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ABSTRACT

The thesis covers the development of single and dual longitudinal mode dis-
tributed feedback (DFB) lasers with surface gratings. These gratings were
studied since they enable regrowth-free fabrication and easy implementa-
tion of arbitrary longitudinal effective refractive index variations. Advanced
transverse and longitudinal surface grating structures were modeled, simu-
lated, and experimentally tested. Procedures for optimizing the laser struc-
tures across a wide range of parameter variations were developed. The main
targets were narrow linewidth emission for optical pumping of Rubidium
atomic clocks, increased direct amplitude modulation for optical communi-
cations, and photonic generation of widely tunable electrical signals in the

millimeter wave band for the next generation of wireless communications.

Laterally-coupled ridge-waveguide (LC-RWGQG) surface gratings with alter-
nating lateral protrusions were developed to circumvent the etching aspect
ratio limitation that prevents the fabrication of low-order short-wavelength
surface gratings. The single longitudinal mode DFB lasers with alternating
LC-RWG gratings emitting around 780 nm demonstrated improved perfor-

mances, particularly important for the space borne target applications.

The dual longitudinal mode emission was achieved by periodically placing
phase shifts along the grating. The experiments showed that the direct
amplitude modulation bandwidth is extended when the photon-photon res-
onance associated with dual-mode emission is properly placed with respect
to the carrier-photon resonance and when both resonances are adequately
damped. Difference frequency range controlled by structural variations and
40 GHz difference frequency tuning by bias were demonstrated, as well as
high speed difference frequency modulation. Linearly apodized LC-RWG
surface gratings enabled a lower threshold current, a higher output power,
and a broader range of difference frequency tunability by bias. Also the
apodization and the complex-coupling of the surface gratings enabled the
use of higher facet reflectivities, leading to narrower intrinsic short time-
scale linewidths. The achieved performance improvements indicate that the

studied laser types are promising solutions for their target applications.
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1. INTRODUCTION

Since its first demonstration in the 1960’s [1], light amplification by stimu-
lated emission of radiation, laser, has penetrated into most fields of science
and technology. The light from a laser has properties such as coherence,
polarization, and spectral purity, which can be controlled by designing the
laser appropriately [2]. The chosen design depends on the application needs:
in laser welding, for instance, high power levels can dominate in the design
requirements [3] whereas for spectroscopic applications the coherence prop-
erties are usually much more important than the total power [4], [5]. Another
factor in the laser design is the overall size. In many applications the size is
not limited, and very complex laser systems with building-size footprints are
employed e.g. to reach extreme power levelsﬂ Highly stable lasers can also
have a considerable footprint, although their footprint could only be consid-
ered moderate [6]. Even the moderate footprints can be too much for some
applications, however: for instance in space and other hostile environments
the complexity of a laser system can be a detrimental factor, because even
though complex designs can be made robust enough [7], it can be beneficial
to decrease the weight and footprint of the laser as much as possible [8].
Another case where extremely small footprint and complexity are beneficial
is when the laser emitter density needs to be high. Nowadays the prime
example of this is the optical telecommunications industry, where individual
packaged laser sizes can be in the cubic centimeter ranges [9]. Chip-level op-
tical communications require even smaller footprints and power consumption
levels, which are important in keeping up with the demand for bandwidth

while keeping the power consumption under control [10].

One type of lasers especially suited for the requirements of simple construc-

'https://lasers.llnl.gov/about/what-is-nif


https://lasers.llnl.gov/about/what-is-nif

2 1. Introduction

tion, robustness, and small size are [laser diodes (LDs)| [11]. They are com-

pact, low cost, power efficient, employ user safe voltages, and have an in-

creased presence in everyday infrastructure. The compactness of a[LD]is the
result of monolithically integrating all the laser elements into a single semi-
conductor component. The small size and the fact that multiple laser chips
are fabricated in parallel from a semiconductor wafer lead to a relatively low
cost per a [LD] especially if similar devices are mass-produced. When the
required power levels from are relatively low, it is possible to design the
device without the need for active cooling. This can be advantageous for the
overall energy efficiency of the packaged device, since active cooling can take
a large portion of the overall power budget of a device . The advantages
and maturity of are also beneficial when laser light is used in demanding
applications such as space bound experiments, where robustness, reliability,
small footprint and small weight are of high importance .

A particular type of [LDs| are [single frequency lasers (SFLs), which are re-

quired in telecommunications and in scientific applications, such as spec-
troscopy, frequency referencing, and atomic clocks. There are several ways
to achieve high spectral purity for the [External cavity lasers (ECLs)|

employ an external feedback element, which is used to control the spectral

output of the [LD] This design leads to good output powers and wavelength
tunability, but, on the other hand, the design is not compact and robust,
has moving parts, and is not as cost efficient as monolithic solutions .

A common way to achieve a[SFL] with a monolithic design is to use [distrib]

[uted feedback (DFB)|structures with buried gratings, which are frequency

selective elements embedded inside the [LD}] typically close to the active re-
gion of the laser . In the fabrication of buried gratings, a part of the
semiconductor epilayer structure is grown first, then it is patterned to pro-
duce the grating, and subsequently the top epilayers are overgrown over
the grating structure. These types of have shown high power efficien-
cies , but the intermediate processing of the grating structure and the
overgrowth step complicate the fabrication, as compared with the case when
the fabrication comprises a single epitaxial growth followed by device pro-
cessing. The buried grating structures can also lead to defects in the grating

area , placed relatively close to the laser active region, where the cur-



rent density, temperature and optical field can be high. Due to the usually
applied conventional lithography methods the buried gratings are typically
uniform. When longitudinally non-uniform multi-section structures are em-
ployed, it is extremely challenging to accurately align the [LD] top structure
elements, such as distinct contacts, with specific parts of the buried struc-
ture after the over-growth. Buried gratings with multiple phase shifts have
been realized in spite of these challenges .

Surface gratings circumvent the need for the regrowth step and they can
easily be aligned with the contacts both laterally and longitudinally .
These aspects, combined with using nanoimprint lithography for defining the
surface grating etch masks, lead to simplified fabrication and open the pos-
sibility to have arbitrary grating profiles or complex non-uniform or multi-
segment [LD] structures or a combination of those. Moreover, in the case of
surface gratings, the defect-prone processed interfaces are kept away from
the main current flow path and away from regions with high optical field
intensities and high temperature, which can reduce device degradation and
increase the reliability. Table gives a qualitative comparison between
the main three types of single-frequency semiconductor

Table 1.1 Qualitative comparison between the main types of single-frequency semi-

conductor @

Characteristic
Type Device Fabrication Wavelength Output
complex-  cost tunabil-  power
ity ity
[ECLI - - - ++ ++
Buried E + — + +
grating
[DEBI
Surface E‘ ++ ++ + +
grating

DEB
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In telecommunications high modulation speeds are used to leverage the huge
available bandwidth of the optical fibers . The laser light modulation for-
mat [21] is achieved either by directly modulating the laser emitters or
by using external modulation . The modulation types place different re-
quirements on the single mode purity of the but these requirements are
typically not as strict as they can be in other applications, such as atomic
clocks. Atomic clocks are based on the well defined frequency differences be-
tween atomic energy levels in certain elements, such as .
To exploit the accuracy of these frequency differences, the spectral purity of
the lasers employed in atomic clocks should be very high , .

The emergence of networking and the ever-increasing need for higher
bandwidths are imposing high requirements on the electronic components of
the radio frequency networks. Electrical generation of high frequency sig-
nals is typically based on multiplying a lower frequency and when the
needed number of these multiplication steps increases, the power require-
ments and the noise of the signal also increase . Laser and photonic
based solutions can provide a scalable way for high frequency radio signal
generation . It should be noted that in this thesis the terms (extreme-
ly/ultra) high frequency and |jmillimeter wave (MMW)| related to the dif-
ference frequency fradio frequency (RF)|signal generated by photodetection,

are interchangable and typically mean frequencies between 10-100 GHz. In
addition, the extremely high frequency carrier signals, which have high at-
mospheric attenuation , can be distributed with low losses over optical
fibers when they are carried with the help of laser light . The benefit of
this is that the base stations of future wireless networks , which transmit
the extremely high frequency signals to and from the end user, can have a
simpler architecture, and thus a lower overall cost. Because the signal atten-
uation typically increases for higher frequencies, the benefit obtained from
this simplification grows when higher frequency bands are used, because the
density of the base stations increases [29]. The laser light can also be modu-
lated, either directly or externally, in order to transmit data signals with or
in addition to the high frequency carriers. Direct modulation of make
the signal encoding simpler, but it is dependent on how well the output of
the can follow the modulating signal , which is usually limited by the
[carrier—photon resonance (CPR)|in the lasers.
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1.1 Approach and motivation

The work reported in the thesis concerns [laterally coupled (LC)fridge wave-|
[zuide (RWG)|IDFB|and [etched through (ridge) (ET)HRWG|distributed Bragg)
surface gratings, their design and use in targeting
applications in telecommunications , , spectroscopy, and frequency
standards . lasers with surface gratings were studied because
of their low complexity and simple fabrication when compared to [ECL] or
buried grating [DFB|[LDs| the two typical approaches in making frequency
selective edge emitting

The narrow linewidth emission around 780 nm was targeted by using long
laser cavities with low grating strengths, whose efficiencies were improved

by employing the alternating grating scheme [IJ.

The extension of the direct amplitude modulation response beyond the limit

imposed by the[CPR]was studied by exploiting the [photon—photon resonance|
(PPR)| effect, resulting from the emission of two longitudinal laser modes
from the same cavity in this case. The dual-longitudinal mode emission was

achieved by using gratings with two (or more) phase shifts placed periodically
along the RWG| surface gratings .

In addition to the modulation bandwidth extension, the emission of two
longitudinal modes was used to generate extremely high frequency [RF] sig-
nals which could be used in the next generation wireless communication
standards. The direct modulation of the difference frequency between the
emitted modes was examined with frequency and time domain characteri-
zation methods [[II]. Lasers with apodized surface gratings were
also designed to have extended tuning ranges of the difference frequency,
enabling the generation of [RE] signals for several next generation wireless

communication frequency bands from the same laser .

In summary the main targets of the thesis are:

e exploit surface structures that enable cost effective and sim-

plified fabrication of gratings with arbitrary configurations
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e develop simulation procedures and define figures of merit that
enable a fast and effective optimization over a broad range of

variation for multiple structural parameters

e demonstrate [SFLs| at 780 nm with characteristics suitable for
[RBl atomic clocks

e demonstrate|dual frequency lasers (DFLs)|with increased am-

plitude modulation bandwidth and with the capability for ex-

tremely high frequency electrical signal generation

1.2 Theoretical background

are popular in many fields of science, technology, and industry, and
are gaining increasing adoption. They are often used in applications such
as telecommunications [33], atomic clocks [24], and spectroscopy [34], which
require good stability and narrow emission linewidth. There are also other
laser types that offer better stability [6] but, due to their miniature size and
power consumption, the are the preferred choice in most applications.

This preference is emphasized further due to the increased use of laser sources

in mobile applications and [photonic integrated circuits (PICs)| [10].

The simplest is a[Fabry—Pérot (resonator) (FP)|laser [31], whose output
is mainly determined by the material gain, cavity length, and diode facet

reflectivities: the mode losses are not affected by the longitudinal structure
of the cavity if the facets and material is assumed dispersionless, see Figure |
and the powers of the emitted modes is determined by the spectral
shape of the gain. The output behavior can be modified by introducing
different elements in or outside the cavity and by changing the cavity facet
reflectivities. These elements include[DBR] [35] and [DFB]| [36] gratings, active
or passive waveguides [37], and bent and tapered waveguides [3§], to name a
few. By designing and combining these elements, the output characteristics
of a[LD] can be engineered with great flexibility. For instance, the output
power, beam divergence and brightness, linewidth, and modulation response

can be affected by the design choices [39].

This thesis covers mainly [DFB|[LDs| which modify the mirror losses of the
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5 * o FP
N . . o SFL
Eol xDFL | |
1P o o) S o o o
-3 ~2 -1 0 1 2 3
oL

Figure 1.1 Normalized mirror losses with normalized detuning factor for and
single and dual frequency@ Bragg gratings.

typical [FP|[CDg by changing the feedback between the longitudinal edges of
the resonator. The number of dominant longitudinal modes in the output
of the can be thus chosen with the [DFB]| structure, as illustrated in
Figure There are different implementation types of Buried
[DFB| gratings are very popular due to their ability to produce high power,
injection efficiency, coupling coefficients, and good beam qualities. They
have also been used with new types of grating structures, such as sampled,
chirped and phase shifted gratings , and [sampled grating (SG)|
, . In spite of the good performance of buried gratings, they
require a complicated regrowth step in the fabrication, which affects the yield

and cost of each device , and can also cause degradation effects which
reduce the device lifetime .

Using surface gratings is one way to overcome the need for regrowth, and
the devices reported in this thesis use the technology exclusively. With
this method the processing of a [LD]is done in a single step and no further

epitaxial steps and overgrowth are needed. Schematic and [scanning electron|

[microscope (SEM)| pictures of and surface grating are
illustrated in Figure The use of surface gratings also places the defects

inherently induced by the processed interfaces away from the areas with high

optical field intensity, high temperature and intense carrier flow, which can

improve the reliability and yield. The fabrication of all devices studied in

this thesis employed soft stamp [ultraviolet (UV)inanoimprint lithography|
(NIL)| [19], which enables high resolution and volume-scalable fabrication




8 1. Introduction

of surface patterns with arbitrary shapes and configurations. The soft and
flexible stamp facilitate the imprinting even for non-flat brittle epiwafers
or in the presence of residual particles on the surface or both, because the
stamp conforms to non-flat surfaces and locally to residual particles so that
the pattern is only compromised in the vicinity of the particle while the rest
of the patterned area is unaffected.

Figure 1.2 Schematics and pictures of|LOHRWG| (a-b) and RWG| (c—d)

gratings. Adapted from .

Surface gratings have been applied recently also by several other groups to
address different wavelength ranges and grating configurations [44]-[46]. The
downside to thesurface gratings is the poor injection efficiency ,
which is due to the fact that the electrical pumping leads to lateral current
leakage to the areas below the lateral protrusions of the gratings, which do
not contribute to the stimulated emission significantly. The current leak-
age can be restricted by ion implantation , recessed gratings , ,
and oxidization, which has been used for injection current control in surface
emitting laser diodes , all of which unfortunately complicate the fabrica-
tion process. A way to overcome the lateral current leakage issue is to use
[DBRHike schemes, where the grating region is not pumped and thus does
not decrease the injection efficiency. This kind of approach has been suc-
cessfully used to achieve good performances in amplified configurations .
Other, surface type feedback schemes are also possible, such as the slotted
ridge waveguide lasers [53].

Surface grating configurations frequently exhibit lower output powers than
the buried gratings, which is mainly due to the lower injection efficiency and

to the corresponding added thermal load. This has been addressed by us-

ing monolithically integrated amplifiers in jmaster oscillator power amplifier|
(MOPA)| schemes. The amplifiers can be either straight or tapered to
increase in the mode area, decrease the optical power density and diffraction
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out of the laser and increase the power saturation level .

The surface gratings bring many benefits to device fabrication, mainly re-
lated to the removal of regrowth from the fabrication process of the lasers.
With small adjustments to the surface grating structures, their performances
can approach and exceed those of buried grating structures. There is still a
lot of room for improvement, however, especially in the efficiency of surface

grating structures.

1.2.1 Single frequency laser diodes

[SFL4 have been the requirement for many applications, such as
|division multiplexing (WDM)| optical interconnects, spectroscopy, and opti-

cal pumping. The requirements for phase noise and linewidth of the
vary with different applications. The linewidth requirement in optical com-
munications depends on the modulation speed , and off-the-shelf com-
ponents can be used directly for simple modulation formats. However, with

higher order formats, such as (M-ary) |quadrature phase shift keying (QPSK)|

and [quadrature amplitude modulation (QAM)| the linewidth requirements
can be in the order of kHz [57]. This usually means using or

frequency stabilized LDE [59], [60]. On the other hand, for the most

demanding applications, in addition to narrow linewidth also the phase noise

has to be very low over a broad frequency range in order to enable low in-

tensity signal detection.

Narrow linewidth emission in the 780nm range is useful in e.g.
[parametric oscillators (OPOs)| because it can be exploited to achieve large
tuning ranges in mid . It is also important in pumping
and in based atomic clocks . Laser radiation is advantageous for these
applications due to its narrow spectrum and narrow linewidth has been

a target for a large body of research in at various wavelengths.

There are several ways to achieve single frequency operation in Single
frequency in the context of this thesis refers to the laser operating in sin-

gle transverse and single longitudinal mode. The different approaches for

achieving single longitudinal mode operation include janti-reflection (coat-|




110 1. Introductionl

ling) (AR)}fhigh reflection (coating) (HR)| applied to the facets,
and grating configurations, and notches in the .
[CD] selects the emitted mode from the [FP] mode comb, given by the total
effective cavity length and group indexes therein , by having a narrow
high reflection band near the gain maximum. In a [DFB|[LD] the selection is
determined mainly by the feedback of the grating. Instead of the distributed
reflections of the DFB|and approaches, the mode selectivity in slotted
is achieved via discrete reflections. When they are properly designed

they will decrease the threshold gain of only the mode that is designed to
lase . In addition to these intrinsic methods, the spectrum of the single
mode can further be narrowed by external stabilization, such as locking to

a stable optical cavity slope by self injection or a slope of an atomic

transition with a [phase locked loop (PLL)|style configuration [63].

1.2.2 Dual frequency laser diodes

Besides generating high frequency [RF| signals (MMWs)) from the beating of
two laser lines from a[DFT] it is also possible to encode the [RF]signal with a

data pattern, but usually this is achieved with external |Mach-Zehnder mod-|

[ulators (MZMs)| [64]. Data encoding is important especially in

or 5G] schemes [30], [65], [66]. It should be noted that the trans-
mission of data in e.g. is not the only technological problem with

and the final implementation will be a vast multidisciplinary effort ,
168].

In addition to being used for carrier signal distribution, the laser light can
be modulated, either directly or externally, in order to transmit data signals
with the high frequency carriers. This can further help in designing power
and cost efficient base stations and other components of the network. The
direct modulation bandwidth of laser diodes is typically limited by the[CPR}
However, when the cavity supports two modes, their interaction induces
photon density pulsations at a frequency that is the frequency difference
between the two modes . When the cavity is properly designed, this
can extend the direct modulation bandwidth of the considerably.

The approach presented in this thesis for achieving dual-longitudinal mode
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operation, a dual jquarter wave shifted (QWS)||DFB|grating, has been previ-
ously used for diode pumped fiber lasers with , and without chirp ,
and with unequal phase shifts .

