fabricates possible approach is to use a dual-
mode semiconductor laser that features a devicén wito longitudinal modes
simultaneously emitting at two different frequersci@om a single or combined laser
cavity [16]. The use of the dual-mode laser hasatheantage of being free of optical

alignment issues since there is no need to alignlaser beams, which is critical for
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photomixing efficiency. Several optical cavity apaches have been studied that achieve
simultaneous two-color generation from a compaanaiithic system [17]-[20]. The
dual-mode laser source for THz generation has lpgewiously studied in bulk and
guantum well (QW) semiconductor lasers [18]-[21)t bery little is known about the
behavior of QD active regions in these types ofick=s,

Compared to QW and bulk materials, nanostructuel sis quantum dots (QDs)
are known to have superior characteristics dubew tiltrafast carrier dynamics, ultralow
threshold current density, reduced linewidth enkamnt factor, and improved
temperature characteristics [22]-[25]. Simultanegusund state (GS) and excited state
(ES) with multi-mode emissions have been previowdigerved in QD material when
increasing the bias current well above the threshd6, 27]. The technical approach
described in this chapter simultaneously addressesneed for compact size, low
fabrication cost, and high performance by conculyegenerating two single-mode
emission peaks—one line from the GS and the otben the ES of the laser device. The
laser source used in this investigation is a twaiise Laterally Loss-Coupled (LLC)
Distributed Feedback (DFB) laser in which the Bragating is coupled only to the QD
ES. Two-color operation is realized through simuiaus GS emission that is uncoupled
to the Bragg grating due to inhomogeneous broadeanithe QD active medium.

In order to accurately characterize the performaotéhe DFB device under
investigation, the values of the index and gainptiog coefficients are calculated by
using the numerical least-squares-fitting of th&d-gueshold spectra. The two-color
emission is then demonstrated in the DFB deviceidigg either 1) an asymmetric bias

configuration or 2) an external optical feedbacibgization under uniform pumping
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conditions. Finally, it is suggested that the camatibn of both techniques while taking
the advantage of unique characteristics of the @ID guedia can further optimize the
performance of the two-section QD DFB laser as raticoous-wave (CW) THz source

by purifying and stabilizing the two-color operatim a well controlled manner.

4.3 DFB Device Structure, Fabrication and Characterizaion

In both index-guided and gain-guided DFB devices ftjrating structure is
incorporated into the laser waveguide such thaethission wavelength is determined by
the effective refractive index of the active maikand the grating pitch size. These two
DFB structures require at least two growth steps t¢iften are complicated and have very
low yield. In the LLC-DFB processing technique, atat grating is patterned lateral to a
narrow ridge-waveguide (RWG) that couples to thenegcent part of the guided mode.
It is important to note that the LLC—DFB deviceusture has the advantages of a gain-
coupled device without requiring re-growth, whiclakes this approach applicable to all
material systems. In 1999, Karep al developed a complex LLC-DFB laser emitting at
980 nm based on a single layer of InGaAs/GaAs (). | threshold current of 14 mA,
and a side-mode suppression ratio (SMSR) of > 50mdB obtained in these devices
[28]. Previous studies reported only a small pgniatthreshold current and efficiency
due to the metal absorption in the DFB lasers ¢abbed by this method [29]. The
resulting gain coupling coefficients in these DFR&/ides were estimated to be around 5-
20 cm® which was found to be sufficient for a stable &agode operation [28]. The
LLC-DFB devices studied in this dissertation waabrfcated by using similar processing

techniques. The QD laser material (wafer# ZLG-56@% grown and provided by Zia
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Laser, Inc. The QD LLC-DFB device processing staps presented in the following

section.