Other approaches are also possible, e.g. using non-phase shifted chirped
gratings , different transverse modes , thermal tuning of two mono-
lithically coupled lasers , strongly gain-coupled multi-section m
lasers , monolithically integrated dual lasers , , two lasers
in a or in a laser system , integrated Y-branched or
, lasers.
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2. DESIGN AND SIMULATION

This chapter presents the design process and discusses the background theory
and its developments. The design procedure consists of 3 stages: epitaxial,
transverse, and longitudinal structure design. In the first stage the epitax-
ial structure is designed, including band structure, doping profile, refractive
index profile and their effects on optical gain, vertical optical field distribu-

tion, and current-voltage characteristics. The second stage is the transverse

structure design, and how it affects the [single transverse mode (STM)| op-

eration of the diode and the grating coupling coeflicient. In the final stage
the longitudinal structure, including phase-shifts, longitudinal variations of
the grating, grating length and facet treatments, is designed using input
from the previous stages, having goals such as high side-mode suppression
ratio, reduced spatial hole burning, high output power, narrow linewidth for
difference frequency range, difference frequency tunability and domi-
nant mode balance for [DELsl

2.1 Epilayer structure

The layer structure in the epitaxial growth direction, epilayer, determines
a large portion of the semiconductor laser operation and properties. These
include carrier transport, optical gain and loss, vertical optical guiding, and

thermal behavior.

The behavior of charge carriers (electrons and holes) in a semiconductor
material can largely be understood taking into account their drift and dif-
fusion: drift due to an external force from an electric field and the carrier
mobility, and diffusion due to a charge carrier concentration gradient within
the semiconductor and the diffusion coefficients of the carriers. These can
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Figure 2.1 a) Band diagram at around threshold bias, refractive index profile,
and optical field intensity. b) Example of gain and the corresponding change in the
real part of the refractive index for different carrier densities.

be modeled using the drift-diffusion model , which can be derived from
the more general Boltzmann transport equation , . Drift-diffusion is
widely used and for instance PICS3D from Crosslight Inc. applies it to
[LD] modeling. A band structure modeled with the drift-diffusion model is
shown in Figure [2.I] a. Electrons are injected from the left and holes from
the right and they recombine in the depletion region where the
well (QW)|is. The refractive index and the resulting optical field intensity

distributions in the vertical direction are also shown.

Stimulated radiative carrier recombination in the gain region, which is typi-
cally[QW]or bulk semiconductor, leads to photon generation and optical gain
under the population inversion condition. In order to enable efficient light
generation and amplification without requiring interaction with phonons,

the gain region needs to be a direct bandgap semiconductor operating under
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population inversion condition. The active region (e.g. [QWs|and barrier lay-

ers) is surrounded by [waveguide (WG)|layers which in turn are surrounded

by cladding layers, typically n-type on the bottom and p-type on the top.
[WG] layers are typically undoped, which induces only a small penalty to the
diode voltage but can be beneficial for optical losses because e.g.
fabsorption (FCA)|is smaller. The vertical profile of the energy levels should

provide a smooth carrier flow from the contact layers to the gain region as
well as a good confinement in the gain region for both types of carriers.
Therefore, the bandgap of the epilayers typically decreases gradually from
the cladding layers towards the gain region and graded or intermediary com-
position barrier-reduction layers are inserted to reduce the notches in the

energy levels at heterointerfaces with high bandgap variations.

The gain from the transitions between conduction and valence subbands
can be modeled with a varying degree of sophistication, from e.g. simple par-
abolic band approximation to more sophisticated methods based on the
k - p perturbation theory [89]. Large hamiltonians (e.g. 16 x 16) in the
k - p methods are essential for accurate gain calculations in highly strained
dilute materials at low transition energies . An example of gain as a
function of carrier density obtained with the parabolic band approximation

is shown in Figure b. [Heavy hole (hh)|transitions induce
tric (TE)lpolarized whereas [light hole (1h)| transitions induce predominantly

[fransverse magnetic (TM)tpolarized light emission, due to the symmetry of

the associated orbitals . By applying compressive or tensile strain to the
semiconductor the degeneracy of the [valence band (VB)| can be
lifted: the compressive strain makes the bandgap smaller for the
tion band (CB){hh| while the tensile strain decreases the transition
bandgap. Consequently, compressively strained emit strongly predom-
inantly [TE}polarized and tensile strained predominantly [TM}polarized
light . In addition to changing the energy level separation and peak gain

wavelength, the strain also reduces the valence band density of states ,
decreasing the threshold gain, and increasing the gain at a given carrier

density .

Another aspect of epilayer design is the behavior of optical waves which

get their energy from the stimulated and spontaneous emission events due
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to radiative carrier recombination. Optical waves are electromagnetic fields
and are governed by Maxwell equations . Typically the analytical solu-
tions are restricted to the most simple cases, and more realistic waveguid-
ing structures need to be modeled by discretizing schemes, such as
lelement method (FEM)| or [finite differences (FD)| [97]. For quasi{TE|
modes, under certain approximations, the Maxwell equations reduce to a
scalar Helmholtz equation pp. 132-133]

vl + v 5 (2.1)

where V is over the transverse plane, [J] is the quasi{TE| mode amplitude,

and its propagation constant. In the epilayer design several issues need

to be considered, including;:

(1) what should the optical confinement factor [[]be;
(2) how much should the mode(s) extend outside the waveguide layers;

(3) how large should the transverse field distribution be.

The optical confinement factor in the QW area || of point is defined in

one dimension as
i
W
= (2.2)

L]

where [{2] is the whole calculation domain. This influences what is the modal
gain and, possibly even more importantly, what is the modal gain difference
between the fundamental (or desired) mode and all the other modes. Point
is important when considering what the grating coupling coefficient value
can be, but also, especially for high power [LDs| how much the field causes
losses due to e.g. overlapping with areas having high [FCA] cross section and
low carrier mobility . Point is important when considering the relia-
bility and far-field properties of the [LD} A broad [}]leads to a smaller power
density for a given output power, which reduces the risk of [catastrophic op-|
[tical (mirror) damage (COD)| [99]. The other benefit of a more spread out
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[/]is the narrower far-field, which simplifies optical laser beam manipulation

and coupling into e.g. optical fibers [99].

[Separate confinement heterostructure (SCH)|QW]|LDs|have become the main
type of [LD] epilayer structures due to their high efficiency. [SCH] implies the
use of light confining[WG]in the epitaxial direction in addition to the carrier

confining in the (or bulk) gain layer, so a combines the properties
of the carrier confinement and light guiding.

It should also be noted that the semiconductor properties depend on the tem-
perature of its crystal lattice. As an example, the output power of a [LD]is
typically limited by self heating if heat dissipation is not good enough. This
results mainly from a decreased injection efficiency largely due to thermionic
current leakage, leading to population inversion condition not being satisfied
any longer. A good thermal conductivity over a small distance between the
active region and the heat sink [12] reduces the effects of self-heating. To
this end it is helpful to consider the layer thicknesses and compositions of the
semiconductor carefully. Simple compositions and small thicknesses should
be targeted as much as possible. Binary semiconductors have the best ther-
mal conductivities out of semiconductor alloys, but the limited range of their
properties usually lead to the need for using ternary or quaternary alloys in-
stead. Unfortunately the ternary and quaternary crystal structure leads to
a higher probability of scattering events and the thermal conductivity re-
duces roughly by an order of magnitude with increasing the compositional
complexity of the semiconductor from binary to ternary and from ternary
to quaternary. Possible heat sources are Joule heat, carrier recombination

heat, Thomson heat, and optical absorption heat [84].

2.2 Transverse and grating structure

The 1D simulations described in the previous section are used in conjunction

with the simulations of the transverse field distributions for designing com-

plex transverse structures, such as RWGs| [LCJRWG] and [ETHRWG] surface
gratings. For the basic case of RWG]| the wave propagating in the [WG| does
not experience any feedback in the direction of propagation, apart from facet

reflections.
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Longitudinal reflections can be induced by perturbing the RWG] These re-
flections can be made frequency selective in order to favor certain longitudi-

nal modes. [LCHRWG] and [ETHRWG] surface gratings, illustrated in Figure |
are such perturbations. In a (Figure a-b) the frequency se-

lection is done by periodically varying the effective refractive index along
the whole length of the cavity, which causes reflections to the forward and
backward traveling waves. Two longitudinal modes, placed at the first nodes
on both sides of the grating reflectivity stopband, are lasing when the struc-
ture is longitudinally symmetrical and the gain spectrum is aligned with
the grating reflectivity such that each mode experiences equal gain. This
mode degeneracy can be lifted and a single mode is emitted when asymmet-
ric [ARJHR] facet coatings are applied or when a phase-shift is introduced in
the longitudinal structure of the grating. In contrast in a (Figure
c-d) the perturbation is typically along a passive longitudinal section of the
laser cavity, separate from the gain section, and the distributed reflection
stopband selects the lasing mode from the [FP] mode spectrum by reducing
its mirror losses. Thus, when the gain is aligned with the grating re-
flectivity spectrum, the lasing mode has the smallest mirror losses. The [FD)]
spectrum is determined by the total cavity, including the [DBR]and all other

cavity elements.

The frequency tuning of the DBR lasers is limited by the [free spectral range|
of the laser, as successive [FP| modes become periodically best aligned
with the reflectivity and material gain maxima. [DFB] lasers have a
wider frequency tuning range since the stopband is typically wider than
the [FSR] and since the FP modes, the reflectivity stopband, and the gain

spectrum are all shifting in the same direction with temperature, albeit at

different rates. The characteristics of the DFB laser, such as their wider
wavelength tuning range, are strongly influenced by the phase of the facet re-
flections. Because the positions of the facets cannot be controlled accurately
in the processing, the phases of the facet reflections affect the yield . The
influence of the facet reflections on the characteristics of DFB lasers can be
reduced by applying AR coatings to the facets. A schematic of the transverse
cross section of a [DEB|[LCHRWG] is shown in Figure In the schematic
the p-side cladding is etched away creating a RWG with a periodic lateral
corrugation, which induces a periodic variation in the longitudinal profile of
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Figure 2.2 Schematic of the transverse structure of a [RWG| grating. The
transverse distribution of the fundamental mode is overlaid on the structure.

Adapted from .

the effective refractive index.

The optical field [J] for a 3-dimensional laser structure is a vectorial field
with a 3-dimensional distribution. However, because the gain in compres-
sively strained the grating feedback, and the facet reflections favor the
[TE|polarized light and because the transverse distribution of the optical field
intensity is typically uniform along the longitudinal direction, a scalar quasi-
variant of Equation can be used to obtain [if| without large errors.
The scalar equation assumes that the field is continuous in each point of the
transverse plane. However, in reality the quasi{TE] field has discontinuities
where there are vertical (perpendicular to the field) discontinuities in the di-
electric constant of the waveguide. Further errors arise from discontinuities
in the z direction, because the structure is assumed longitudinally uniform.
In the case of surface gratings the magnitude of the perturbation and the
interaction between the guided mode and the grating is small. For such a sit-
uation it is possible to use a refractive index distribution that is averaged in z
direction and end up with usable results [102]. The benefit of applying
the scalar wave equation to a longitudinally-averaged transverse refractive
index distribution is the computational time saving and consequently the
ability to scan large structural parameter ranges quickly in order to obtain
qualitative trends in the structural-dependent performances. In the remain-



20 2. Design and simulation

der of this section the scalar wave equation is applied to the study of [STM]
operation and to the calculation of the coupling coefficient of [LCHRWG] and

[ETHRW(] gratings.
2.2.1 Transverse mode discrimination

The transverse mode discrimination is an important quality of a [RWG][LD]
and is affected by the coupling between refractive index, carrier density,
gain, and temperature transverse distributions . In order to accurately
determine the[STM]operation of a[RWG]LD] the optical distributions, carrier
diffusion, gain, and thermal problems have to be solved self-consistently.
This is computationally expensive and time consuming, and makes the device
optimization slow. The approach presented in is based on the optical
cold cavity simulation alone and reduces the needed computation effort for
each structural variant of a device. The method is extended to consider the
effects of areas where the injected carrier density is reduced and the
regions can be absorbing in .

In the calculation procedure the gain area in the transverse plane is divided
into two parts, [{2;] and [{2_] which are the gain regions under and not un-
der the ridge, respectively. For deeply etched RWG] structures, the injected
current flows mainly through the material placed under the ridge, creating
gain in the active material under the ridge, while the rest of the active ma-
terial is left largely unpumped and absorbing. Thus, such an approximation
is justified especially for that are deeply etched and have a limited
lateral diffusion of the injected current. The lateral current diffusion can be
taken into account in this model by extending the reach of @ beyond the
under-the-ridge area. A further approximation is that the gain is constant
within the gain region under the ridge. Using these approximations, the
modal gain for the m!* mode can be written as

[[[¢2|dx dy

=HgHt 2.
12l

WhGI‘G@ @ > 0) is the approximated constant material gain in the pumped
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active region under the ridge, is the m'™ mode amplitude, is the
integration domain in the (z,y)-plane containing the transverse structure,
and is the under-the-ridge confinement factor for the mode. A similar
approximation can be done for the modal loss for the m'™ mode due to
absorption in the active region belonging to the [{2_] domain:

bnl= AT (24)

where El @ > 0) is the material absorption loss, which is approximated
to be constant in the unpumped active material, and is the not-under-
the-ridge confinement factor for the m*™ optical mode.

Considering the step gain approximation that assumes El constant material
gain in the pumped active material and zero gain elsewhere, the[STM]opera-
tion is ensured when the modal gain of the fundamental mode is maximized

with respect to all the other modes, i.e. when for every m

I = IQIE]@ = E‘ (2.5)
1m T . .

When the transverse modes are ordered by their propagation constants, the

lowest order modes are typically most confined under the RWG] Thus, it is
enough to consider m = {2,3} for ensuring operation. Under these
approximation, the following figure of merit can be derived:

(2.6)

|} € [0,1] and relatively high values (e.g. :]"123| > 0.6) while
Vi € {2, 3}, indicate a high likelihood of stable STMl operation. In

order to extend the usefulness of this figure of merit to cases where the loss

discrimination is important for mode selection, the absorption loss approxi-
mated by Equation (2.4]) can be added to Equation (2.3) and the net modal
gain becomes

(G Gl ] AL oA (2.7)

Assuming that the constant material gain in the active region under the

ridge is equal to the absolute value of the constant material absorption loss
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in the active region not under the ridge, the net gain difference between the

fundamental and the m'™ mode can be re-arranged to

e G =9- @D +9- @l {AD. (2:8)

where g ={ g¥]= [g7], from which a normalization similar to Equation (2.5)
can be carried out:

B

1, B o
i

An improved STM figure of merit can be derived by considering only the

+
Flm

F

product of the net gain differences between the fundamental mode and the
274 and 3' modes, since they are typically more confined under the ridge
and overlapping less with the absorbing regions than higher order modes.
By then applying a normalization that takes into account that the absolute
values of the net gain differences are in the [0, 2] range, this figure of merit
becomes:

5] = /4. (2.10)

The improved figure of merit, which takes values in the interval [0,1] when
both and are positive, indicates a high likelihood of STM opera-

tion when it has a relatively high (e.g. > 0.6) value with (50 5| > 0).

Equations (2.6} [2.10) have been validated experimentally by stable op-
eration achieved for RWG] laser structures with different epilayer structures

and operating at different wavelengths. The same figures of merit can be
applied to [LCHRWG] structures by using the transverse optical field distrib-
ution calculated for the longitudinally averaged transverse refractive index
distribution. Figure shows the [STM] figures of merit calculated with
Equations for 780 nm lasers having an epilayer consisting
of one 8 nm thick embedded between 120 nm thick undoped [WG] layers
and surrounded by thick cladding layers ensuring that the optical field inten-
sity is negligible at the neighboring layers. The simulated [LCHRWG] surface
gratings had a variable thickness of the remaining un-etched p-side cladding,
a variable width of the central ridge, a variable angle of the lateral current

diffusion, and a constant 2.5 pm lateral extension of the grating protrusions.
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The results in Figure[2.3]illustrate that by including the additional absorp-
tion term into the figure of merit, the optimal structural parameter range
is narrowed, leading to a better indication of the optimum structural vari-
ant for achieving [STM] The inclusion of different lateral diffusion angles for
the injection current has little effect on the optimal design parameters. For
the structural range leading to a high figure of merit is slightly
extended when [0l is increased.
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Figure 2.3|LC m single transverse mode figures of merit I, and 'S,

as a function of ridge width and unetched cladding thickness with varying lateral
current spreading angle Adapted from .

2.2.2 Coupling coefficient

The transverse simulation of the coupling coefficient uses the Fourier coef-
ficients to approximate the longitudinal variation of the effective refractive

index in straight rectangular gratings. The real part of the coupling coeffi-

kP >
— // Apfz,y r,y) dz dy, (2.11)

Grating|

cient is given by

where [g| is the free space wave number, is the propagation constant
of the fundamental mode in the [NG] [P] is the power of the fundamental
transverse mode, is the Fourier term of the m'™ order grating, @ is
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the transverse distribution of the fundamental mode amplitude, and the
integration is done over the transverse plane corresponding to the grating,
i.e. where [n] is variable in the longitudinal z-direction. The propagation

constant is defined by the effective refractive index of the corresponding

mode, [nenh, as
2m
: Meflp Iy (2.12)

where can be obtained from the eigenvalue associated with the funda-

mental mode solution to the Helmholtz equation applied to the transverse

distribution of the longitudinally averaged refractive index.

The general Fourier terms for h order gratings are [105]

A/2

Anfz,y) = % / n?(x,y,z) exp(—j2rmz/A) dz, (2.13)
A2

where [4] is the grating period, [ is the refractive index, [ is the grating
order, and z, y and z are the spatial coordinates as shown in Figure [ 2.2}

For rectangular gratings the h order grating Fourier term simplifies to

: : bm(?ﬂn@@ (2.14)

where and are the refractive indices of the longitudinally alternating
unetched and etched grating regions, respectively, and [] is the fill factor
of the grating. The fill factor and the longitudinally averaged transverse re-
fractive index distribution ng|(z, y) are linked by the longitudinally averaging

formula:

2z, y) A 03z, 9) + (1 -[2) 2, y). (2.15)

In general the Fourier coefficient can vary in the (z,y)-plane, and the real

part of the coupling coefficient for the fundamental mode in an ideal rectan-
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gular grating becomes

\
IEZIZ- //H(mybﬁ(wy) dx dy—
9 9 sin(ﬂm
nilz, yWolz,y) dedy | - ———. (2.16)
ER &

When the refractive index in the grating area is constant in each of the

successive grating slices, the coupling coefficient can be calculated with

EE,. Sm%@ (2.17)

where [[] is the confinement factor of the respective mode in the grating
area. For buried gratings, where the refractive index contrast between
and both of which typically correspond to semiconductor materials, is

small and the above expression simplifies to |L

which is generally not valid for surface gratings, because there the refractive

index contrast between [no] and [r] can be large and < 2 {nesih-

The above equations, including qu cannot be applied when the refractive
index varies within the grating area in the grating slices. In such cases the

coupling coefficient can be expressed with the help of effective refractive

indices as
sin(nfih)
Eﬂ:')' pr— (2.19)

where [negh and are the effective refractive indices in the unetched and
etched grating slices, respectively. Effective refractive indices cannot be
obtained by applying a Mode Solver to refractive index distributions [no] and
directly, because that would lead to boundary condition violations in

the longitudinal direction. The violations can be circumvented by applying
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the Mode Solver to a longitudinally averaged transverse refractive index
profile, given by , and using the convolution between the obtained
transverse optical field and refractive index distributions in the grating slices,
for calculating the effective refractive index values in the grating slices as :

) 10 avel AT dy 3 IS (2 dx dy (2.20)

i = ’

T Jeaddrdy - [Yoavdde dy
where is the transverse optical field profile for the longitudinally aver-
aged transverse refractive index distribution and |n,|is the transverse refrac-
tive index distribution in the i*? grating slice. It is enough to evaluate the
first term in (2.20]), because the second terms cancel each other in (2.19)).
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Figure 2.4 |LCHRWG) grating coupling coefficient variation with unetched p-side
cladding thickness, calculated with PICS3D 7.3 (version 2006.11.01) and deter-

mined using the accurate Equation and the approximate Equation .
Adapted from 4

Figure illustrates the coupling coefficient variation of a [LCHRWG]|surface
grating with the thickness of the un-etched cladding layer, calculated by
the commercial software PICS3D (version 2006.11.01), by using the exact

Equation (2.19) and the approximate Equation (2.18]).

From Equation it is clear that || varies strongly with On the other
hand, when the fill factor also has a strong influence on @, the effect of the
Fourier coefficient is deformed as given by Equation and illustrated
in Figure An important observation illustrated by the figure is that
similar trench widths, which are the limiting factor in the fabrication of the

surface gratings, give similar coupling coefficients for gratings of different
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Figure 2.5 Grating coupling coefficient variations with the filling factor and with
the grating trench width for 15, 2" and 3" order buried DFB, LC-RWG DFB,
and ETR DBR gratings. Adapted from .

orders. This relates to the higher order gratings having a smaller longitu-
dinally averaged transverse refractive index contrast when compared with
lower order gratings with the same trench widths, and thus having a higher

confinement in the grating regions [Ij.

Similar results have been obtained also with e.g. CAMFR software [106],
which indicates that the approximation that the electric field is continuous
everywhere in the calculation domain (which is induced by using the scalar

Helmholtz equation) does not cause qualitative errors.

An important aspect of the coupling coefficient is related to the radiating
modes, associated with the imaginary part of the coupling coefficient. In
spite of the associated extra losses, the radiating waves can be beneficial
to the yield of the fabricated devices [100]. In general [s|is a complex vari-
able, and from coupled mode theory it can be derived 31, pp. 349] that the
amplitude reflectivity at zero detuning (at the Bragg resonance wavelength)
is

IR

" tanh(|x|L), (2.21)

r
%]

where x* is the complex conjugate of the complex coupling coefficient and
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L is the grating length. The intensity reflectivity in this condition is then
R = tanh?(|s|L). (2.22)

Using Equations (2.21}{2.22)) the coupling coefficient of a grating can be ap-
proximated from the reflectivity spectrum, which can be modeled with e.g.

CAMFR [107][7] which takes radiative modes into account [106]. For surface
gratings this evaluation yields large imaginary parts of the coupling coef-
ficient over a large range of the grating fill factor. The use of CAMFR is
straighforward for structures that can be described with rectangular geom-
etry and that span quasi-indefinitely in one dimension, i.e. for wide
gratings. The coupling coefficient dependence on the grating filling factor
and on grating trench width for 1%, 2°4 and 39 order RWG|gratings cal-
culated using CAMFR and Equations (2.21H2.22)) and taking the absolute
value (denoted as CAMFR (method 1)), CAMFR and the method described
in |108] (denoted as CAMFR (method 2)), and and a scalar field Mode
Solver (denoted as MS) are compared in Figure The |k from CAMFR
depends strongly on the length of the cavity, especially for short cavities,
and accordingly the value chosen is for a length for which the variation in

the evaluated [] as a function of grating length is small.

The differences in the evaluated |s|derive from taking or not taking radiating
modes into account and from the mode mistmatch between the injecting
straight RWG] and the ETHRWG|[DBR] grating. By using long enough grat-
ing in the simulation, this longitudinal boundary effect can be minimized.
When evaluating || according to |108], the difference to the result obtained
by mode solver approach is small, but in the regions where the fill factor
leads to a vanishing Fourier coefficient for the rectangular grating and the
mode solver calculated [1] is zero, the CAMFR based approaches indicate a
relatively smooth variation of [k, without reaching a zero value. The dif-
ference between the coupling coefficient values calculated with MS and with
CAMFR, especially in the grating filling factor regions where the Fourier co-
efficients vanish, indicate that radiative the waves have a significant impact
on the grating strength when the grating Fourier coefficients are small. This

also suggests that surface grating strength can be tolerant against grating

LCAvity Modelling FRamework, available from http://camfr.sourceforge.net/
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Figure 2.6 Absolute value of simulated for a wide (W > grat-

ing as a function of grating filling factor for an example structure operating at
~ 1550 nm, and having 800nm thickm layers on both sides of the ac-
tive region, and t=50nm remaining unetched cladding thickness. The variations
labeled MS were calculated with Equations and (2.16); the variations labeled
CAMFR (method 1) were calculated with CAMFR and Equations (2.2142.23); and
the variations labeled CAMFR (method 2) were calculated according to the method
described in [108]; the results using CAMFR [107] calculated reflectivities were
obtained for a 500 pum long cavity.

filling factor variations, which can result from e.g. the etching process.

2.2.3 Wider LC-RWG grating trenches by alternating place-
ment of the lateral grating protrusions

Typically the best diffraction efficiency and lowest radiative losses come from
gratings with the lowest order, but on the other hand radiative losses may
also benefit mode selectivity [109]. Especially for short Bragg resonance
wavelengths the surface gratings with first order patterns lead to very narrow
trenches. Typically, due to the epitaxial design, the etching depth is usually
over a micron, which means that the aspect ratios of the etched gratings can
become high. The aspect ratio is the ratio between the grating trench depth
and width. The technologically achievable etching aspect ratio is typically
not higher than 10, which restricts the possibility to fabricate 1% order
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surface gratings for short wavelengths in the ranges below 1000-1300 nm,
for instance. Higher order gratings alleviate this problem, but they can

reduce the coupling coefficient and increase the losses.

A low order [LCRWG] grating with alternating lateral protrusions can be
employed to circumvent the etching aspect ratio limitation. The alternating
lateral protrusions are obtained by removing the grating protrusion alter-
nately from one side and from the other side of the central ridge. In such
a [LCRWG] grating structure the trench width can be enlarged to a value
beyond the grating period, as illustrated in Figure [2.7] It should be noted
that the longitudinal effective refractive index profile remains similar after
alternately removing the lateral protrusions. This removal reduces the lon-
gitudinal refractive index contrast, while keeping the same grating order and
period with the effective refractive index discontinuities at the same longi-

tudinal positions.

Figure 2.7 Schematic illustration of increasing the trench width by removing the
[LO[RWG grating protrusions alternately from one and from the other side of the
central ridge.

The alternating placement of the lateral protrusions increases the trench
width from (1 to (2 [ 4] where ] is the grating fill factor before
the process of alternately removing the grating protrusions, (yHA1|AL where
[4] and [4;] are the grating period and the protrusion width in the longitudi-
nal direction, respectively. Since j}<1 the trench width for the alternating
placement of the lateral protrusions is larger than the grating period. The
alternating protrusion placement has a two-fold effect on the grating cou-
pling coefficient. On one hand, at each grating interface the optical field
confinement in the grating area is essentially halved when compared to the
initial grating, which leads to a reduction to the coupling coefficient. On
the other hand, when the grating trenches are of similar widths, the alter-
nating [LCJRWG] gratings have a lower transverse contrast, resulting in a
higher optical confinement factor in the grating regions, which compensates
for interacting with the optical field only on one side of the ridge at a time.



2.3. Optimization of single frequency gratings 31

It was noted in [I] that the MS-calculated coupling coefficient variation as
a function of grating fill factor for a first order alternating and a second
order symmetrical lateral gratings are similar. The radiative losses of the
first order alternating grating were not analyzed, but it can be assumed that
they are smaller than the radiative losses of the second order symmetrical

gratings.

As a consequence of the particularities of the gratings with alternating lateral
protrusions, these gratings enable achieving a similar or higher coupling
coefficient for the same technological limitation imposed to the grating trench

width by the achievable etching aspect ratio between trench depth and width.

The alignment accuracy of a photolitography mask is in the order of a few
micron which sets a prerequisite that the contact opening on top of the grat-
ing structure is more than the central ridge width, say 4 micron openings for
2 micron central ridge width, for example. Depending on the width and the
placement of the contact opening, it can overlap with the protrusions con-
siderably. The current injected through the grating protrusions contributes
little to the laser gain, undergoes losses at the interfaces between the grating
and the planarization material, creates heat, and can pump unwanted lat-
eral side modes and thus does not contribute positively to the lasing [110].
The lateral current leakage through the lateral protrusions of the gratings
is reduced for the alternating gratings and can be suppressed by lateral ox-
idization that closes the current paths through the protrusions or by using

recessed lateral gratings with a height below the central ridge height.

2.3 Optimization of single frequency gratings

The phase condition and the losses associated with the longitudinal structure
of the [LD] determine the selection of the longitudinal modes lasing in the
cavity. For simpler structures, such as [FP| or uniform [DFB| grating
these mode losses can be solved analytically, but if the grating consists of
multiple sections separated by arbitrary phase shifts, a numerical approach

is better suited. The two typical numerical approaches to solving these

longitudinal mode structures are the [transfer matrix method (TMM)| [111]
and the [coupled mode theory (CMT)| [112], |113]. These methods are based
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on similar approximations . In the structure is split into thin
longitudinal slices with constant refractive index and the 1D propagation of
a plane wave through the successive slices is described by transmission and
reflection matrices. The total structure can then be described as the product
of these matrices, and the resulted overall matrix for the whole succession of
grating slices can be used to determine the resonance condition, transmission,
and reflection. in its numerical implementation form works much the
same way but typically considers transmission and reflection matrices for
longitudinal sections that have uniform properties (e.g. , although they
may not be structurally longitudinally uniform: a section may be for example
a uniform grating section, a phase-shift, a uniform amplifier, or an attenuator
section. Both methods can be used to describe structures with almost any
arbitrary longitudinal structures. However, [CMT]|requires that the length of
each uniform block is >>[ A, which somewhat restricts the use of the method
from being applied to structures with non-uniformly and closely placed sharp

longitudinal variations.

2.3.1 Linewidth

There are several steps that can be taken in order to minimize the laser
linewidth, e.g. blue-shifting the Bragg resonance wavelength with respect to
the gain maximum wavelength or having a low [x|in a long DFB cavity with
coated facets . There are also effects such as gain saturation ,
[117], [spatial hole burning (SHB)| and parasitic losses that need to be
taken into account when choosing Relatively low values and long
gratings have been used when aiming for a narrow intrinsic linewidth .
A low [cI] means that the longitudinal field intensity profile inside the cavity
will be relatively flat, which enables high powers without the [SHB| penalty
and, because the linewidth is inversely proportional to the output power
(neglecting , this leads to a narrower achievable linewidth. Low
requires long cavities to reach high enough which leads to a longer
photon lifetime 7 which decreases the linewidth. The linewidth can be
evaluated from [118]

G 125 D R )
v = (14[a%),
g

(2.23)
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where [d is the speed of light in vacuum, [i] is the Planck constant, [ is
the laser frequency, [K|is the Petermann’s K-factor, is the spontaneous
emission rate, is the threshold gain, is the internal optical losses,
is the group index, and is the the effective linewidth enhancement
factor. which is related to the coupling of the spontaneous emission
noise into the lasing mode , has a direct impact on the linewidth and is
typically evaluated separately for the transverse and longitudinal
modes . In the longitudinal evaluation it is assumed that diffractive
losses in the laser cavity are negligible , which may not always be a
valid approximation for surface gratings. For the longitudinal structure

can be written as
PRIERE
z)2 dz

and has a reduced value when the longitudinal distribution of the optical

2
(2.24)

field is relatively flat.

The linewidth enhancement factor is defined as the ratio between the
change in the refractive index and the change in the gain as a function of

carrier density
4r\d
— —7” e (2.25)

where the sign is conventionally chosen for obtaining a positive linewidth

g
:

ﬁ
Q
E
=

enhancement factor from a negative variation of the refractive index with
increasing carrier density and a positive variation of the gain with increasing
carrier density. The photon lifetime inside the laser cavity [r,] is related to
the total optical cavity losses and modal threshold gain by

int Q| = [gth = y (226)
P e

where are the mirror losses. Thus the optimization of the material gain,
low internal and mirror losses, a high differential gain and a low ef-
fective refractive index variation with carrier density are important
when targeting narrow linewidths. A high optical confinement confinement
of the optical field in the active region should also be targeted.
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There are many structural ways of decreasing the linewidth of [DFB|or
lasers besides reducing the mirror loss. Distributed phase shifts [123], gaps
in the grating , and longitudinally Varying and period f have
been used in order to modify the longitudinal photon distributions inside the
cavity and consequently the strength of[SHB] Effective longitudinal variation
in several parameters can also be realized by using multi-electrode structures
7 but care has to be taken how those kind of structures are biased.
Due to fabrication inaccuracies, it may be that calibration is required for

nominally identical devices.
2.3.2 Modulation frequency

The carrier-photon relaxation resonance frequency of a laser diode, which
can be used to roughly estimate its modulation bandwidth, is given by

where [dg/dN| is the differential gain, is the photon density, @ is the
elementary charge, [V]is the active region volume, [r;]is the internal quantum

efficiency, [I] is the applied bias current, and is the threshold current.

Comparing Equations (2.23 [2:27), it is evident that the linewidth

reduction and the increase in the[CPR]frequency benefit from a high emission

power. It is also revealed that low internal and mirror losses are associated
with a high photon lifetime in the cavity, resulting in a narrow emission
linewidth. On the other hand, the long required for a narrow linewidth,
leads to a poorfw,] Also for high[w,]the active region volume should typically
be minimized, which requires a high [[]and a short cavity. This also means
that [<] should be high in the case of DFB|[LDs| There are other factors that
also need to be taken into account such as [SHB] power densities at laser
facets, which may lead to [COD] and gain compression, which may limit the

maximum power and mode volumes.

Narrow linewidth and fast modulation speed of a laser diode are thus con-

tradictory design targets, and need different approaches.
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2.3.3 Single longitudinal mode and yield

The single longitudinal mode (SLM)|yield is also another factor affecting the

design decisions related to the longitudinal structure of the lasers. It has been
analyzed for gain- and index—coupled , and it was found that
in addition to the uncontrollable phases of the reflections from the facets,
the [SHB] effect plays an important role in determining the yield. Because
for the lasers studied in this thesis the output characteristics were usually
governed by the grating structure, [AR] coatings were typically applied. Also
the employed surface gratings are at least partly complex-coupled and have
a relatively high which means that the effects of facet phases are
reduced even for moderate facet reflectivity values . This means that
the yield for our lasers may be more determined by the [SHB]effects than by
the random facet positions. It should also be noted that the randomness in
the fabricated lasers’ material properties and structural dimensions plays a
role in determining the actual yield. Research purpose growth chambers for
the epilayers are relatively small, which can lead to variation in the growth
quality within a wafer [135]. In addition, there may be random effects in
the processing, resulting for example from impurities in the atmosphere or
from variations in the processing chemicals. These fabrication imperfections

create many sources of incontrollable randomness.

2.4 Dual frequency gratings

A typical [DFB] grating modifies the modal spectrum of a [LD] with single
longitudinal mode operation as the main target. By modifying the grating

structure the target can be changed to favoring the emission of two (or more)

modes. Our approach is to use [periodic phase-shifted distributed feedback]

(PPS-DFB)|gratings: the uniform Bragg grating is perturbed by two or more
(PP>2) phase shifts of an odd multiple of [N/4. When the [P>2 phase shifts

are placed periodically along the grating, with [M] grating periods between

phase shifts, the reflection spectrum has two maxima (stopbands) with Bragg
resonances separated by

[AvBrage| = VBraggl/v (2.28)
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where is the Bragg frequency of the initial grating before being per-
turbed by the introduction of the periodic phase shifts. falls between
the two resulted reflectivity maxima (stopbands). As explained in , the
introduction of periodic phase shifts separated by M grating periods is equiv-
alent with superposing two gratings of different periods, resulting in a grating
modulated with a 2 - M period; with the two resulted maxima/stopbands
corresponding to the superposed gratings. [M]and []are the main parameters
for the structural control of the difference frequency, because their values can
be finely varied. [M]takes integer values, but when [r]is relatively low, a larger
M value is needed for ensuring a reasonably high and a proper dual-mode
operation. For example, an M value of 100 leads to a minimum resolution
of the designable difference frequency of around 1% relative to . The
number of grating sections, [PH-1, can also be incremented to increase the
mode spacing, but the difference frequency varies in much larger discrete
steps, especially for small values of [Pp> 2. Another difficulty in using [P] for
changing the difference frequency is that its variation influences the total

device length in much larger steps than [M] does.

The modal and reflection spectrum of a [PPS-DFB]| grating can be modeled
by [TMM] or [CMT] Both methods require information about the and
or and [negh, which can be obtained as outlined in section
The reflectivity spectrum variation with the number of phase-shifts and the
positions of the dominant modes (for gratings having the same number of
periods between phase-shifts) is illustrated in Figure is kept con-
stant while the grating length increases with increasing [Pl Constant
leads to approximately constant maximum values of the grating reflectivity,
but to changing mode positions and spectrum shape. The [P|nodes between
the stopband maxima are visible, and it is clear that the mode separation
increases with [P} Another important aspect illustrated by the figure is that
the lowest are obtained at the reflectivity nodes closest to the inner edges
of the two stopbands. When the maximum gain is placed properly and the
gain dispersion is suitable, the two modes with wavelengths close to the re-
flectivity nodes next to the inner edges of the two stopbands are lasing. Thus
the mode separation can be roughly designed by changing the stopband dis-
tance found from Equation and the stopband width. The modes are
not exactly at stopband half-width away from the reflection maxima nor are
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Figure 2.8 Grating reflectivity and dominant mode positions for gratings with 2
(0), 8 (s), and 4 (+) phase shifts. : 200, : 3, mz 0.5, and: 3. Adapted
from .

they exactly placed at the reflection nodes. However, their exact positions,
determined by the needed round-trip gain and phase conditions, correspond
to a difference frequency that can be approximated with a reasonable ac-
curacy from the stopbands’ width and Bragg resonances’ separation. For
an arbitrary cavity the exact mode positions have no general and simple
analytical expression. A reasonably good analytic approximation formula
for the difference frequency can be obtained by subtracting the approximate
stopband width from the difference between the two Bragg resonances

|AVmodes| R1 AVBraggl ﬂ AVsbly (229)

with the node-to-node width of a single stopband approximated by

B em) . e

where[S]is a fitting parameter depending on cavity parameters and [An]is the

effective refractive index contrast between alternating grating slices. It was
found that |S| ~ 1.8- (1- 0. gives a reasonably good fit for a large

range of grating configurations with errors in the 10% range when compared

to [TMM] results.