4.3.1 InAs/InGaAs QD Structure and Fabrication

The epitaxial structure and two-section waveguidsigh are schematically shown
in Figure (4.1a). The InAs/InGaAs dots-in-a-welMIELL) laser structure was grown by
elemental source molecular beam epitaxy on a (@04paAs substrate. The active
region consists of six stacks of InAs QDs embeddedny;sGaygsAs QWSs each
separated by undoped GaAs barrier layers. The ugperlower cladding layers were
1.30 um thick AlpssGan3sAS. Before starting the fabrication, the grown tasguctures
were first characterized by making broad area faseorder to evaluate the laser material
performance as well as peak gain wavelength whiels later used to calculate the
grating pitch size. Room temperature photoluminesegPL) measurements show that
the QD material has a nominal GS lasing around 1240

The flow chart of the LLC DFB processing procedtoe the two-section DFB
laser is shown in Figure (4.1b). The device faltiocastarts with formation of 3-gim
wide ridge-waveguides defined by standard conthotgdithography and etched by the
inductively coupled plasma (ICP) etching techniqgliee ridges were etched down to a
distance of 150-200 nm above the cladding/core wade boundary. Exact control of
the etch depth is critical, since the couplingrsgty depends on the distance between the
core and the grating. Usually higher etch deptlsigdes better wavelength control but at
the same time it increases the threshold of thecdedue to the presence of the metal
grating and its loss at infrared wavelengths.
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Figure (4.1a) Oblique schematic view of the epdbdayers and two-section cavity
structure of the InAs QD LLC-DFB laser. (b) Oblig8&M image of the 100 nm wide
chromium grating lines adjacent to the ridge wavdguprocessed by electron-beam
lithography and metal evaporation.
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deposition (side view) electrical isolation (side view) deposition (side view)

Figure (4.1b)The flow chart of the processing procedure for a-section LLC DFB
laser.
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As llustrated in Figure (4.1b), the two-section CIDFB laser bars were
fabricated by patterning 100 nm wide lateral absegpchromium grating lines adjacent
to 3um wide ridges using 200 nm thick 495C3 PMMA (Polgthlyl Methacrylate) resist
and a JEOL JBX-6300FS electron beam lithographytesysfollowed by metal
evaporation and liftoff. The first order metal gngs constructed of 25-35 nm thick Cr
lines have average pitch sizes of around 190 nrh &% duty cycle. After surface
planarization using benzocyclobutene (BCB), th&®TAu layers were deposited to form
the p-metal contact. The electrical isolation bemwé¢he two 50Qm long sections was
provided by proton implantation with an isolatiogsistance of >10 KA. Finally, the
substrate was lapped and polished, and a Ge/AwNrAnetal contact layer was
deposited and annealed at ~380 The two-section QD DFB laser was cleaved at both

facets and has a total cavity length of 1 mm.

4.3.2 LLC-DFB Device Light-Current Characteristics

Figure (4.2a) represents the light-current charatic, L(I), measured under
uniform pumping and at room temperature. When we laser sections are uniformly
biased, the QD ES begins lasing with a threshofteotidensity of ~3000 A/ctnand the
device has single-mode emission at 1193 nm witttceag SMSR > 40 dB as illustrated
in Figure (4.2a). The slope efficiency reportedehisr0.12 mW/mA and values as high as
0.24 mW/mA have been reported for LLC-DFB lasefs f&ymmetric HR/HR coating
of the laser facets while maintaining the DFB operacan significantly improve the
power performance of the device. Although thenrea®bvious stop band observed in the
spectra, the side-modes around 1 nm away fromasiad mode might be due to the
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Figure (4.2)(a)Room temperature Light-Current chamaistics of the two-section QD
DFB laser. The inset figure shows the optical spmetof the solitary laser at 110 mA
with a side-mode suppression ratio of > 40 dB. Bbdad optical spectrum of the two-
section DFB laser at 110 mA indicating the exiseeif the ES and GS peaks under
uniform pumping conditions.
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residual index coupling of the Chromium metal grgtiFigure (4.2b), which is the above
threshold and wide-span spectra under uniform paghpondition of 90 mA, illustrates
the strongly-coupled ES emission peak about 40 pantaand 30 dB above the broad
Fabry-Perot (FP) GS peak.

The temperature shift of the DFB mode was meastadie around 0.1 nm/°C,
which agrees with the wavelength shift rate regbrter the thermal effect on the
refractive index in GaAs based materials [30]. Q12 gain peak was found to shift at a
rate of ~0.16 nm/°C, which indicates that QD DFBvides have a wider range of
temperature tuning compared to QWs [31]. The dsdastudy of the temperature

performance of the QD material used in this wonk lba found in [30].