2.4.1 Difference frequency generation

Generating a [MMW| (or another high frequency [RF)) signal from the dual-

mode emission requires photodetection, which is a nonlinear process where
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the electric field in a fast semiconductor is modulated by the varying optical
field intensity resulted from the beating of the two emitted modes. Over-
lapping and parallel beams with the same or similar polarization states are
beneficial for the photodetection efficiency, which is also typically higher the
lower the beat frequency is in the and sub{MMW]| bands [136]. The
mutual coherence between the two photodetected laser modes is relevant
when considering the linewidth of the generated electric signal, and it has
also been demonstrated that perfect coherence leads to higher generated elec-
trical signal intensities, possibly larger than the sum of the intensities of the
two optical modes [137]. The difference frequency ranges of the fabricated
dual-mode lasers were designed to fit within the bandwidth of a typical high-
speed InGaAs photodiode with 50 GHz 3 dB bandwidtl”ﬂ The photodiode
is fiber-coupled and due to the perfectly overlapping transverse distribution
of the two modes at the laser output there are little extra losses apart from

the losses resulting from fiber coupling.

An important aspect of the generated [MMW] is its phase stability and
linewidth. When the laser modes partaking in the photodetection process
have identical spectral densities and are thus perfectly coherent, the gener-
ated beat-signal linewidth can be substantially narrower than the linewidths
of the beating modes [137]. The fact that the optical dual frequency sig-
nal is generated within the same cavity, from the same gain medium and
interacting with the same grating, indicates the possibility of a high degree
of correlation and coherence between the two modes, which can reduce the
linewidth of the generated MMW] signal. The possible linewidth reduction
is derived from sharing most of the random noise sources, which can lead to
a higher degree of mutual coherence between them [137] and to the common
noise rejection effect |138], [139]. Nonlinear cavity effects, such as
can also be used to reduce the linewidth of the generated
beat signal below to the linewidths of the laser modes [140]. There are other
effects, however, which degrade the difference frequency signal quality, such
as mode competition: based on Lamb’s theory, a bulk or cannot
emit in stable dual frequency regime if the modes are interacting with each
other too much [141]. This is counteracting the correlation resulted from

sharing the cavity, grating interaction and gain medium, and it can lead to

?https://www.finisar.com/communication-components/xpdv2320r
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relatively broad [MMW)] signal linewidths, with [full width af hall maximum]|
(FWHM)| in the range of MHz. The surface gratings can compensate the
linewidth enlargement effects due to the fact that they reduce the detrimen-

tal effects of the uncontrollable facet reflection phase. This enables the use
of higher reflecting facets, which can decrease the linewidth of the emitted
modes by an order of magnitude when compared to employing [AR}coated
facets [IV].
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3. EXPERIMENTAL RESULTS AND
DISCUSSION

This chapter presents the characterization procedures and discusses the re-
sults obtained for the studied single and dual frequency The results
are compared with the design goals and the sources of the differences are

analyzed.

3.1 Single frequency lasers
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Figure 3.1 |Light-current-voltage (LIV), [power conversion efficiency (PCE), and
far-field (FI') characteristics of [DFB|LD| with RWG| surface gratings having

symmetrically placed and alternating lateral protrusions. Adapted from L[]V

The[LIV]characteristics of all the reported single contact were measured
by a standard procedure which includes a temperature stabilized base plate,
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pulsed and |continuous wave (CW)| current sources, and voltage and power

meters. [FF|] measurements were also carried out and the spectral charac-
teristics were measured by coupling the laser light into a single mode fiber

leading to an optical spectrum analyzer.

An example of [LIV] and [FF| characteristics measured for 780 nm [DFB]|

having [LCHRW(] surface gratings is given in Figure The devices
employed 3"d-order gratings with symmetrically placed lateral protrusions

and 1%%-order gratings with alternating lateral protrusions, described in sec-
tion 2:2:3] Otherwise the device parameters were almost identical: they
were fabricated from the same epiwafer, had the same length, had the same
central ridge width and lateral extension of the protrusions, and had simi-
lar trench widths and coupling coefficients. From the figure it is clear that
when comparing the two devices, the alternating grating scheme has no ef-
fect on the far field while its benefits include a lower threshold current, a
higher slope efficiency, and a better [PCE] In addition the mode-hop free
tuning range is similar for the two grating variants . We attribute the im-
provements in the characteristics of the[DFB|[LDg with alternating [LCHRWG]
surface gratings to the lower grating order and to the smaller overall area of
the grating protrusions. The lower grating order reduces the radiative losses
as discussed in section while the smaller protrusion area reduces the
lateral current leakage through the grating protrusions, without requiring

additional processing steps.

Both gratings also show mode-hop-free tuning range over the whole lasing
range with similar detuning between the Bragg resonance and maximum
gain wavelengths, which means that the mode selection is almost identical

for the two devices. The lasers were 2.4 mm long with low || targeting nar-

row linewidth emission. This resulted in over 50 dB [side mode suppression|
ratio (SMSR )| values over a wide bias range also for both devices [I], and the
linewidths of the emitted mode in the normal devices was later determined
to be below 15kHz over a wide bias range and the linewidth of the
devices with alternating grating was determined to be below 10kHz over a
similar bias range . The measured linewidths from these grating struc-

tures have been compared in Figure[3.2] The linewidth was extracted from

the [power spectral density (PSD)| obtained from a delayed self-heterodyne
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Figure 3.2 Linewidth from 3" order symmetrical and 1°° order alternating grating
[LOHRWG[DEB, lasers emitting around 780nm. The linewidth has been evaluated
from a delayed sub-coherence self-heterodyne measurement [32]. Adapted from [32],

{142

measurement with a delay length shorter than the coherence length of the
lasing mode [143]. The measured linewidth is not decreasing consistently
with increasing current and power and then increasing after reaching its
minimum as would be the normal behavior [144]. This indicates that the
linewidth broadening caused by noise from sources outside the laser (i.e.
technical noise), such as the current driver, dominate in the experimentally-
determined linewidth. Since the technical noise has a bigger contribution
to the measured linewidth than the intrinsic laser linewidth (re-)broadening
effects, e.g. caused by [145], it can be inferred that the intrinsic laser
linewidth is significantly narrower than the measured linewidth.

3.2 Dual frequency lasers

The characterization of requires three independent [direct current (DC)|
current drivers, because the devices have been fabricated with three separate

contacts on the (minimum number of) three grating sections separated by
two phase-shifts. The separate current drivers enable independent biasing
of the laser sections irrespective of each other. The current through the
contact on the section closest to the output facet was also modulated by a
[RE] signal, which was added to the [DC| component with a bias-T. A high
speed [photodiode (PD)| was used to convert the beating of the two emitted
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modes into a[RF]signal, which was then measured with anfelectrical spectrum]

or an oscilloscope. A high frequency electrical|local oscillator
(LO)| was used to down-shift the signal in frequency to ranges suitable

for the available measurement instruments.

Each [LD] was first characterized optically by scanning the bias currents of
each section and by determining the domains where the emitted in dual
mode. The optical measurements indicated what was the mode balance be-
tween the main modes, what was the[SMSR] with respect to the other modes,
and what was the approximate frequency difference between the two emit-
ted modes. It was also determined how much the mode frequencies changed
with varying bias conditions. Consequently, the stability of the dual-mode
operation was assessed and the achievable difference frequency was mapped
across the dual-mode operation domains. It was observed that there is a
significant variance of the characteristics between nominally similar devices.
This is attributed to the incontrollable phase of the facet reflections and
to the fabrication inaccuracies and resulting random defects in the grating.
From measuring over the dual-mode operation domains for the same device
with and without [AR] coatings on the facets it was determined that the
magnitude of the facet reflectivities does not affect the stable dual frequency
emission domain drastically. This indicates that the devices are resilient to
the facet reflection phase variation. It should be specified that the stable
dual mode domain does change when [AR] facet coating is applied, but the

resulting behavior resembles that of the uncoated device.

Measured bias-induced difference frequency variations and main mode bal-
ance variations over the dual-mode operation domain are shown in Figure |
B:3] The derivative of [Ar] with respect to front section current variation and
the difference frequency tuning range increase when changing from
unapodized gratings and coated facets (panel A) to linearly apodized
gratings and as-cleaved facets (panel B) and then to linearly apodized grat-
ings and [AR}coated facets (panel C). For the linearly apodized grating the
derivative of the difference frequency with respect to the middle section cur-
rent variation decreases when[AR] coatings are applied, making the difference
frequency less sensitive to middle section bias variations. Panels D—F show

the power difference between the two emitted modes in dB, indicating that,



3.2. Dual frequency lasers 45

A-C: Difference frequency (GHz)

10 15 20 25 30 35 40 45 50 55 60
. Z Z I
0 2 4 6 8 10 12 14 16 18 20

D-F: Mode power difference (dB)

= 1<

Front section bias (mA)

35 45 55 65 35 45 55 65 35 45 55 65
Middle section bias (mA)

Figure 8.3 Measured difference frequency (panels A-C) and mode power differ-
ence between the two main emitted modes (panels D-F) as a function of front and

middle section currents for a 3-section =2) with |LCHRW G| surface
gratings ham’ng: 818 and ~9.5cm~'. Panels A and D correspond to a

with [AR}coated facets and an un-apodized grating, panels B and E correspond to
a [LD] with as-cleaved facets and a linearly apodized grating, and panel C and F
correspond to the [LD] with a linearly apodized grating after applying [AR] coatings
to the facets. Adapted from .

additionally, the linearly apodized grating combined with [AR] facet coating
induce a better power balance for a broader range of front section bias cur-
rent variation. The sensitivity of mode power balance with respect to middle
section current is also reduced by employing[AR]facet coatings to the devices

with linearly apodized gratings.

An important aspect revealed by Figure[3.3]is that the difference frequency
and mode balance behave similarly, so that the front section bias can be

used to tune the difference frequency over a broad range while keeping a
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relatively good mode balance. The fact that the mode balance varies in a
logarithmic scale suggests that the power of the generated [MMW] signal is
more sensitive to current and other operation variations than the difference
frequency. However, the efficiency of the difference frequency generation
is not only a function of the intensities of the two modes, as discussed in
section [2.:4.1] and the coherence of the two laser modes is also important
for the efficiency. Although the applied [AR] coating deforms the operation
domain of the apodized [LD} the before and after [AR] coating operation still
resemble each other. This indicates that the surface gratings work even in
the presence of moderate feedback from the facets. It was determined that
this results from the imaginary part of |s| [100], and that the effect can be
exploited for reducing the linewidth of the[MMW]signal generated by beating
the two modes against each other [IV].

3.2.1 Modulation of dual frequency lasers

The direct modulation characteristics of the [DELg lasers were also studied.

The existence of the two modes inside the laser cavity affects the direct

famplitude modulation (AM)| response by inducing a photon-photon reso-

nance at the difference frequency between the modes. The bias modulation
can also be used to modulate the difference frequency between the emitted
modes and, accordingly, the frequency of the [RE] mode-beating signal. The
results obtained studying these two effects are presented in the following.

Direct AM modulation

When the lase in dual-mode, it is possible to use the existence of the
second mode as an internal modulator of the photon density integral over the
laser cavity. Measured small signal modulation responses for different mode
power balances in dual-mode emission are shown in the left panel of Figure |
The modulation bandwidth can be increased substantially when the
device is biased correctly, i.e. when the difference frequency properly places
the [PPR] with respect to the [CPR] frequency and when the second mode
does not cause too much photon density integral modulation in the cavity,
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resulting in a relatively flat small-signal modulation response. In the extreme
case when the two modes in the cavity are close to balance, they cause a
large modulation to the photon density integral, resulting in a strong [PPR]
peak, which affects the large-signal[AM]bandwidth, reducing the eye diagram
opening at high frequencies beyond the[CPR]frequency. The large-signal [AM]
is affected also when the [CPR]is damped or placed far away from the [PPR]
peak or both, leading to big small-signal [AM] response variations with the

modulation frequency and to reduced eye diagram openings. A similar effect
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Figure 3.4 Amplitude modulation (AM) responses for different mode balance
conditions. The left panel shows measured small-signal[AM] responses when the[DQ
bias current in the end section next to the output facet of a[DFB| laser with 3 grating
sections is varied. The right panel shows simulated small-signalm responses of
a[DFB laser with 3 grating sections when the phase of the reflection from the front
facet is changed, which affects the strength of the[PPR) effect. The facet reflection
phase change is largely equivalent with changing the front section bias. The insets
in the right panel show the large-signal eye diagrams at the indicated modulation

frequencies. Adapted from .

was simulated with [fime domain travelling wave (TDTW )| software and
the resulting variation of the small-signal [AM] response is shown in the right

panel of Figure[3.4] for comparison. The large-signal [AM|response is affected
by the flatness of the small-signal [AM] response, as illustrated in the insets
of the right panel of Figure [ 3.4 which present the simulated large-signal

eye diagrams corresponding to the small-signal [AM] responses shown in the

panel .
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Direct modulation of the difference frequency

In addition to[AM] there is always some amount of chirp or frequency mod-
ulation associated with it in direct modulation |146]. The chirp effect can
be exploited for difference frequency modulation in the A variation
applied to the bias of one of the [LD] sections induces chirp in the mode fre-
quencies, but, because of the device structure, the two modes experience a
different amount of chirp, which leads to a difference frequency variation.
Therefore, when the bias of one of the [LD| sections is modulated, the dif-
ference frequency between the two modes is modulated accordingly. This is
illustrated in Figure by the spectrograms of the photodetected mode-
beating signal obtained for different bias modulation frequencies when the

modulation signal is a sinusoidal.
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Figure 3.5 Spectrograms of windowed Fourier transform for the difference fre-
quency signal sinusoidally modulated with four different modulation frequencies.
The frequency resolution suffers at higher modulation frequencies because there are
less samples in the Fourier transform window due to the limited sampling rate of
the oscilloscope. Adapted from .

Even though the spectrograms give good indication of the spectral purity,
modulation depth, and of how resolvable the beat signal is, it is difficult
to generate them in real time and they require expensive high frequency
oscilloscopes. Figure [ 3.6] shows the frequency domain spectra of the pho-
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todetected beat signals, measured with an [ESA] The modulation depth of

the [frequency modulation (FM)|signal varies with the modulation frequency,

which may be due to the unoptimized impedance matching of the bonded
[119], [147] and to the large active area of the device [14§].

Pmod = +9dBm

Pmod = —3dBm |

1 GHz
500 MHz | |
L m"Mm“‘lm“hdwﬂm..t. M A:l' .‘ 1OdBm
-1 0 1

-3 ) 2 3

RF Power (5 dB/div)

Shifted RF frequency (GHz)

Figure 3.6 spectra of the difference frequency beat signal generated by sinu-
soidally modulating the front section bias of the [DFL] at 0.5, 1 and 3GHz. The
side lobe spacing is the same as the modulation frequency, indicating that the signal
is frequency modulated. Adapted from .

Even though the time domain signal is difficult to obtain, it can be used
to obtain the instantaneous frequency of the signal, which can be regarded
as the demodulated [FM] signal. Numerically the demodulation procedure
includes first applying a band pass filter to the measured signal to reduce
the noise resulting from the frequency components far away from the carrier
frequency, which is at the frequency of the down-converted [MMW] signal
without modulation. The width of the band-pass filter is determined by
the modulation frequency and modulation depth, i.e. how many side bands
are desired in the demodulation. The second step is to make a Hilbert
transform from which the instantaneous frequency (and amplitude) of the
signal are obtained [149]. In principle this procedure corresponds to
demodulation. In Figure[3.7]the results of this demodulation step are shown
as pseudo eye diagrams, [AM]in the left panels and [FM]in the right ones.
From the shape of the eye it is clear that the modulating sinusoidal signal
has been deformed, which is in accordance to the small signal modulation
response shown in Figure [ 3.4] for a strong [PPR] The behavior of is
also not completely linear as was indicated by the bias maps in Figure [3.3]
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Figure 3.7 Amplitude and frequency modulation eye diagrams generated from
measured time series signals from [DFI[DFB lasers with 3 grating sections. The
sinusoidal modulation signal was applied to the section closest to the laser output

facet. Adapted from ‘

which can result in the deformation of the demodulated signal. This effect
was also confirmed by perturbed simulations, which indicate how the
eye shapes in Figure are obtained . On the bright side, the eye
diagram suffers a lot less from jitter than the [AM] eye diagram. It should
be noted that the measurements exclude the original amplitude modulation
band, because the signals have been down-shifted in frequency in order to be
able to record them with an oscilloscope, and the modulation signal that is
demodulated is contained entirely in the generated MMW]band. This means
that the [AM] signal is in the difference frequency signal and related to the
mode balance between the two emitted modes and their mutual coherence
and correlation. The explanation for the higher [AM] jitter is evident from
Figure[3.3} while the difference frequency changes are represented in a linear
scale, the power balance, and the resulting generated [MMW] signal power,

changes in a logarithmic scale.

When considering the practical implementation of a [FMHAM] demodulator,
the available bandwidths are typically low. There are also photonic solu-
tions for instantaneous frequency measurement with high bandwidths ,
but the error can increase with increasing bandwidth , which leads to
problems in a practical demodulation. This is increasingly problematic when

targeting higher frequency bands, e.g. 100 GHz and beyond.
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3.2.2 Difference frequency linewidth

As discussed in section [2.3] the [AM] bandwidth and of [SFLJ are

contradictory design targets. In the previous discussion the AM] modulation
response of the studied was demonstrated to be enhanced when the
[PPR] effect is tuned appropriately. When the [PPR] effect was the strongest,
the[AM]eye diagrams and the MMW]signal [FM]eye diagrams were distorted.

The generated [MMW)] signal could also be exploited as an [RF|[LO} e.g. dis-
tributable over fiber for the next generation wireless communication meth-
ods. For this application the stability of the MMW]signal is of interest, and,

consequently, it was measured for the studied [DFL] lasers.
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Figure 3.8 linewidth of the Lorentzian component of the stgnal

as a function of [ESA| integration time, when fitted with an unconstrained Voigt
lineshape, as illustrated in the inset. The measured un-apodized and apodized ZZE Ls
are the ones measured for the results given in the panels A/D and B/E of Figure

respectively. Adapted from .

The linewidth [FWHM] of the Lorentzian component of the [MMW] signal
was determined with varying integration times for the devices
measured for the results given in panels A/D and B/E of Figure re-
spectively, and the FWHM] values of the linewidth were in the MHz range
and below, as shown in Figure The inset of the figure shows the line-

shape fitted to an unconstrained Voigt profile, for which the ratio between

the Lorentzian and Gaussian components is not fixed. The unconstrained
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Voigt profile lineshape was empirically determined to yield better fits than
either Lorentzian or normal Voigt profiles. The reason for this uncommon
lineshape was that the variation of the peak frequency of the MMW] signal
is resulting from the frequency variations of both the emitted modes, and
not from the variation of a single frequency with respect to a stable [LO] as
in the case of a typical heterodyne measurement. The variance of the differ-
ence frequency during the integration time can contribute significantly to the
measured lineshape, deforming it to be dissimilar from the typical Lorentz-
ian or Voigt lineshapes. When the integration times were short, the [DFL]
with linearly apodized grating and as-cleaved facets achieved linewidths in
the below MHz range, narrower than the linewidths achieved by [DFL] with
un-apodized gratings and [AR] coated facets, whose linewidth values
were below 3 MHz. When the integration time increases, the difference be-
tween the evaluated linewidths reduces slightly, which was also related to
the difference frequency variation and its effect on the lineshape. The long
term variation in the difference frequency for a similar device as the ones
presented here under similar measurement conditions has been measured as
approximately 0.2 % of the difference frequency. This corresponds to 60 MHz
for a 30 GHz difference frequency, which is much larger than the measured
linewidths. In principle, longer integration times could increase the noise
contribution to the power spectral density, leading to broader linewidths.
However, as long as the intrinsic short time scale linewidth of the can
be made narrow, it can also be kept narrow for a longer time period when

the difference frequency variation is locked.

The calculated for the linearly apodized grating (using an averaged
was approximately 1.44, smaller than the 1.71 values for the un-apodized
grating. Due to this, the narrower linewidth in the apodized [DFL] with as-
cleaved facets is attributable to the higher facet reflectivities. The narrower
linewidth is derived mainly from the longer photon lifetime inside the laser
cavity. The linewidth of the apodized [DFL] was also measured after applying
[AR] coatings to its facets, and the measured linewidth increased to above
10 MHz. Thus it can be said that the facet reflectivity played a major role
in increasing the photon lifetime in the cavity, which was evaluated from
the variation of the measured linewidth. The surface gratings are a suitable

choice in narrowing the intrinsic linewidth by higher facet feedback, since
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they maintain grating-determined operation even for a relatively high facet
reflectivity that may not be phase-matched with the grating.

The presented results point out possible ways for exploiting the in
demanding next generation optical and [RF] communication systems.
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4. CONCLUSIONS

The work in this thesis combines theoretical studies of [LCHRWGI[DEFB| and
[ETIRWG] surface gratings, transverse and longitudinal structure modeling,
simulation and design, and characterization of fabricated structures target-
ing single or dual-frequency operation characteristics required by the envi-

sioned applications.

The design procedures developed and applied to achieve the results reported
in the thesis enable fast sweeps of large ranges of variations for different
structural parameters, because the calculation procedures use many simpli-
fications, but avoid generating high errors. The methods for establishing
structural parameters for [STM] operation and for calculating the grating
coupling coefficient for [LCHRWG]| and [ETHRWG] surface gratings were com-
pared against experimental results and against the results from a rigorous
semi-analytical method [107], and the errors were found to be small. The
described methodology was successfully applied to device design and the
fabricated devices showed characteristics that corresponded to the design
targets, further confirming the model validity. A numerical method and an
analytical approximate method were also applied in the design of the lon-
gitudinal [DFB| grating for dual frequency generation. Both methods were
simple to use and computationally inexpensive, and proved successful in pre-
dicting the output characteristics of the fabricated even though facet
effects had been neglected in the design procedure. The lightweight nature of
the used methods proved invaluable, because large parametric sweeps with
self consistent methods [87] are computationally taxing and all the obtained

information may not be required to make the correct design decisions.

The novel 1% order alternating RWG] grating scheme circumvented the
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etching aspect ratio limitation and enabled the fabrication of low order short
wavelength surface gratings using [NI[] These fabricated [SFLJLDs| were com-
pared against conventional 34 order RWG| gratings with symmetrically
place teeth, and the threshold current densities were decreased from an
average of 1900 A cm™2 to an average of 1300 A cm™2, the maximum out-
put power from one facet was increased from approximately 30 to 40 mW,
the maximum [PCE]| per facet increased from 4.9 to 6.8%, and the maxi-
mum slope efficiency per facet increased from 3 x 1073to 5 x 1073 WAL,
The achieved relatively high powers are similar to , but for example
recessed surface gratings have been used to achieve better slope efficien-
cies and high order surface grating broad area devices have been re-
alized to achieve high conversion efficienices . On the other hand, the
of this thesis show extremely narrow spectral linewidths in the order of
10 kHz and the power-linewidth product is much lower, in the range of
0.15-0.3 mW - MHz, than what has been reported for buried gratings at the

same wavelength [118], [153], and other lasers show much

broader linewidths, albeit their device lengths and coupling strengths are

not reported [152]. This indicates that the of this work

are a promising candidate for atomic clock and spectroscopy applications.

Modeling and simulation studies were carried out for and easy to use
design guidelines have been derived for controlling the difference frequency
range, the balance of the main two modes, and the SMSR] with respect to the
other modes. It was demonstrated that DFLs employing surface gratings and
apodized gratings are more tolerant against facet reflections, with narrower
short time scale linewidth and higher yield. Yield improvements with higher
facet reflectivities are typical in single mode with gain coupling ,
but the effect was demonstrated for the first time for dual frequency [LC}

[RWG]DEB] grating based within this work. The imaginary coupling of
surface gratings has been reported earlier [105].

The modulation properties of the studied were also studied, with
varying presence of the second frequency. It was confirmed that the high
frequency direct [AM|bandwidth can be increased when compared to the sit-
uation where only one frequency is emitted. [AM] bandwidth increase from

9 to 16 GHz was demonstrated between devices with the grating supporting
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only one mode and two modes, respectively. The effect was demonstrated
also in other simulations [69], [154] and experimental studies [155], where
usually the feedback phase was the main tuning mechanism of the [PPR]
strength. Because the studied had relatively low relaxation frequency,
the modulation bandwidth extension was partly limited by that and a flat
modulation response was not achieved. Direct difference frequency modu-
lation of the in the strong mode-beat domain was also studied. [FM]
signals resulting from that direct modulation were measured and analyzed
up to 3 GHz modulation frequency. The amplitude jitter of the modulated
[MMW] band signal turned out to be much higher than the frequency jitter,
but the detection was determined to be an issue with the [ MMW][EFM]signals.

It was determined that the gratings whose coupling coefficient was linearly
apodized yielded an increased tunability of the difference between the two
emitted frequencies. The linearly apodized [LCHRWG] surface gratings in-
creased the available emitted mode difference frequency tuning range from
19 to 40 GHz in the frequency ranges around 28 GHz. This leads to the
possibility of using the developed [DFL] design procedure for realizing
that cover the frequency ranges of multiple bands in [5G| or other upcoming
wireless communication technologies, opening a way to reduce the device in-
ventory and thus the total system cost. There are also other approaches that
can generate tunable frequency spacing in dual mode emission with a broad
frequency tuning range, but the schemes are usually more complex [78],
[156]-[162]. An important benefit for identified in this thesis was the
capability to decrease the intrinsic linewidth of the generated MMW] signal,
without affecting the device yield, by having higher facet reflectivities, which

was enabled by using surface gratings and grating apodization.

The future development directions of the presented lasers include increasing
the power levels of the narrow linewidth by implementing a [MOPA]
structure and applying the higher power in spectroscopy or atomic clock ex-
periments. The are suitable candidates for extremely high frequency
signal generation for (or other next generation wireless radio frequency
communication) applications. Integrating the laser chips into silicon pho-
tonics designs could lead to simpler structures, lower power consumption,

higher bandwidth and lower latencies for the next generation networks.
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Distributed feedback lasers with laterally-coupled
ridge waveguide surface gratings having the protru-
sions placed alternately on the lateral sides of the ridge
are demonstrated. This configuration enables easier-
to-fabricate wider trenches than in the gratings with
protrusions placed symmetrically on both sides of the
ridge. The design strategy and coupling coefficient cal-
culations are discussed. The output characteristics of
fabricated lasers show lower threshold currents and
higher slope efficiencies for devices with 1%-order alter-
nating gratings than for those with 3'9-order symmetric
gratings having comparable grating trench widths and
similar coupling coefficients. © 2017 Optical Society of Amer-
ica
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Distributed feedback (DFB) lasers have been conventionally
fabricated by using buried gratings [1], which requires at least
one re-growth step. Surface gratings eliminate the need for
re-growth and allow device processing in a single step after
the epitaxial growth, simplifying the fabrication process and
reducing the fabrication cost. The surface gratings also limit the
interaction between the injected carriers and the defect-prone
processed interfaces, improving the laser performances and reli-
ability. The DFB lasers with laterally-coupled ridge-waveguide
(LC-RWG) surface gratings have been reported to suffer from
higher threshold current densities and lower slope efficiencies
in single mode operation than DFB lasers with buried gratings
[2-6]. This is largely due to the fact that typically the surface grat-
ings achieve smaller coupling coefficients than buried gratings.
The diminished coupling coefficient is derived from the fact that
the overlap between the grating area and the transverse optical
field distribution (i.e. the grating optical confinement factor) is
inherently smaller for surface gratings than for buried gratings.
The reduction in the grating optical confinement factor can be
compensated by the surface gratings” increased refractive index
contrast along the grating area when the surface grating trenches
are etched deep enough to bring the surface grating area close

to the active region. Etching deep grating trenches is restricted
by the technologically-achievable etching aspect ratio (the ratio
between trench depth and trench width) [7]. Consequently, the
possibility to achieve a high surface grating coupling coefficient
through etching deeper trenches is technologically limited by
the grating trench width.

A straightforward way to increase the trench width of the
LC-RWG surface gratings, while keeping the grating order, is
to remove the lateral protrusions alternately from one and from
the other side of the ridge [8], as illustrated in Figure 1.

/\AII A
gl AZI% 51/\22/\

Fig. 1. Top view sketches of LC-RWG gratings with rectangu-
lar protrusions placed symmetrically on both sides of the ridge
(left panel) and with the rectangular protrusions alternately
placed on the sides of the ridge (right panel).

In this way the grating trench width is increased from:
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for the LC-RWG gratings with protrusions placed simultane-
ously/symmetrically on both sides of the ridge, to:
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for the LC-RWG gratings with protrusions placed alternately on
the sides of the ridge; where A; is the trench width, ysym is the
filling factor of the symmetrical grating (ysym=A1/ A, with A
the period of the longitudinal variation of the effective refractive
index and A; the lateral protrusion width in the longitudinal
direction), 7,; is the filling factor of the corresponding alternat-
ing grating (Y,t=A1/(2 - A)= ysym/2), m is the grating order,
ABragg is the grating Bragg resonance wavelength and Mot (Ysym)
and ne¢(7,) are the effective refractive index values for the
symmetrical and alternating gratings, respectively.
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As illustrated in Figure 2, besides the alternating gratings
filling factor range v, € [0,0.5] that corresponds to a sym-
metrical grating filling factor range of ysym € [0,1] and leads
to trenches wider than the protrusions; the alternating grating
filling factor can also cover the range 7,;; € [0.5,1], when alter-
nately removing the trenches, which leads to protrusions wider
than the trenches. The alternating grating filling factor range of
Yart € [0,0.5] was the target of our studies due to the fact that it
mitigates the aspect ratio limitation of etching.

= EE 3

Fig. 2. Top-view sketches of alternating LC-RWG gratings
with filling factor in the [0, 0.5] range (left panel) and with
filling factor in the [0.5, 1] range (right panel).

The laterally alternating gratings reduce the contrast in the
longitudinal variation of the effective refractive index, as com-
pared with the corresponding symmetrical gratings, but keep
the period and profile of this longitudinal variation (with the dis-
continuities at the same positions as for the symmetrical place-
ment), thus having a similar Bragg resonance with the corre-
sponding symmetrical gratings. Concomitantly, the laterally
alternating gratings increase the refractive index contrast in the
longitudinally-averaged transverse refractive index distribution,
as compared with the corresponding symmetrical gratings, in-
ducing better single transverse mode stability when properly
designed [9, 10]. In the range 7y, € [0,0.5] the alternating re-
moving of the protrusions reduces the lateral current spreading
into the protrusions, improving the injection efficiency.

The possibility to increase the trench width with the alternat-
ing placement of the protrusions enabled us to compare DFB
lasers having 3'd_order symmetrical gratings with DFB lasers
having 1t-order alternating gratings. First order gratings can
provide lower radiative losses [11], reduced sensitivity of the
grating coupling coefficient to filling factor variations, and fewer
mode hops than higher order gratings [12].

Two types of 780 nm DFB lasers were fabricated from the
same epiwafer by soft-stamp ultra-violet nanoimprint lithog-
raphy (UV-NIL) [3]: one with 1%t-order alternating LC-RWG
gratings and the other with 3 order symmetrical LC-RWG
gratings. The growth of the epilayer structure was done by solid
source molecular beam epitaxy (SS-MBE) on a (100) oriented
n-GaAs-substrate. The epilayer structure comprised a 8 nm
Al g9Gag 91 As quantum well, placed between 300 nm un-doped
Aly35Gag 65As waveguide layers, surrounded by low-optical-
contrast 1000 nm p- and n-doped Al 50Gag 50As cladding layers.
50 nm Aly,0Gag goAs layers were placed on the outside of the
cladding layers to ease the carrier flow from the 200 nm n-GaAs
buffer layer grown on the substrate and from the 200 nm p-GaAs
top contact layer.

The etch mask for both grating types was defined by a bi-layer
lift-off process on a 200 nm thick SiO; layer deposited on the top
p-side of the epiwafer. In the lift-off process polydimethylglu-
tarimide (PMGI) and mr-UVCur06 UV-NIL resist layers were
successively deposited on top of the SiO; by spin coating. The
pattern of the etch mask was transferred mechanically from a
soft stamp [3] to the UV-NIL-resist by imprinting. After the
mr-UVCur06 residual layer was removed by reactive ion etch-
ing (RIE), the PMGI layer was developed from the imprinted

areas. A 50 nm layer of Ti was evaporated on the wafer and
the remaining PMGI layer was dissolved, which lifted off the Ti
layer on top of it. While the Ti mask protected the ridge and the
laterally-protruding grating regions, the unprotected areas were
etched through the SiO, layer with CHF3/ Ar by RIE, followed
by Cl, /N, inductively coupled plasma (ICP) etching of the semi-
conductor layers to the interface between the p-cladding and
waveguide. After ICP etching, the etching mask was removed
by RIE and the structure was planarized with benzocyclobutene
(BCB). A 250 nm thick layer of SiO, was deposited on the wafer
and the contact openings were patterned in positive UV-resist
by UV-lithography and etched by RIE. The protective positive
UV-resist was then dissolved. Afterwards, the p-side contact
was formed by evaporating a Ti/Pt/Au layer stack. The wafer
was thinned to 130 ym, and the ohmic contact was formed on
the n-side by evaporating Ni/Au/Ge/Au layers and annealing
the sample under N, ambient at 370 °C for 60 s. The n-side
contact was strengthened by evaporating 50 and 200 nm layers
of Ni and Au, respectively. Finally, the devices were diced, anti-
reflection (AR) coated by a quarter-wavelength thick layer of
alumina, p-side up mounted on AIN submounts with electrically
conductive silver-filled epoxy, and bonded with gold wires.
Scanning electron microscope (SEM) images of the fabricated
two types of LC-RWG surface gratings are shown in Figure 3.

c
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Fig. 3. Top view SEM pictures of 15-order alternating LC-

RWG gratings (left panel) and 3"-order symmetrical LC-RWG
gratings (right panel).

To compare the 1%t-order alternating and 3'9-order symmetri-
cal LC-RWG gratings from the possibility of fabrication point of
view, one should compare their dependencies of the coupling
coefficient on the grating trench width. The coupling coefficient
formula for the LC-RWG gratings with rectangular protrusions
symmetrically placed on both sides of the ridge [9, 13]:

ko
2- ”eff(')’sym)

sin(7r - m - ys
(3 =) Te(ysym) - w/

Foym = Tom
3)

must be adjusted for calculating the coupling coefficient for
the LC-RWG gratings with rectangular protrusions placed alter-
nately on the sides of the ridge:

ko S —n?). T (7al) . sin(7r - -2 - yan)
2 negg(7ale) 2 TTem ’
@
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where k) is the free space wave number; 1, and n; are the refrac-
tive index values in the protrusion and trench regions, respec-
tively; g (sym) and T'¢(7a¢) are the optical confinement factors
in the grating areas on both sides of the ridge for the symmetric
and alternating gratings, respectively; and m is the grating order.
It should be noted that the alternating grating filling factor is half
of the filling factor of the corresponding symmetrical grating
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(due to the removal of every second protrusion on both sides
of the ridge) and that the division by 2 of the grating optical
confinement factor in Equation (4) derives from the alternating
grating interacting with the optical field just on one side of the
ridge at a time.
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Fig. 4. Coupling coefficient (x) variation with trench width
for 15t-order alternating , 15t-order symmetrical and 3td_order
symmetrical LC-RWG gratings for the reported structure (top
panel) and for a structure targeting a high x (bottom panel).

The top panel of Figure 4 shows the coupling coefficients’ de-
pendencies on grating trench width calculated using Equation (3)
and (4) for the fabricated 1%t-order alternating and 3rd_order
symmetrical LC-RWG gratings, as well as for the 15t-order sym-
metrical LC-RWG grating with the same structural parameters.
The coupling coefficient dependencies on the LC-RWG grating
trench width are similar for narrow trenches, irrespective of the
grating order, due to the particular interaction of the LC-RWG
gratings with the optical field. At the same trench width the
filling factor for higher-order gratings is increased, leading to
lower optical contrast between the transverse areas correspond-
ing to compact semiconductor material and the grating regions.
This raises the optical confinement factor in the grating regions,
which compensates for the coupling coefficient reduction due to
the increased grating order. Similarly, the alternating gratings
have a higher filling factor and a higher optical confinement fac-
tor in the grating regions than the symmetrical gratings with the
same grating trench width, which compensates for interacting
with the optical field only on one side of the ridge at a time.

When compared with 15t-order symmetrical gratings, the
15t-order alternating LC-RWG gratings achieve slightly higher
coupling coefficient values for narrow trench widths and ex-
tend the range of trench widths well beyond 100 nm, to more
technologically-manageable values. As compared with 3"-order
symmetrical gratings, the 15t-order alternating gratings bring
reduced radiative losses (due to the lower grating order) and
reduced lateral current spreading through the protrusions.

In the fabricated 1t-order alternating LC-RWG gratings A;
was designed to be 85 nm, while the trench width A, was varied
from 143 to 150 nm for different devices. The corresponding
1%t-order symmetrical gratings would have A, varying from 29
to 32.5 nm, well below the trench widths that could be etched to
a1250 nm depth. In the 3'4-order symmetrical LC-RWG gratings
A7 and A were designed to vary from 147 to 150 nm and from

196 to 200 nm, respectively. The central ridge width (W) and the
lateral extension of the protrusions (D) are ~2 um (see Figure 3).
The simulated coupling coefficient values were ~ 5cm™~! and
~ 4.6cm™! for the fabricated 2.4 mm long 1%'-order alternating
and 3'4-order symmetrical gratings, corresponding to coupling
strengths of x - L=1.2 and « - L=1.1, respectively. The bottom
panel of Figure 4 shows that a much higher coupling coefficient
could be obtained for structural parameters targeting high x
(i.e. for W=1 pm, D=2 pm and 100 nm waveguide layer thick-
ness). However, the designs of the fabricated devices targeted
narrow intrinsic laser linewidth [5], by low coupling coefficient
(achieved with 300 nm large optical cavity low-optical-contrast
waveguide layers and W=2 pm) and long laser cavity.
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Fig. 5. Continuous wave LIV-characteristics of 2.4 mm long
DFB lasers with 1-order alternating and with 3"d-order sym-
metrical LC-RWG gratings.