4.3.3 Evaluation of the Coupling Coefficient in the LLCFB Laser

The x-value, or the coupling coefficient, is an importatgsign parameter in
evaluating the performance of any type of DFB las&e complex coupling coefficient

is described by:

K=K, o tiK,, =ke° (4.1)

index gain
whereKingex aNdKgain are the index coupling and gain coupling coeffitse respectively.
The mixture of index and gain coupling is describgdhe phased, at a given coupling
strengthiL (where L is the cavity length). Besides the evaluation loé ttoupling
coefficient, the spatial phase of the grating & fitont and back facets should also be
determined since they affect the laser performafde previous methods used for
calculating the coupling coefficient in conventibriaFB structures with embedded

gratings involve approximations which are no longalid in RWG LLC-DFB structures
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and the few available methods for gain-coupled D&$rs are very complicated [32].
Therefore, in this work an improved computer-bagezgram called LAPAREX (Laser
Parameter Extraction) developed by T. Naletraal. at the University of Tokyo was used
to predict thex-value of the device under investigation [33]. Thi®gram enables a
predictive calculation of the coupling coefficiefar both the gain and index-coupled
DFB structures through numerical least-squaresiditof the measured sub-threshold
spectrum with a theoretical sub-threshold fittingoaithm derived from static coupled-
mode equations [33]. The fitting function consistd 3 fitting parameters, three of which
need to be separately determined and kept condtairtg the curve fitting. The fixed
parameters are known from the device geometry afel @esign parameters, including
the cavity lengthl, grating period/, and front and back facet reflectivitidg,and R;,
respectively. The freely varying fitting parametegduce taingexandgain, front (4) and
back @) facet phases, the net peak ga) the effective refractive indexds), and the
index dispersion dn/dA) that can be separately extracted. The least-sguhiting
algorithm starts with determining the initial guegslues for freely varying fitting
parameters from known device parameters such dy ¢avgth, grating period, and facet
reflectivities as described in [33]. The initialegs values are very important since they
can be compared to the final extracted values terohéne the reliability of curve-fitting
results.

Sub-threshold spectra measured from a 1-mm longseetion QD LLC-DFB
device uniformly biased at 60 mA and 70 mA alonghwthe curve fitting results are
shown in Figure (4.3) and Figure (4.4). The DFBidewas a first-order grating, a cavity

length ofL= 1 mm, a grating period of = 190 nm, and front and back facet reflectivities
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Figure (4.3)Sub-threshold spectra of the two-section LLC DF&tebiased uniformly at
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Figure (4.4)Sub-threshold spectra of the two-section LLC DF&tebiased uniformly at
70 mA.
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of Rk =R, = 32%. These parameters were kept constant dtivengurve-fitting. Extracted
values for the front and back facet phases, thecefe refractive index at the Bragg
wavelength, the net peak gain, and the wavelengffedsion of the refractive index at a
70 mA uniform bias current were found to Be= -109° andd, = 107°,ne = 3.25, g =
1.35 cnt, anddn/dl = -0.23um™, respectively. The error analyses for the coupling
coefficient values are evaluated based on a omalatd deviation confidence interval
and are observed to be less than 10% of the eatraeiues.

Least-squares-fitting of the sub-threshold spedcitadifferent uniform bias
currents ranging from 60 mA to 70 mA predict a gaoupling coefficient value of
Kgain= -5.2 to -3.2 cn, respectively, as shown in Figure (4.5). The riegasign
confirms the anti-phase complex coupling conditsnindicated in extracted values for
facet phases. The results shown in Figure (4.5)#mextracted gain coupling coefficient
indicate that the magnitude &fain reduces with increased bias current which is due t
the saturation of the Cr grating absorption coedfitat higher photon densities [33].

Extracted values of the index coupling coefficishown in Figure (4.6), indicate
that this parameter remains relatively unchanged.a = 11.5 to 12.3 cfhas the bias
current is increased. This is probably due to et that since the absorptive grating
material has a relatively high refractive indexcremased photon absorption has a
negligible impact on the refractive index of thatgrg material in the two-section QD

DFB.
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4.4 Generation of Two-Color Emission through AsymmetricPumping

Figure (4.7) illustrates the optical spectrum af ttvo-section DFB under uniform
and asymmetric bias conditions. It is shown thatewrasymmetric pumping conditions,
where the two sections were biased at 40 mA andnB0 respectively, the powers
between the GS and ES modes can be equalizedpAd&m®menon is mainly attributed to
the unique carrier dynamics of the QD active gaedium that provides an ES emission
close to the GS level. In addition, the inhomog&sebroadening provided by the QD
media is crucial towards achieving the two-coloigsion in a controllable manner.

As opposed to thin-flm QW materials, which are lo@®neously broadened, the
QD media has a wide spectral bandwidth as a re$wh inhomogeneously broadened
gain in these materials due to QD size dispers3di JAlthough the variation in dot size
is normally an unwanted reality, such broadeningjctv is significant in QD-based
materials, can be leveraged to our benefit andvallfor GS excitation. When the two
sections are biased asymmetrically, the non-unifdistribution of the carriers shifts the
refractive index in the active medium which accoglly alters the contribution of the
loss/gain mechanism to the ES level provided bydis&ibuted Bragg reflectors. This
result also indicates that the total carrier dgnstnot clamped above the threshold,
which again can be explained by inhomogeneity ef ghin broadening in QDs [26].
Therefore, the excitation of the GS can be realibgdenforcing the non-uniform
distribution of carriers and simultaneously takedyantage of the inhomogeneous gain
broadening in QD active media. As a result, a tetmiclaser with, in this case, an 8 THz
difference frequency is realized by combining thendfits of a stable ES-coupled

emission peak originating from the distributed Ryageflector mechanism, the
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Figure (4.7)Wide-span spectra of the QD DFB laser under unifarrd asymmetric bias
conditions. Under asymmetric pumping, the SMSEh®IGS emission is 14 dB.

inhomogeneous broadening provided by the QD meathd, the asymmetric pumping
configuration of the two-section laser diode.

It is important to note that depending on the digance of the inhomogeneous
broadening in the nanostructure material under ideretion, the frequency difference
between the two laser modes can be further tunéletalesired value. For instance, the
inhomogeneous broadening in the InAs/GaAs QD lagstems is typically around 40
meV to 50 meV, yet for InAs/InP QD based matetiakin be as large as 70 meV at room
temperature [35]. As a result, a smaller energyaisgopn of (B0 meV between the GS
and the ES emissions and consequently smallereiifée frequency can be obtained in

the InAs/InP material system as opposed to the/lBa8s QD materials which have a
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larger GS and ES energy separation [@10 meV. Therefore when choosing the
appropriate material system for the THz generatwmurce, the magnitude of the
inhomogeneous broadening which is a unique sigeabfirthe nanostructures can be

further taken into the account as an alternatisgteconsideration.
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4.5 Generation of Two-Color Emission through Applying External Optical

Feedback

Remarkably, it was demonstrated that under unifbras condition, the external
optical feedback can trigger the GS emission witigeexcited state remains unchanged.
Figure (4.8) shows the optical spectra measurdd@mA under uniform pumping in the
presence of external optical feedback. The experiahesetup used to provide optical
feedback to the laser was based on a four-portiPalen-Maintained (PM), 50/50 fiber
coupler as schematically illustrated in Figure Y4 Bhe DFB laser output light was
injected into port 1 of the coupler using a PM Ehdiber. The optical feedback was
created by an external cavity through a high-réiftéy coated fiber connected to port 2
of the coupler. The applied external feedback lavat controlled via a fiber-based
variable optical attenuator (VOA) and its value wig$ermined by measuring the output
power at port 4. The impact of the external optiggdback on the above threshold
spectra was analyzed at port 3 of the fiber coupiaran optical spectrum analyzer
(OSA) with a frequency resolution of 2.1 GHz. Antiogl polarization controller (PC)
unit was used to adjust the external feedback he@arization to be identical to that of
the emitted light to maximize the feedback effebtsorder to enforce the mode stability,
the two-section DFB device was epoxy-mounted oeat Bink and the temperature was
maintained at 20C. The coupling loss was calculated to be aboud 4mid was carefully
monitored and kept constant throughout the entieasurement. Figure (4.8) shows that
as the feedback level is increased from the lowalste (-50 dB) to the highest (-25 dB),
the GS FP emission is enhanced and narrowed. Mdably, optical feedback does not