The continuous wave LIV-characteristics of 2.4 mm long DFB
lasers fabricated from the same epiwafer with 15%-order alter-
nating and with 3'd-order symmetrical LC-RWG gratings were
measured at 20 °C. Figure 5 gives a comparison between typical
LIV-characteristics for the two device types.

The average threshold currents determined from measuring
several devices are shown in Table 1, where o (Iy, ) is the standard
deviation of the threshold currents, Iy, is the average threshold
current, and N is the number of measured devices.

Table 1. Threshold current statistics for DBF lasers with 1%t
order alternating and 3'd_order symmetric LC-RWG gratings.

Grating order 1% Alt. 3 Sym.
o(Iy) (mA)  10.6 11.0
I (mA) 75.2 113.2
N 19 18

The results given in Table 1 and Figure 5 indicate that the
devices with alternating gratings have improved slope efficiency
and reduced threshold current, but increased series resistance.
The increased series resistance, apparent from Figure 5, is associ-
ated with the fact that less current is diverted through the lateral
protrusions, which is beneficial since this diverted current has
limited contribution to the stimulated emission.

Figure 6 indicates that the near field mode profiles created
by 1%-order alternating and 3'4-order symmetrical LC-RWG
gratings are nearly the same. The field patterns also confirm
that, when properly designed [9], the alternating gratings have
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Fig. 6. Fast and slow axis far fields for the DFB lasers with 15t-
order alternating (dashed line) and with 3'_order symmetrical
(solid line) LC-RWG gratings. The far-field full width at half
maximum is ~40° on the fast axis and ~11° on the slow axis
for both grating types.

no detrimental effect on the single transverse mode operation
and on the emission profile of the laser.

Figure 7 presents a comparison of the optical spectra variation
with bias current change from threshold to 300 mA. The side-
mode suppression-ratio (SMSR) variation with bias current for
the two types of DFB lasers is given in Figure 8.

The increased slope of the emission wavelength change with
bias current for the 3"-order symmetrical gratings indicates
more heating, determined by a larger amount of current leakage
through the protrusions. Figure 7 also shows that the emitted
grating modes have a similar detuning factor (which is the dif-
ference between the gain maximum and the emission/grating
mode wavelengths). The similarity between detuning factors in-
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Fig. 7. Optical spectra variation for the 2.4 mm long DFB lasers
with 3"-order symmetrical and 1%-order alternating LC-RWG
gratings as a function of bias current. The slopes of the emis-
sion peak wavelength variation with bias currents are 5.5 and
5.1 nm/A, respectively.
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Fig. 8. Measured SMSR variation with bias current for 2.4 mm
long DFB lasers with 3'd_order symmetrical and 1%t-order alter-
nating LC-RWG gratings.

dicates that the improved performance of the alternating grating
is not due to better gain alignment.

Figure 7 and Figure 8 illustrate that, when properly designed
[9], the 1%t-order alternating LC-RWG gratings lead to a broad
stable single mode operation range with high SMSR, provid-
ing improved stability to the DFB single-mode emission when
compared with the 3'-order symmetrical LC-RWG gratings.

The reported results reveal that LC-RWG surface gratings
with alternating lateral protrusions can be implemented with
wider grating trenches (N.B. possibly wider than the grating pe-
riod), enabling the fabrication of low-order gratings within the
limitations set by the technologically-achievable etching aspect
ratio. This is particularly relevant for short-wavelength visible
lasers, where etching aspect ratio limitations do not allow the
fabrication of 1%t-order LC-RWG surface gratings. It has also
been shown that, when properly designed, the alternating LC-
RWG surface gratings can achieve high coupling coefficients and
provide stable single-mode operation with good mode profile.
The reported results also point out that DFB lasers employing
1%t-order alternating gratings have high spectral purity and im-
proved threshold current and slope efficiency, as compared to
DFB lasers with 3'-order symmetrical gratings of comparable
trench widths and similar coupling coefficients. The improve-
ments are derived mainly from reduced radiation losses and
from decreased leakage of the current through the lateral protru-
sions of the 1%t-order alternating gratings.
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Abstract Two figures of merit for single transverse mode operation and an accurate pro-
cedure for calculating the coupling coefficient in distributed feedback lasers with laterally-
coupled ridge-waveguide surface grating structures and in distributed Bragg reflector lasers
with etched-through-ridge-waveguide surface gratings are introduced. Based on the differ-
ence in optical confinement between the pumped and un-pumped regions in the transverse
plane, the single transverse mode operation figures of merit are effective and easy to calculate,
while the improved coupling coefficient calculation procedure gives experimentally con-
firmed better results than the conventional calculation approaches, particularly for surface
gratings with variable refractive index in the grating areas.

Keywords Surface gratings - Single transverse mode operation - Grating
coupling coefficient

1 Introduction

Single transverse mode (STM) and single longitudinal mode (SLM) operation are essential
laser characteristics for a broad range of applications ranging from optical communications
to atomic clocks. The fabrication of conventional buried-grating distributed feedback
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(DFB) and distributed Bragg reflector (DBR) lasers requires two or more epitaxial growth
steps. Removing the epiwafer from the molecular beam epitaxy reactor, processing the
gratings, cleaning the processed surface and overgrowing the structure with the remaining
top epilayer structure is a complicated fabrication process, which affects the device per-
formance, decreases the fabrication yield and reduces device reliability, ultimately
increasing the device cost. The reduction in reliability is mainly due to the fact that the
defect-prone processed interfaces are placed in regions with high operating temperatures
and they interact strongly both with the carrier flow and with a high-intensity optical field
(the buried gratings must be placed in regions with high optical field intensity in order to
achieve good grating coupling coefficient values because they have small refractive index
contrast in the grating area).

Employing laterally-coupled ridge-waveguide (LC-RWG) surface gratings for DFB
lasers and etched-through-ridge-waveguide (ET-RWG) surface gratings for DBR lasers
avoids the problematic over-growth and enables the use of simple epilayer structures. The
LC-RWG and ET-RWG surface gratings, illustrated in Fig. 1, are fabricated, without
regrowth, on the complete/final epilayer structure, are applicable to different semicon-
ductor materials and can be easily integrated in complex device structures without
requiring a difficult epitaxial growth and fabrication process. The surface gratings can
achieve a relatively high grating coupling coefficient without being placed in regions with
high optical field intensity, due to the fact that they have a high optical contrast in the
grating area. They are also placed somehow away from the laser regions with the highest
temperature and imply a negligible interaction between the defect-prone processed grating

Fig. 1 Sketches (a, ¢) and SEM pictures (b, d) of a laterally-coupled ridge-waveguide DFB grating and of
an etched-through-ridge-waveguide DBR grating, respectively
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interfaces and the carriers. All these characteristics of LC-RWG and ET-RWG surface
gratings lead to more stable devices with better performances and increased reliability.

The STM operation is determined by the transverse modal gain discrimination (Laakso
et al. 2008) and by the difference between the grating coupling coefficients of the trans-
verse modes. A high modal gain in ridge waveguide lasers is ensured by having a high
under-the-ridge optical confinement factor (i.e. by having a high confinement of the
transverse optical field distribution in the electrically pumped areas, which are under the
ridge contact). Unfortunately, for LC-RWG (but less for ET-RWG) surface gratings a high
under-the-ridge optical confinement factor implies reduced optical confinement factor in
the grating areas and, hence, a reduced grating coupling coefficient (k). Moreover, since
the higher-order transverse modes are generally less confined transversely, they have a
higher presence in the surface grating areas and thus have a higher grating coupling
coefficient than the fundamental mode.

The proposed calculation procedures extend on previous work (Laakso et al. 2008), but
neglect effects such as radiating waves, which have an effect on the effective coupling
coefficient (Millett et al. 2008). However, simplifying the model enables a fast investi-
gation over a large solution space in search of the range of transverse structure dimensions
that lead to the highest modal gain advantage for the fundamental mode while also pro-
viding a high enough grating coupling coefficient x between the forward and backward
propagating waves. In other work the effect of grating depth on x has been considered
(Wang et al. 2005), but STM operation is usually neglected and only certain structural
parameters are considered.

2 Calculation procedures
2.1 Transverse mode discrimination

The transverse mode gain discrimination is given by the modal gain difference between the
fundamental mode and higher-order modes. The magnitude of the modal gain G,, for the
mth transverse mode is determined by the convolution of the transverse distribution of the
material gain g(x, y) and the transverse optical field intensity distribution of the mth mode
%2 (x,y) (Mroziewicz et al. 1991):

_ () - g(xy) dxdy
[, Geyydedy

G (1)

Good approximate transverse optical field distributions for the guided modes can be
obtained with a Mode Solver applied to the longitudinally-averaged transverse distribution
of the refractive index. Using longitudinal averaging of the refractive index transverse
distribution is based on the continuity conditions at the interfaces between grating slices
and on the longitudinal periodicity of the optical field variation, and assumes that the
length of the grating period is comparable with the wavelength. The longitudinal averaging
is a valid approximation particularly when the perturbation induced by the grating to the
effective refractive index of the propagating modes is small, which is generally true for
surface gratings, due to the limited confineent of the optical field in the grating area. The
weighted average has been used previously both in the transverse plane solutions (Alman
et al. 1992) and in the longitudinal direction averaging (Choi et al. 1996; Chen et al. 1996).
The longitudinal averaging approximation has been indirectly confirmed by the fitting
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between the experimental emission wavelengths and the effective refractive index values
calculated using the longitudinal averaging. The longitudinal averaging simplifies the
calculations, contributing to faster scanning of a large structural parameter space. In a LC-
RWG grating with rectangular lateral corrugations (like in Fig. 2) the longitudinally-
averaged transverse refractive index distribution is obtained from the transverse refractive
index distributions in the successive wide-ridge and narrow-ridge grating slices:

nan X, y \/’Y nWlde >y + (] - /) Hdﬂ'OW( 7y) (2)

where y is the grating filling factor (y = A;/A from Fig. 2), naye, nyide and parroy are the
transverse distributions of the longitudinally-averaged refractive index and of the refractive
index in the wide (W + 2D) ridge and narrow (W) ridge grating slices, respectively.

Since the local material gain distribution cannot be evaluated without significant
computational effort, we have employed two different approximations for the material gain
distribution that enable a fast evaluation of the transverse modal gain discrimination. The
first approximation assumes that the local material gain is constant and positive
[g(x,y) = g] in the pumped active region under-the-ridge and contact and zero elsewhere.
This step gain approximation assumes a step lateral distribution of the current in the active
region and non-absorbing high-bandgap material outside the pumped area in all regions
where the optical field intensity is non-negligible. Under this step gain approximation the
modal gain for the mth transverse mode is given by:

dxdy .
=gl (3)

2
¢ [ active region, under-the-ridge v, (x,y)

G, =
ﬂ+°0'1’2 (x,y)dxdy

where I'} is the under-the-ridge active region confinement factor for the mth transverse
mode.

The step gain approximation is suited for deeply etched LC-RWG structures since deep
etching close to the active region implies a limited lateral current diffusion. Also, since the
absorbing regions outside the pumped area affect the higher order modes more, this
approximation is more likely to give a false negative than a false positive STM evaluation.
Moreover, the lateral current diffusion can be taken into account by extending the pumped
active region area laterally, beyond the region placed strictly under the ridge and contact.

According to the step gain approximation, a stable STM-operation is associated with the
maximization of all the ratios of the following type:

(I U

D W D A * A

Fig. 2 Schematic 3D and top views of a LC-RWG grating. W ridge width; D flange lateral extension; ¢
remaining un-etched cladding layer thickness; A grating period; A; flange width; A, trench width
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ool —el, _I'f-T, 4
Im — + - + . ()
8l I

Since I'; is generally bigger than I'{, I'{, ... and I'y is generally bigger than I'7, I';, ..., a
good STM-operation figure of merit under the step gain approximation can be derived just

from ratios I'{, and I'[5:

ry-r; ry-r;

T N
Fipy=I)-T'3=

T (

5

(-1 (1) )
Teis

Because in many instances the higher-order mode loss is an important factor, a STM
operation figure of merit that also takes into account the loss discrimination could be more
effective. Such a gain-loss STM figure of merit can be derived from the approximation that
the constant gain in the under-the-ridge pumped area of the active region is equal with the
constant absorption loss in the un-pumped area of the active region and zero elsewhere.
The step gain-loss approximation can be refined by adjusting the switching point between
gain and loss regions such that the approximated modal gain fits the modal gain calculated
with an accurate method. With this step gain-loss approximation, the modal gain for the
mth transverse mode (1) can be simplified to:

Gm:gl—;:gr;_gr;a (6)

where I'}, and I',, are the “under-the-ridge” and “not-under-the-ridge” optical confine-
ment factors for the mth transverse mode in the pumped and un-pumped active region
areas, respectively.

The modal gain-loss discrimination figure of merit for achieving STM operation is
associated with a high gain-loss difference between the fundamental mode and any higher
order mode:

G —-G,=¢g-I'f-TI7)—g-(I'} —T,)

m m

=g-(I'f=Iy)+g-(I,—1I7) @)

Because the fundamental mode is better confined in the active region under-the-ridge while
higher order modes have higher confinement in the active region not under-the-ridge, the
gain-loss discrimination figure of merit between the fundamental mode and the mth mode
can be normalized according to:

e o8l —el,
Im —

I — gl
e’ +g mgl"’g 1
1 m
T (8)
o n-r
I T,

m

Moreover, since the second mode is generally better confined in the active region under-
the-ridge and less confined in the active regions not under-the-ridge as compared with
higher-order even modes, while a similar situation is encountered in the comparison
between the third mode and higher-order odd modes, the gain-loss figure of merit for STM
operation can be evaluated by studying the normalized product of I's; and I'}:
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1
F1i23:(F1i2'F1i3)'Z> 9)

where division by 4 is used for normalization because each summand in Eq. (8) has a
maximum value of 1 and thus each factor in Eq. (9) has a maximum value of 2. The
normalization enables the comparison of the STM gain-loss figures of merit for different
structures.

It should be noted that the two modal gain discrimination figures of merit, I'j,; and
I'},;, are not based on accurate calculations of the modal gains but rather on good enough
evaluations of the modal gain ratios between the fundamental and higher order modes. The
good evaluation of the modal gain ratios is based on the fact that the employed approxi-
mations affect all modal gains in a similar way.

2.2 Grating coupling coefficient evaluation

An accurate evaluation of the coupling coefficient (k) is essential for designing DFB and
DBR lasers. Generally the coupling coefficient for the mth transverse mode (x,) can be
evaluated from the expression (Streifer et al. 1975):

R [ Ae(x,y) m(x,y)* dxdy
"2, [P (x, y)2 dx dy

(10)

where the integration is carried out over the whole (x, y)-plane, ¥y, is the mth transverse
mode optical field distribution for the longitudinally averaged transverse refractive index
distribution, and e is the perturbation in the dielectric constant. For the oth order rect-
angular gratings the perturbation term is (Agraval and Dutta 1993):

deyfe.y) = (male.y)? = mxyy?) - S0, (11)
where ny(x,y) and ny(x,y) are the transverse refractive index distributions in the longi-
tudinally alternating grating slices. It should be noted that the coupling coefficient formula
is based on small-signal analysis, and the longitudinal perturbation of the effective
dielectric constant (which is derived from the convolution of Ae with the optical field
intensity distribution) should always be much smaller than the average values of the
effective dielectric constants in different longitudinal parts of the grating. Combining
Egs. 10 and 11 yields:

ko (063 = m(63)?) Yn(6,3)* dxdy gin(ron)
Kn = :

— , (12)
2Meff m If Yo(x, y)2 dxdy o

where nerm is the effective refractive index corresponding to the mth transverse mode,
calculated for the longitudinally averaged transverse refractive index distribution.

Because outside the grating area n (x, y)> — ny (x,y)> = 0 and under the assumption that
the refractive index distributions are constant in the grating areas of the grating slices
[n1(x,y) = n; and ny(x,y) = ny in the grating areas], the standard formula for the rect-
angular grating coupling coefficient results as:
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k sin(mo
(2= Tym _sin(moy)

K = .
2MNeff,m 7o

(13)

where o is the grating order and I'y 1, is the optical confinement factor of the mth transverse
mode in the grating area.

An approximation which assumes that n; 41 = 2 - nesr  is frequently used in com-
bination with the standard formula:

2 (np —ny) r sin(moy)
/10 &m (0]

. (14)

~
Ky ~

This approximation is valid for conventional buried gratings, since for them the alternating
grating materials are semiconductors with refractive index values close to ner . However,
for the surface grating structures this approximation overestimates k,, because n; +
ny <2 - nefrm as one of the alternating grating materials is a dielectric with much lower
refractive index but a small influence on negr . A better calculation approach for the
grating coupling coefficient, which does not assume constant refractive index distributions
in the grating areas of the grating slices and is valid for all types of gratings, employs the
effective refractive index values for the two successive slices of the grating, nefm:» and

Neff,m:1+

" Qefrm [[¥m(x, y)2 dx dy
[ Puley) dsdy sin(rop) as)
[ ¥l y) ddy mo
ko ( 2 ) ) sin(moy)

=——n nh—n .
2neff,m eff,m:2 eff,m:1 0

ko (Ifnz(x,y)zq’m(%y)zdxdy

The effective refractive index values corresponding to the grating slices (sefrm:2 and
Teft,m:1) cannot be calculated directly with a Mode Solver applied to the refractive distri-
butions of the grating slices because this would imply boundary condition violations in the
longitudinal direction. A good approximate effective refractive index calculation procedure
for the grating slices is to use the convolution of the transverse optical field distribution
[Pim(x,y)], obtained for the longitudinally-averaged transverse refractive index distribu-
tion, with the transverse refractive index distributions in the grating slices, which leads to:

Contact Opening Ridge

Grating area
SiO, / BCB

Fig. 3 Schematic cross-section of a LC-RWG grating with a field intensity distribution illustrated with log-
spaced contour lines. QW quantum well
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. -nfhcedxdy_ff(vll’m)zdxdy.
eff,m:slice ﬂ'{llzn dxdy k% ] ﬂ'{/?n dxdy

n (16)
This corresponds also to the derivation of the x formula from coupled mode theory
(Streifer et al. 1975; Dutta and Agrawal 1993) because the second term on the right hand
side of Eq. (16) is canceled in the effective refractive index contrast of Eq. (15).

3 Results and discussion

A comparison between the step gain approximation and the improved step gain-loss
approximation STM figures of merit can be made by comparing Fig. 4 with Fig. 5, where
both figures of merit are plotted as a function of un-etched cladding thickness (#) and ridge
width (W) for different supplementary lateral extensions of the “under-the-ridge” gain
active area beyond the region strictly under the ridge (as defined by the angle 6 of lateral
current divergence in the epilayer below the etching depth, shown in the inset of Fig. 3).

The structure for which the calculations have been done is a LC-RWG grating designed
for 780 nm operation with D = 2.5 pum. From both Figs. 4 and 5 it can be seen that the
supplementary lateral extension of the “under-the-ridge” active area does not influence
significantly the figures of merit as long as the extension does not exceed a value corre-
sponding to the epilayer thickness between the grating etching depth level and the active
region depth level.