affect the ES DFB emission peak located at 1193 Time. lasing peak is similar to the
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solitary laser and remains stable even under tobagtst feedback level. This robustness
of the ES emission is attributed to the existerfca larger photon density in the cavity
provided by the ES coupling through the absorptnetal grating. Similar to the case of
asymmetric bias configuration in the two-section QDFB, the inhomogeneous
broadening provided by the QD media helps to rahehtwo-color emission. Such a
broadening when properly combined with externaloapfeedback permits the excitation
and narrowing of the GS emission.

It is important to note that no significant evidenof linewidth broadening or
coherence collapse was observed in the ES mode tbeeentire range of applied
feedback levels. This finding confirms that the E&ission on the QD DFB is less
sensitive to external reflections as was recendgnahstrated in similar QD material
system [36]. Such a solid feedback resistivity milga due to the smaller value of the
linewidth enhancement factor in the ES emissiorctvins expected to assist in improving

the laser’s stability under the influence of exttroptical feedback [37, 38].
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Chapter 5

Conclusions and Future Research

5.1 Summary and Conclusion

This dissertation studied the impacts of extermatiol techniques of optical
injection-locking, optical feedback, and asymmefogmping on the performance of
nanostructure QD and QDash lasers. Explicitly stisdy focused on optimizing the
solitary laser’'s intrinsic parameters through eaxadly controlled perturbations.
Consequently the overall impacts of this optimizaton the dynamical performance of a
laser system’s direct modulation and spectral charstics are investigated for different
nanostructure structures.

First, external control via optical injection isvestigated by primarily focusing on
modeling the injection-locked behavior of a nanosture laser system under direct
modulation. Knowing the key operating parameterthefinjection-locked system gives a
better understanding of the underlying physics e be further used to optimize the
high-speed modulation performance of such a coupleiem. Using a small-signal
analysis of three coupled rate equations descriemgnjection-locked system, a novel
modulation response function is demonstrated wisdiecessfully models the key
operating parameters of the system [1]. It is shtvat the model implicitly incorporates
nonlinear gain through the relaxation oscillatioeguency and damping rate of the free-

running slave laser. The impact of gain compressa@valuated for the slave device by
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examining the variation of the square of the refiaxeoscillation frequency as a function
of output power. The presented model can be usetbmdidently extract microwave
characteristics and operating parameters of thextion-locked system by reducing the
number of fitting parameters and providing acceptaphysical constraints to the
remaining fitting terms. This eliminates the retianon curve-fitting schemes to fully
calculate all of the operating parameters and leadsore accurate extracted parameters.
Using this model, the characteristic parameteranoinjection-locked system were
extracted for a QDash FP slave laser from expetiatigncollected response data for
varied levels of frequency detuning. Under the ztuning condition, a three-fold
improvement in 3-dB modulation bandwidth comparedthe free-running case was
observed for the QDash laser under investigatiome Validity of the model was
examined based on the extracted value’s correlatitim theoretically expected values.
The extracted parameters included the maximum tinjeeatio, linewidth enhancement
factor, and threshold gain shift. As opposed twipres work which primarily focuses on
analyzing experimental data in the spectral donffuf5], this model demonstrates that
reliable curve-fitting results can be generated wbperating in the microwave domain.
In addition, the model not only showed how thewitth enhancement factor, damping
rate, and free-running oscillation impacted theeobsd pre-resonance dip at the positive
frequency detuning edge, but indicated how the adip be virtually eliminated in a
QDash FP laser by either increasing the slave biagent or reducing the device
temperature [1], [6]. More specifically, eliminaginthe pre-resonance dip by
manipulating the linewidth enhancement factor ianfb to further enhance the 3-dB

modulation bandwidth up to 4X compared to the fngening case. Thus, the injection-
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locked QDash laser system can be controlled suathittis suitable for large bandwidth
applications.

Next, the high-speed modulation characteristicsamfinjection-locked QD FP
laser under strong injection are investigated arpartally with a focus on optimizing
the broadband modulation responses and enhan@ng-tB modulation bandwidth [7].
It is found that the QD FP device has a unique ratitun response that is characterized
by a rapid low frequency rise along with a slightlgwer parasitic decay rate (compared
to the free-running response) that enhances th Baddwidth of the coupled system up
to 8X compared to the free-running case at theresgef losing modulation efficiency of
about 20 dB at low frequencies. Similarly, using tbredictive modulation response
function, the key operating parameters of the QBicgeunder strong injection were
directly extracted by performing a least squarésofi the experimental data. The
extracted values were found to be in a good agreewi¢h theory which proved that the
response model is a reliable method to extractkiéwe operating parameters of the
observed unique response in the microwave domamparing the extracted values of
linewidth enhancement factarnder strong injection-locking to the measured -free
running value, a significant decrease from 2 td60s identified; this finding indicates
that the QD FP laser’s linewidth enhancement factm be manipulated by optical
injection to near zero or even negative values. Uingue broadband responses, along
with their associated small linewidth enhancemantdrobserved in this work show that
the injection-locked QD FP lasers has the potetdisle optimized as an integrated high-

speed photonic transmitter to be used in futuré pgyformance RF optical links.
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As a companion study, the manipulation of theviggh enhancement factor of
an injection-locked QDash laser system at zerordetu and under strong optical
injection was also investigated [8]. Using the afrgdl spontaneous emission technique,
the QDash material properties, including the netahgain profile and below threshold
linewidth enhancement factor, are separately medsas a function of wavelength and
current density. From the slave laser’'s measurediodal gain profile, an optimum free-
running operating point is identified at which thiaewidth enhancement factor is
expected to be manipulated to the lowest possialeeg using strong optical injection.
The injection-locked QDash laser's above threshiolewidth enhancement factor was
directly measured as the injected optical poweaiged using the FM/AM technique. For
comparison, the injection-locked QDash linewidth@&mcement factor and corresponding
threshold gain shifts for varied injection strergttvere separately extracted from
measured microwave data using a simplified forrthefmodulation response function at
the zero-detuning condition. The extracted linetvidhhancement factor values from the
curve fits are found to be within experimental efrom the measured values using the
FM/AM technique. The experimental findings verifjnat the QDash linewidth
enhancement factor can be manipulated down to zezarvalues through the threshold
gain shift as a result of strong optical injectigks a result of this manipulation, a
linewidth enhancement factor value of 0+00(25) was directly measured from FM/AM
measurements and a value of 0.0810(8) was separately obtained from simulation
which corresponds to a threshold gain shift of 22h6" at zero-detuning and a 9.3 dB
injected external power ratio. From an applicatiomospective, measured near zero

linewidth enhancement factors along with the enbdrizandwidth advantages offered in
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the direct modulation of injection-locked QDash eladdevices are promising for
implementation in transmitter modules driving f@uong-haul and high-speed optical
fiber links.

Unrelated to the optical injection-locking worksdussed previously, asymmetric
pumping and an external optical feedback were hsthd to demonstrate dual-color
operation in a single QD laser by simultaneouslyegating two single-mode emission
peaks—one line from the ground state and the dtben the excited state of the QD
device [9]. An 8 THz frequency difference is reatizoy applying two different external
control technigues in a two-section laterally lossipled QD DFB laser with a strongly
coupled excited state emission.

As a first step in this study, the absorptive gigitcoupling strength values of the
DFB device, specifically the gain and index couglooefficients, were determined using
a least squares fitting method of the sub threshpkttra. The extracted values for the
gain coupling coefficient from least squares fitimethod was found to be between -5.2
to -3.2 cnt* as the bias current was increased from 60 mA tmAQrespectively. It was
also shown that the index coupling coefficient regraaelatively constant at 11.5 to 12.3
cm™ for the same bias range.

It was found that when the DFB laser is biased altbveshold, the excited state
emission can be relatively stable while the grostade emission is excited and narrowed
via either asymmetric pumping of the two-section®y applying an external feedback.
Under asymmetric bias conditions, the powers of dheund state and excited state
modes of the two-section device can be made eguath is mainly attributed to the

unique carrier dynamics of the QD gain mediums lalso shown that the combination of
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significant inhomogeneous broadening and an exctatle coupled mode operation
allows the manipulation of the QD states througtemsal optical stabilization. These
findings suggest that the combination of both exdEercontrol techniques can further
optimize the performance of the two-section QD DBEBer as a compact and low cost
CW THz source by purifying and stabilizing the daalor operation in a well controlled

manner.