0.8
450 450
350 6 350
250 4 250
150 2 150
50 50
0

1.5 25 3.5 15 25 3.5

o

t (nm)
t (nm)

o

W (um)
0.8
450 [(C)) 450
350 06 350
£ 20 04 £ 250
150 02 150
50 50
0
15 25 35 15 25 35
W (um) W (um)

Fig. 4 Variation of the STM figure of merit I'{,; as a function of ridge width (W) and un-etched cladding
thickness (¢) for different lateral current divergence angles below the etching depth level 6: a 6 =0°, b
0=15°¢0=30°d0=45°
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Fig. 5 Variation of the STM figure of merit I'f;; as a function of ridge width (W) and un-etched cladding
thickness (¢) for different lateral current divergence angles below the etching depth level 0: a 6 =0°, b
0=15°¢60=30°d 0 =45

The comparison between Figs. 4 and 5 shows that the step gain-loss figure of merit
gives a narrower range of transverse dimensions for the best STM operation. The
parameter combinations that correspond to a good/stable STM operation are the ones that
maximize the two figures of merit, but the absolute values of the two different figures of
merit, I',; and I’ li23, are not directly comparable.

Figure 6 gives the variation of x as a function of the grating filling factor y and as a
function of the grating trench width for three different grating structures. The buried
grating k changes symmetrically below and above 0.5 filling factor, because the filling
factor doesn’t change the transverse optical field profile considerably. However, the
variation of x with the filling factor is strongly asymmetrical for the surface gratings. This
is due to the fact that a change in the filling factor of the surface gratings induces a
significant change in the transverse optical field profile, which affects the confinement
factor in the grating area and the effective refractive indexes of the alternating slices. The
dependencies of the grating coupling coefficient on the grating trench width, given in right
panels of Fig. 6, illustrate that, due to the particular interaction of the surface gratings with
the optical field, a high surface grating coupling coefficient is obtained for narrow grating
trenches irrespective of the grating order.

The coupling coefficient value dependencies on the un-etched cladding thickness cal-
culated for a 1st-order LC-RWG grating with W = 2.0 ym, D = 2.5 pm and y = 0.5,
using Eq. (15), using the approximate Eq. (14) and using PICS3D are compared in Fig. 7.
The difference between the experimentally confirmed values calculated with Eq. (15) and
the values calculated with Eq. (14) are due to the approximation n; + n, = 2 - neg, which
leads to an over-estimation of k by Eq. (14). PICS3D also uses the approximate Eq. (14),
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Fig. 6 Comparison of « variation as a function of grating filling factor (left panels) and grating trench width
(right panels) for three different structures. Top panels buried grating; middle panels LC-RWG surface
grating with W = 2.0 um, D = 2.5 pm and t = 150 nm; bottom panels ET-RWG surface grating with
W = 2.0 um and t = 150 nm. In each panel the solid line is for a first, the dashed line is for a second and
the dotted line is for a third order grating
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Fig. 7 Comparison of k variation as a function of un-etched cladding thickness, calculated with different
procedures for a 1st-order LC-RWG grating with W = 2.0 um, D = 2.5 pm and y = 0.5. The solid line has
been obtained using Eq. (15), the dashed line has been obtained using the approximate Eq. (14), and the
dotted line has been obtained by using PICS3D (Crosslight Software Inc 2005) (version 2006.11.01)

and the supplementary over-estimation is due to the fact that the values calculated by
Eq. (14) are dependent on the very small value of the optical confinement factor in the
grating region, which is very sensitive to mesh variations. The calculations performed with
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Eq. (15) do not imply any approximations, are more robust with respect to mesh variations
and provide the effective refractive index values for the grating slices, which can be used in
longitudinal transfer matrix simulations.

4 Conclusions

Two figures of merit facilitating single transverse mode (STM) operation evaluation based
on step gain and on step gain-loss distribution approximations have been introduced. The
figures of merit are easy to calculate and enable a fast evaluation of STM operation over a
broad range of transverse structural parameters. The figure of merit based on the step gain-
loss distribution approximation gives narrower ranges for the transverse structural
parameters that lead to STM operation and has been confirmed by numerous experiments
with various RWG and LC-RWG structures operating at different wavelengths.

The proposed coupling coefficient calculation does not imply the approximations used
in the standard formulas, is applicable to grating structures with variable refractive index
across the grating area of the grating slices, is more accurate and more robust to mesh
variations, particularly for surface gratings.
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Abstract The paper explores the possibilities to extend the direct modulation bandwidth in
dual-longitudinal-mode distributed feedback lasers by exploiting the photon—photon res-
onance induced by the interaction of the two modes in the laser cavity. The effects on the
direct amplitude modulation and on the direct modulation of the difference frequency
between the two modes are analyzed using simulation and experimental results. When the
photon—photon resonance, which occurs at the difference frequency between the two
modes, is properly placed at a higher frequency than the carrier-photon resonance, the
small-signal amplitude modulation (AM) bandwidth of the laser can be significantly
increased. However, both simulations and experiments point out that a high small-signal
AM bandwidth does not lead to a high large-signal AM bandwidth if the small-signal
modulation response has significant variations across the modulation bandwidth. The paper
shows that a high large-signal AM bandwidth is obtained when the two modes are sig-
nificantly unbalanced, whereas a high-bandwidth difference frequency modulation can be
best detected when the two modes are balanced and the DC bias is properly chosen.

Keywords Distributed feedback lasers - Dual-mode lasers - Surface gratings -
Nanoimprint lithography - Photon—photon resonance - Amplitude modulation - Difference
frequency modulation

1 Introduction

Despite the substantial efforts undertaken to increase the direct modulation bandwidth of
lasers, no significant breakthrough has been made when the direct modulation bandwidth
has been linked to the carrier-photon resonance (CPR) frequency, largely because the
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CPR has inherent physical limitations. A higher CPR frequency is obtained by reducing
carrier and photon lifetimes but shortening these lifetimes too much ultimately prevents
lasing.

However, since the direct modulation bandwidth can be extended considerably by
introducing a supplementary high-frequency resonance of the laser, we have analyzed the
effects of a high-frequency photon—photon resonance (PPR) on the laser modulation
characteristics. The PPR has been obtained by the interaction of two longitudinal modes in
dual-mode multi-section distributed feedback (DFB) lasers. The paper analyzes the
dynamic behavior of the dual-longitudinal-mode DFB (DLM-DFB) lasers and the effects
of mode interaction and photon—photon resonance strength and spectral position on the
direct amplitude modulation and on the direct modulation of the difference frequency
between the two modes.

The paper is structured as follows: In Sect. 2 the theory behind PPR is introduced
alongside descriptions of the simulation methods used. In Sect. 3 both the simulation and
measurement results are presented and discussed. Section 4 summarizes the most impor-
tant findings and draws some conclusions.

2 Photon—photon resonance

Several different device variants have been investigated to exploit the PPR effect (Mon-
trosset and Bardella 2014). One example is a passive feedback DFB, which has extremely
narrow operation domains where the dual-mode emission is stable enough to generate a
PPR and the corresponding mode-beating signal (Radziunas et al. 2007). However, the
authors show that by suppressing the CPR and PPR resonances the direct modulation
bandwidth can be increased. Another method is to use a monolithic injection locking (Sung
et al. 2003). The authors record a modulation bandwidth increase when the master and
slave sections of the laser are locked to each other. Yet another method to generate dual-
mode emission that has also been studied is a two-section DFB with independent drive
currents and the same or slightly different Bragg frequencies in the two section (Wake
1996). However, this type of laser has not been studied for PPR effects and increased
modulation bandwidth.

Our method for generating the PPR is to use a multi-section monolithic DFB laser that
exhibits dual-mode emission over a wide operation regime (Dumitrescu et al. 2016). The
dual-mode emission is achieved by having n/2 phase-shifts periodically placed along the
grating. When two or more periodically-placed phase-shifts are used, the grating reflec-
tivity exhibits two maxima separated by approximately 2XAp..e,/M, where M is the
number of grating periods between phase-shifts. When the two reflectivity maxima are
placed at wavelengths around the peak gain wavelength the structure supports two modes
placed next to the inner edges of the two reflectivity ‘stopbands’. Therefore, the spectral
spacing of the emitted modes can be roughly controlled by the number M of the grating
periods between two phase-shifts and by the grating coupling coefficient and total grating
length (which influence the width of the reflectivity ‘stopbands’). Besides being struc-
turally controlled, the mode spacing can be adjusted by the bias applied to the laser
sections since carrier-density-induced refractive index changes shift the spectral positions
of the reflectivity stopbands.

The exact dual-mode behavior also depends on several other factors besides the grating
reflectivity, such as carrier and photon distributions and cavity dynamics, which influence
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spatial (Otsuka et al. 1992) and spectral hole burning (Adams et al. 1983), and gain
competition between the modes (Adams and Osihski 1982; Lamb 1964).

2.1 Improved rate equation model

When two (quasi-)phase-locked modes coexist in the laser cavity the optical confinement
factor is dynamically dependent on the longitudinal position. A modified rate-equation
model has been developed to take the PPR into account by treating the longitudinal
confinement factor as a dynamic variable (Laakso and Dumitrescu 2011):

i

d [ dN — — dN ——dI

di {dN } = { y/NN f;NP} {dN } + A ’ (1)
p PN PP p (vagg +Rsp)df

where Yy, Ynp> Ypy and pp are rate coefficients, as defined in Coldren and Corzine (1995).
The modified rate equation model has a supplementary term (N, X v, X g—i—R;p)dF X
resulted from the (space and) time variation of the dual-mode confinement factor. The
amplitude modulation transfer function, including the influence of the extra term, is:

T
," b g ,

_ Mo /VNN"’JCO NV5g+R;) dr

_qV -T et dt

H(w)

< ar, )
0

where T is the time interval for which the phase difference between the two dominant
longitudinal modes is maintained. The first term in Eq. (2) resembles the traditional
modulation transfer function, with ypy and 4 taken as time-dependent, while the second
term results from considering the (space and) time dependence of the confinement factor.
This second term introduces the supplementary PPR peak placed at a frequency equal with
the frequency difference between the two dominant longitudinal modes. The model indi-
cates that a primary condition for achieving the PPR is to have the dominant modes phase-
locked for long enough (i.e. quasi-phase-locked). Therefore, besides the large frequency
difference between modes, the main reason for not achieving significant PPR peaks in the
amplitude modulation response of conventional multimode lasers is that they do not
provide a mechanism to maintain the phase difference between modes for long enough. It
should however be noted that the difficulty in extending the direct laser modulation
bandwidth by exploiting the PPR is not so much related to placing the PPR at high
frequencies as it is related to achieving a flat modulation response between the CPR and the
PPR.

2.2 Travelling-wave model
The dynamic behavior of the laser has been simulated with a finite-difference traveling-

wave based method (Bardella and Montrosset 2005). The total electric field in the cavity is
expressed as

E(z,1) = (E+(z7 e W4 4 B (2, z)ém/A) el2me/n, (3)

where E* are the spatially-dependent slowly-varying forward and backward propagating

field envelopes, normalized so that the photon density S is |[E*|* 4 |E~|*, A is the grating
pitch and Az is the grating Bragg wavelength.
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The equations for the propagating fields are coupled to the carrier rate equation,
resulting a system of non linear differential equations, which are then discretized in time
and space and integrated using the split-step algorithm (Kim et al. 2000):

10, 0 .

(Eai a?)Ei (2.) = OE* (2, 1) +JKET (2,1) + Sy, )
a _ 7711 N(Za t) r)cyg(zv t)
atN(Zﬂ l) - qv T Vg 1 + SS(Z, t) S(Z7 t)? (5)

with 6 = Iyg(z,t) — oy — ]n(ﬁ Nege (2,1) — i), o; material losses, Kk grating coupling

coefficient and Sy, spontaneous emission term. A linear dependence of the material gain g
and of the refractive index n.g on the carrier density is assumed.

This model is particularly suitable for the considered problem since the nonlinear
interactions between the cavity modes (such as the ones generating the PPR) are auto-
matically included in the calculation of E*.

3 Results

Multi-section 1.3 and 1.55 pm DFB lasers with 3rd order laterally-coupled ridge-waveg-
uide (LC-RWG) surface gratings (Laakso et al. 2008) have been fabricated, without
regrowth and using cost-effective UV nanoimprint lithography, from InP-substrate legacy
epiwafers (with epilayer structures designed for Fabry-Pérot lasers). Two quasi-phase-
locked longitudinal modes with frequency differences ranging from 14 GHz to 1.3 THz
have been obtained by adjusting the longitudinal structures of the lasers (mainly by
changing the number of periods between phase-shifts). Figure 1a, b show measured and
simulated dual-longitudinal-mode emission spectra with mode frequency differences of
47 GHz and 1 THz, respectively. The simulations were done with the commercial PICS3D
package from Crosslight Software Inc. The red-shift of the measured spectra with respect
to the simulations from Fig. 1 is due to a higher temperature in the measurements than in
the simulations. This might be due to more heat generated by a lossy current injection and/
or by inferior heat sinking in the measured devices.

3.1 Amplitude modulation

Because the amplitude modulation (AM) responses of the dual-mode lasers with big fre-
quency differences between the two quasi-phase-locked modes are hampered by the large
and deep dips between the CPR and the PPR, we have targeted mainly PPR frequencies
below and around 20 GHz.

In order to evaluate the effects of PPR on the laser AM, two types of DFB lasers have
been fabricated from the same legacy epiwafer (with the epilayer structure intended for the
fabrication of Fabry-Pérot lasers at 1.55 pum) and in the same fabrication run (with similar
LC-RWG grating structures). The difference between the two types of DFB lasers was only
related to their longitudinal structures: one type had a single 1/4 phase-shift in the middle
of the cavity and a single longitudinal mode emission, whereas the second type had two
A/4 phase-shifts placed in order to obtain quasi-phase-locked dual-longitudinal-mode
emission and a corresponding PPR at 14 GHz.
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Fig. 1 Simulated (dotted line) and measured (solid line) dual-mode emission spectra with quasi-phase-
locked longitudinal modes having a 47 GHz and b 1.0 THz frequency spacing

Figure 2 shows measured and simulated direct AM responses for both types of lasers,
with and without PPR, illustrating the increase in small-signal AM bandwidth obtained by
exploiting the PPR. The AM simulation for the laser with PPR was fitted to the mea-
surement by assuming a side-mode-suppression-ratio (SMSR) of 23 dB between the two
quasi-phase-locked modes. The sharper PPR peak in the simulation is due to the fact that
noise and averaging are left out in the model.

40 S R S S S L L
) Simulated with PPR i
’ ) PPR F
1 Simulated without PPR i
20 - | =====+ Measured with PPR -
------ Measured without PPR i

Modulation response (dB)

0 5 10 15 20
Modulation frequency (GHz)

Fig. 2 Measured and simulated small-signal AM responses for two types of DFB lasers fabricated from the
same epiwafer in the same fabrication run but with different longitudinal structures. The DFB laser with one
2/4 phase-shift emits a single-longitudinal mode, whereas the DFB laser with two 1/4 phase-shifts emits
two quasi-phase-locked modes and exhibits a PPR peak at 14 GHz in the small-signal AM response. The
attained small-signal AM bandwidth increase, shown with the arrow, is more than 5 GHz
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Taking into account that the flatness of the small-signal AM response is important in
extending the small-signal AM bandwidth, we have studied the possibility to adjust the
PPR position and the flatness of the AM response between the CPR and PPR by adjusting
the bias currents of the laser sections. Figure 3a illustrates the measured changes in the
PPR and CPR frequencies with changing the bias in one sections of a 1.6 mm long multi-
section dual-longitudinal-mode DFB (DLM-DFB) laser emitting at 1.55 pm. Because
throughout the whole bias variation range the two longitudinal modes are in relatively good
balance, the PPR peak dominates CPR and a flat AM response cannot be achieved. Fig-
ure 3b shows the measured tuning of the PPR frequency and the CPR changes induced by
adjusting one of the bias currents for a 1.5 mm long multi-section DLM-DFB laser emitting
at 1.3 um. Here the CPR-PPR gap is filled when the PPR is brought closer to the CPR. Also
the AM response is flatter between the CPR and PPR because the balance between the two
longitudinal modes is reduced. The CPR peak changes in Fig. 3a, b because the carrier and
photon distributions within the cavity also undergo changes when one of the laser bias
currents is adjusted.

Since the —3 dB small-signal AM bandwidth may not be indicative of the large-signal
modulation capability, particularly in case of a small-signal AM response with substantial
variations across the bandwidth, we have also analyzed the small-signal AM response and
the corresponding large-signal modulation capability using a Finite-Difference Travelling-
Wave program (Bardella and Montrosset 2012). Figure 4a shows the small-signal AM
response simulated for three different phases of the cleaved-facet reflection in a multi-
section DLM-DFB laser. A similar effect can be obtained by changing the bias current in

—_—
Modulation response (dB) D,

0

Modulation response (dB) &

Modulation frequency (GHz)

Fig. 3 Measured small-signal AM response for a 1.6 mm long multi-section DLM-DFB laser emitting at
1.55 pm and for b 1.5 mm long multi-section DLM-DFB laser emitting at 1.3 pm. The current of the section
farthest from the lasing facet is increased for modulation responses progressing from black solid lines to
dashed lines to dotted lines and to gray solid lines
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the DLM-DFB laser section farthest from the lasing facet, like in the experiments illus-
trated in Fig. 3.

Large-signal eye diagrams were calculated for the three small-signal AM cases of
Fig. 4a, using a non-return-to-zero pseudorandom bit sequence signal at different modu-
lation bit rates. The cases were chosen to compare the situation when the PPR peak is
small, under the —3 dB level and with minimal influence on the small-signal AM band-
width (case 1, solid line in Fig. 4a); the situation when the PPR peak is moderate and the
AM response is extended in a relatively flat way (case 2, dashed line in Fig. 4a); and the
situation when the PPR peak is very pronounced (case 3, dotted line in Fig. 4a).

An eye diagram with a reasonably good extinction ratio (ER = 4.5 dB) could be
obtained, beyond the —3 dB small-signal AM bandwidth, at 60 Gbit/s for case 2. The
simulation for case 3 shows that a strong PPR peak is dramatically reducing the eye
opening at 40 Gbit/s, although a good large-signal AM response should be achieved at this
rate for a flat small-signal AM response. This result gives the indication that a strong
presence of the second mode (i.e a good balance between the two dominant longitudinal
modes and a strong PPR) does not bring an increase in the large-signal AM bandwidth.

Interestingly, a good 40 Gbit/s large-signal AM response, beyond the —3 dB small-
signal AM bandwidth, could be obtained in the case 1, when the PPR peak is well below
the —3 dB level and does not influence significantly the small-signal AM bandwidth. This
result is consistent with the rate-equation simulations illustrated in Fig. 2, indicating that
the two dominant longitudinal modes should be significantly unbalanced in order to
increase the AM bandwidth.
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Fig. 4 a Simulated small-signal AM response for different phases of the cleaved facet reflection in a multi-
section DLM-DFB laser with high-frequency PPR. Case 1: solid line, cleaved facet reflection phase
¢4 =40°. Case 2: dashed line, ¢, = 80°. Case 3: dotted line, ¢, = 140°. b 40 Gbit/s eye diagram
simulated for case 1, with an extinction ratio (ER) = 6 dB. ¢ 60 Gbit/s eye diagram simulated for case 2,
with ER = 4.5 dB. d 40 Gbit/s eye diagram simulated for case 3
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3.2 Difference frequency modulation

Albeit it hampers the extension of the AM bandwidth, a well balanced dual-longitudinal-
mode emission could be exploited in frequency-modulated (FM) data transmission
schemes by imprinting the signal in the difference frequency between the two dominant
longitudinal modes. The tunability of the difference frequency is a prerequisite for dif-
ference frequency modulation (DFM). As indicated by the bias-induced frequency shifts of
the PPR shown in Fig. 3, the inter-mode difference frequency of the DLM-DFB lasers is
tunable over a wide range simply by tuning the bias currents of the laser sections.