5.2 Proposed Future Research

The interesting and novel results found within thgestigation have created
several new research ideas for the future workulAifivestigation on the manipulation
of the linewidth enhancement factor in semiconductanostructure lasers through
optical injection can be further extended to otiypes of nanostructure material systems
including QD lasers that have a highly variable gghamplitude coupling factor [7].
Also previously discussed was the idea that thel&3er’s linewidth enhancement factor
can be externally controlled and manipulated toatieg values using an optical
injection-locking technique. This novel findingusry important since a laser source with
a tunable and/or negative linewidth enhancemenbrfaan be implemented in an optical
transmitter module enabling integrated chirp conspéion mechanism for long-haul
optical fiber data transmission links. However, atege linewidth enhancement values
cannot be directly measured using the FM/AM techaidescribed in this work and thus
it is suggested that a FM/AM phase measuremengusiMach-Zehnder interferometer

[10], [11] or a time-resolved frequency chirp meaasoent technique [12] should be
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employed to completely characterize the magnitudel @ign of the linewidth
enhancement factor in such devices.

In addition, a long term development plan for thggtion-locked nanostructure
laser architecture should include a fully contdoldaand compact butterfly packaged
device with all the required elements integratechafithically onto a single chip. Recent
efforts on this topic have demonstrated a mutugdction-locking scheme in a two-
section QW DFB device by controlling the bias cotren each section [13]. However,
the proposed design is not capable of fine wavdterigning and cannot handle
sufficiently strong optical injection strengths. @©possible approach to creating a proper
monolithic master-slave laser integration would theough an HR/AR coated multi-
section partial DFB design constructed of a FP rfaadd gain section as the slave, two
grating sections with strong coupling coefficierts the master, and a phase control
section. This integration can be further extendedniplement other external control
technigues such as the optical gain-lever technigumprove the RF gain performance
as was previously demonstrated in a bench top $t4]e Combining all the benefits of
directly modulated injection-locked nanostructurasers, including the enhanced
modulation bandwidth along with chirp compensatiapabilities in a single integrated
design promises a headway towards a compact, teiep-and ultrafast (>100 Gb/s)
digitally modulated optical transmitter module fature long-haul data links.

In regards to the dual-color operation demonstmatsimultaneous combination
of the two methods of asymmetric pumping and optieadback might be beneficial
toward stabilizing and purifying the overall opévat of the dual-mode emission. One

promising way to improve the mode stability is mvestigate the impact of weak optical
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injection on the operation of the dual-color laseurce [15]. This combined with an in-
depth study of the carrier population in the extistate and ground state of the QD
material will improve our understanding of the a@mal limits and allow for the
optimization of this unique laser. In the futurenihg the dual-color emission can be
realized through separate design considerations ascfabricating each electronically
isolated section with a different grating pitchesemd/or optimizing the asymmetric bias
configuration. In addition, temperature tuning be tdual-color emissions is possible
since the DFB mode and the excited FP mode are eguicted to be tuned at slightly
different rates with temperature. Furthermore, careg to existing technologies, the
design and approach described in this dissertatmmbined with current chip scale
photomixing capabilities [16], [17] have the poiahto implement this method to create
a single chip coherent THz source. After succesfutonstration of a stable and tunable
two-color laser source, it would be beneficial tevelop an efficient and compact
photomixing technique and study the methods tonapé the laser output power and
optical-to-electrical efficiency characteristichelpower performance of the two-section
DFB device needs to be improved since THz signaégaion requires high power laser
sources for better conversion efficiency. Sevesays of improving the emitted power of
the device include, but are not limited to: imprayithe grating coupling coefficient,
AR/HR coating the emitting facets, using a tapdd&@ configuration, and by improving
the active region gain via optimizing the numbefQ@ stacks and dot density.

With the advancement of this technology, the futafeTHz generation and
detection can be targeted toward a low-cost, compad all-on-chip design that can be

inserted into, or form the basis for, a varietommercial products.
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