Some measurements illustrating the inter-mode difference frequency change with the
bias applied to one of the DLM-DFB laser sections are presented in Fig. 5. Only after a
large increase in the injected current density the side modes become comparable with the
two dominant longitudinal modes (as shown in Fig. 5a) but even then the difference
frequency signal can be detected due to the quasi-phase-locking of the two longitudinal
modes promoted by the grating structure.

The bias map given in Fig. 5b shows that the change in the difference frequency is
smooth and continuous with changing the bias currents in two different sections of the
DLM-DFB laser. The stationary difference frequencies in the bias map have been obtained
from the photodetected mode-beating signal recorded with an electric spectrum analyzer
(ESA). This was done since the frequency resolution achieved with the ESA is at Hertz-
level, whereas the available optical spectrum analyzer (OSA) provided only 2 GHz fre-
quency resolution.

The dynamic behavior of the multi-section DLM-DFB lasers was studied in order to
evaluate the possibility to exploit the difference frequency modulation in high-speed
applications. In a first instance the bias of the first section of the DLM-DFB lasers was
modulated with a sinusoidal signal of varying frequencies. The laser output was pho-
todetected with a high bandwidth photodiode (PD) and the photodetected signal was
amplified and down-shifted in frequency by mixing it with the signal from a microwave
local oscillator (LO) in order to enable the measurement of the generated signal with a high
bandwidth oscilloscope. A windowed fast Fourier transform (FFT) with a Gaussian win-
dow function (i.e. a Gabor transform) was applied to the time-domain difference frequency
signal collected by the oscilloscope.

25 30 35 40 45

Jo (mA/cm)

Optical power (20 dB/div)

T T T
1561.4 1561.8 1562.2 1562.6 350 450 550 650 750

Wavelength (nm) Jq (mA/cm)

Fig. 5 a Dual-longitudinal-mode spectrum variation when the current density J; is increased by 653 mA/cm
in the DLM-DFB laser section next to the output facet. b Difference frequency variation (in GHz) between
the two dominant longitudinal modes, measured with an ESA from the photodetected mode-beating signal,
as a function of the current densities in the first two DLM-DFB laser sections
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Figure 6 shows spectrograms obtained by displaying the time-sequence of the window
Fourier transforms for four different sinusoidal laser-bias modulation frequencies fy,0q: 10,
100, 500 MHz and 1 GHz. The beat signal spectrum variation according to the difference
frequency change induced by the sinusoidal modulating signal is clearly visible. Due to the
limited oscilloscope bandwidth and sampling frequency (20 GHz, 50 GS/s), the frequency
resolution of the spectrograms suffers when the modulation frequency increases since
fewer spectral samples can be collected when more time-domain signal variations are
recorded per unit time.

The sidebands of the frequency-modulated mode-beating signal spectra shown in Fig. 7
prove that the inter-mode difference frequency can be modulated by sinusoidal signals with
frequencies up to 3 GHz. The modulation signal delivery to the DLM-DFB laser is critical
at higher frequencies since impedance matching becomes important and the modulation
signal strength has to be increased if an impedance-matched delivery circuit is not
employed. In the DFM spectra presented in Fig. 7 the modulation signal is increased by
7 dB when the sinusoidal modulation frequency increases from 500 MHz to 1 GHz, and by
another 12 dB when the sinusoidal modulation frequency is increased again from 1 to
3 GHz. In fact we have detected sidebands in the DFM spectra up to 10 GHz sinusoidal

Frequency (GHz)
Frequency (GHz)

Frequency (GHz)
Frequency (GHz)

Time (ns) Time (ns)
—100 —80 —60 —40 —20 0

Normalized power (dB)

Fig. 6 Spectrograms showing the Gabor transforms of the mode-beat signals obtained from photodetecting
the output of the directly modulated DLM-DFB laser. The frequency resolution suffers at higher modulation
frequencies because there are less samples in the Fourier transform window due to the limited sampling rate
of the oscilloscope
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Fig. 7 Spectra of the photodetected mode-beat signal when the bias of one of the DLM-DFB laser sections
is sinusoidally modulated at 500 MHz, 1 and 3 GHz. The distance between the FM side bands and the
carrier is the same as the sinusoidal modulation frequency

modulation frequencies but they were close to the noise floor due to the poor delivery of
the modulation signal to the laser.

Unfortunately, detecting the instantaneous difference frequency change induced by
large-signal modulation is difficult. In order to prove that the large-signal difference-
frequency modulation can be recovered from the photodetected mode-beating signal we
have performed the signal recovery in post-processing. The post-processing procedure is
summarized in Fig. 8. First, the photodetected mode-beating signal is frequency down-
shifted by mixing with a local oscillator and the resulted FM signal is recorded with a high-
speed oscilloscope (shown in Fig. 8a after the application of a Hilbert transform). Then the
recorded time-domain signal is transferred to the frequency domain with FFT, and the
center frequency of the resulting FM comb is saved. In order to reduce the noise in the
signal, a band pass Chebyshev type II infinite impulse response (IIR) filter was used
(because it has a relatively good slope at the pass band edges and it doesn’t have ripples in
the pass band) (Fig. 8b). The filtered time-domain signal is then Hilbert transformed in
order to get the amplitude variation of the difference frequency signal as well as its
instantaneous frequency (Boashash 1992) (Fig. 8c).

The signals extracted by post-processing can be used to generate eye diagrams, like the
ones presented in Fig. 9. It should be noted that, due to the frequency down-shifting by
mixing with the local oscillator, the extracted difference frequency is flipped in frequency
(i.e. large difference frequencies are extracted as small mode-beat signal frequencies and
vice-versa).

The comparison of the extracted AM and FM eye diagrams indicate that a parasitic AM
accompanies the DFM, somehow similarly as a parasitic FM (i.e. chirp) accompanies the
amplitude modulation of single-mode lasers.

The large-signal modulation results have been simulated in steady-state frequency
domain with a transfer matrix method (TMM) program. In this approach the effect of the
bias modulation has been modeled as carrier-density-induced refractive index changes. The
transfer matrix model only considers the steady-state optical properties of the laser, and
other effects, particularly dynamic effects, are omitted. The TMM-calculated bias-induced
steady-state difference frequency changes corresponding to the post-process-extracted
1 GHz eye diagrams are given in Fig. 10. The difference frequencies obtained by the post-
processing of the measured signal and the TMM-simulated difference frequencies differ in
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Fig. 8 Illustration of the post-processing procedure for difference frequency demodulation: a Hilbert
transforms of the signal recorded after photodetection and mixing, showing the envelope (AM) and the
instantaneous frequency (FM); b FFT of the signal with and without IIR filtering; ¢ Hilbert transform of the
IIR filtered signal; d the measurement setup employed for collecting the signals for post-processing (ISO

optical isolator, PD photodiode, Amp RF amplifier, LO local oscillator)

—_
Q
~—

Amplitude (norm.)

_
(2)
~—

Amplitude (norm.)

e o o
N o ®» =

o
()

o

O T

Period

PR [
0.25 0.5

0.9
0.7
0.5

0.3

TR

0.1

o

Period

0.25 0.5

(o2} ~

@ Frequency (GHz) @
E (]

Frequency (GHz)
o

—_
o

: e g,

E %

’-\A. -— ’

L R ‘

0 0.25 0.5
Period

L L IR S|

0 0.25 0.5
Period

Fig. 9 Eye diagrams of the post-process-extracted difference frequency signal resulted from directly
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extracted amplitude modulation, whereas b and d Give the difference frequency modulation
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Fig. 10 TMM simulation of the 1 GHz difference frequency eye diagram of Fig. 9b obtained by post-
processing
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Fig. 11 TMM simulation of the 3 GHz difference frequency eye diagram of Fig. 9d obtained by post-
processing

their absolute values for multiple reasons: because the measured values have been down-
shifted in frequency, because the coupling coefficients might be different between simu-
lation and measurement, and because the simulation doesn’t take into account electrical
and dynamic effects.
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Despite its limited accuracy, the TMM results indicate that the main cause for the
1 GHz eye diagram asymmetry is the DC point where the bias modulation is applied. The
TMM simulations of the large-signal modulation at 3 GHz (shown in Fig. 11) indicate that
the superior eye diagram symmetry and the large eye diagram opening resulted from post-
processing and shown in Fig. 9d are mainly induced by a better DC bias point.

4 Conclusions

The presented simulation and experimental results show that quasi-phase-locked dual-
longitudinal-mode emission and the associated photon—photon resonance can be exploited
for increasing the direct amplitude modulation (AM) bandwidth beyond the limitations set
by the carrier-photon resonance. The extension of the AM bandwidth is obtained when the
photon—photon resonance frequency is placed relatively close to the carrier-photon reso-
nance frequency and one of the two grating-favored longitudinal modes is significantly
weaker than the other one.

The presented simulation and experimental results also show that direct modulation of
the difference frequency between the dominant modes of dual-longitudinal-mode (DLM)
DFB lasers can be exploited for high-bandwidth frequency-modulation (FM) data transfer.
The difference frequency modulation (DFM) analysis leads to several conclusions: (1)
significant continuous difference frequency changes can be obtained by changing the bias
in one of the DLM-DFB laser sections; (2) a good dual-longitudinal-mode balance favors
difference frequency detection; (3) the difference frequency can be modulated with very
high rates; (4) the DC bias point at which the modulation is applied has a significant
influence on the possibility to transmit and extract accurately the signal imprinted in the
difference frequency. Overall, the dual-longitudinal-mode difference frequency experi-
ments and simulations indicate that the DFM can be effectively employed in high-band-
width FM optical transmission if practical real-time demodulation schemes are developed.
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Abstract: Dual longitudinal mode distributed feedback lasers have been fabricated using surface
gratings with and without apodization. Analytic formulas and simulations that have been used
to derive design guidelines are presented. The fabricated device characteristics are in good
agreement with the simulations. The grating apodization enables a lower threshold current density,
a higher output power and a broader range of difference frequency tunability by bias, which can
be extended beyond the measured 15-55 GHz by changing the device structure. The apodization
and the complex coupling of the surface gratings reduce the effects of the uncontrollable phase of
facet reflections, enabling the use of higher facet reflectivities, which leads to narrower intrinsic
short time-scale linewidths.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (140.3490) Lasers, distributed feedback; (140.3600) Lasers, tunable; (220.4241) Nanostructure fabrication.
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1. Introduction

Stable, efficient and low cost photonic generation of high frequency RF signals has been under
intense research [1,2]. The photonic solutions for the next generation wireless systems require
spectral purity, low latency, low cost, power efficiency, and scalability [3]. Dual-wavelength
semiconductor lasers have been investigated for millimeter wave generation [4], but they
suffer from large intrinsic phase noise [2]. Coupled-cavity structures [5], Y-branch lasers [6],
monolithically integrated amplified feedback lasers with direct modulation [7], and varying
feedback conditions [8] have been used to decrease the linewidth, but they are more complex to
fabricate and control and are less efficient. Apodization has been used for making the output
power extraction from facets asymmetric without the need for asymmetric facet coatings [9]
and for increasing the efficiency of broad-area distributed feedback (DFB) lasers [10]. The
apodization has also been used for reducing the spatial hole burning [11], but it is difficult to
implement in the fabrication of semiconductor laser buried gratings.

Surface gratings eliminate the re-growth, simplifying the fabrication process, and can achieve a
relatively high coupling coefficient without being placed in areas with high optical field intensity,
because they have a high optical contrast in the grating region [12]. Being placed away from the
areas with the highest temperature and optical field intensity and involving a negligible interaction
between the defect-prone processed interfaces and the carriers, the surface gratings lead to
more stable devices with better performances and increased reliability. Also, the gain coupling
associated with surface gratings [13] increases the stability of the grating modes with respect to
laser cavity facet feedback [14]. Supplementary, the apodization can easily be implemented for
surface gratings [15].

The paper presents dual-longitudinal-mode distributed feedback (DM-DFB) lasers with
periodic phase-shifts, gives guidelines for varying the difference frequency between the emitted
modes, and discusses surface grating implementation including apodization and its effects. Linear
apodization in DM-DFB lasers leads to reduced threshold current and a broader and more
sensitive tunability of the difference frequency by bias variation. The apodization also enables
balancing the output modes in bias configurations that give higher output power at the facet with
the weaker grating strength.

2. Device structure and fabrication

The epilayer structure used in the fabrication of the DM-DFB lasers has four 7nm
Ing.689Alp.055Gag 256As quantum wells interleaved with Ing 456Alo.174Gag 37As barriers, em-
bedded between 80 nm Ing 521 Alg.373Gag.106As waveguide layers, and Ing 5o Alg4gAs barrier
reduction layers between the waveguide layers and InP claddings. Cladding doping was increased,
starting from waveguide layers, between 1 x 10'7 and 1.5 x 10'® cm™3 on the p-side and between
8 x 10'7 and 8 x 10'8 cm™ on the n-side. The effective index was solved by a finite differences
mode solver [12].

The laterally-coupled ridge-waveguide (LC-RWG) surface gratings, illustrated in Fig. 1, have
been processed using UV nanoimprint lithography [16]. The apodization, which can be easily
achieved with any longitudinal profile by varying the ridge width (W) and/or the lateral extension
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Fig. 1. Schematics of the transverse and longitudinal structure of the studied lasers. The
scanning electron micrograph is from the side of the grating. W: ridge width (W =W,
for un-apodized gratings); D: lateral extension of the protrustions; WG: waveguide; QW:
quantum well; t: un-etched cladding thickness; L: length of it section.

of the protrusions (D) along the device, was accomplished by linearly changing W between 1.4
and 2.0 um along the longitudinal direction, while keeping D constant at 2.5 um. The values
for grating etching depth, ridge width (W) and lateral extension of the protrusions (D) have
been chosen so that they ensure a stable single transverse mode operation [12]. Supplementary,
the D value has been chosen such that it leads to a coupling coefficient close to the maximum
achievable for the ridge width range, while having a minimal influence on the local effective
refractive index [17] and on the target etching profile of the LC-RWG gratings. This is possible
since the optical field decreases rapidly in the grating area away from the ridge, which, for the
given structure, leads to a saturation in the increase of the coupling coefficient and of the local
effective refractive index with increasing D beyond 2.5 ym. The change in W also induces a
change in the local effective refractive index of the grating, corresponding to a calculated 0.6 nm
Bragg resonance chirp between the wide-W and the narrow-W ends of the grating. Because the
longitudinal structure of the laser has three sections with different contacts, the chirp effects can
be controlled by asymmetrically biasing the three sections of the laser.

The dual-mode emission is derived from the superposition of two different gratings, which,
in the simplified case of sinusoidal effective refractive index variation, is given by n(x) =
no + An - sina + An - sin b, where a and b are related to the Bragg resonance frequencies v;p and
vogasa = ZXIX = ;"L ViB - Nefr 1 and b = ZX" = % V2B - Nefi 2, With A; the periods, neg ; the
effective refractive indexes and m the grating order of the two gratings. Under the assumption that
Neff 0 = NMeff 1 = Neff 2, Which is a good approximation for gratings with the same profile, contrast,

a+b b

and filling factor, the resulting superposition n(x) = ng +2An - sin ( = ) cos (%) corresponds

to a grating with a perlod Ao = modulated with a period

m- =m-

2:nef 0 (V13+V23)/2 2N 0VoB
Ay =m- 2-ncfr,n(st S =M z_nmj] Ve If a 15%-order modulation is implemented (in order to
have the shortest modulation period) by introducing a corresponding phase shift after every M
periods of the grating, i.e. Apy =2 - M - Agp, (which for gratings having a rectangular profile of

the effective index variation and a 0.5 filling factor, corresponds to introducing g /4 phase-shifts




after every M periods), then two stopbands are created with their Bragg resonances spaced by:
AVBmgg = yOB/(WL . M) (1)

which, in the case of closely spaced Bragg resonances corresponds to Adprgg ~ Aog/(m - M).
When the two stopbands are placed around the peak gain wavelength, the modulated grating
supports two modes placed close to the reflectivity nodes next to the inner (i.e. between the
stopbands) edges of the stopbands. In such a case, a good approximation for the frequency
difference between the two emitted modes is obtained by subtracting the stopband frequency
width between the encompassing nodes (which is approximately the same for the two stopbands)
from the difference between the two Bragg resonance frequencies:

1 2.An \? 1 2
Avinodes ~ AVBrage = AVsh ~ V0B - | —p =5 - (2-nﬂ‘0) +(M-(P+l)) @
eir_|

where Avy, is the approximate frequency difference between the first reflectivity nodes encom-
passing the stopband, adapted from [18]; S is a factor related to the grating strength, which was
fitted as S ~ 1.8/m - (1 — 0.1 - k - L) for the studied structures; 2 - An is the (effective) refractive
index difference between two longitudinal grating slices; neq o is the longitudinally averaged
effective refractive index; and P is the number of discrete phase shifts. The carrier grating order
m is included in the formula when the modulation is of 1%-order. « is the grating coupling
coefficient and L the total grating length. The approximation works well when the grating filling
factor is not close to the values leading to minima in the coupling coefficient variation with filling
factor [12] and when « - L is relatively high, both conditions being required for grating-induced
mode selection. It should be noted that the lasing modes’ frequencies can differ slightly from
the frequencies of the inner nodes next to the reflectivity stopbands, depending on the complete
resonance condition for the cavity.

A rectangular-step effective refractive index variation (e.g. with np;gn, = 3.1977 and nyoy, =
3.1966 in the alternating slices of the un-apodized gratings) was calculated for the studied gratings,
and lasers having modulated gratings with varying M, «, and P have been simulated. Lasers
with two phase-shifts (P=2) separating three sections of M=818 3™-order grating periods (Agp
=733 nm) (resulting in a total length L~1.8 mm) with linearly-apodized and with un-apodized
gratings have been fabricated and characterized. The structural parameters of the fabricated
devices have been chosen to achieve difference frequencies measurable with the bandwidth of
the available photodetectors as well as to have a « - L product in the range of 1.5, in order to
avoid spatial hole burning and the associated modal instability. The fabricated devices have
three independent contacts over the three grating sections separated by the phase shifts. The
measured difference frequencies included the 26-28 GHz range for bias combinations that
compensated the uncontrollable phase of the facet reflections, in good agreement with the analytic
approximation of Eq. (2) (which gives a difference frequency of 27.17 GHz for § = 0.5) and with
the numeric simulations (giving 27.3 GHz), both of which do not take into account the effects of
facet reflections. The measured difference frequency between the emitted modes is tunable (in a
range up to 15-55 GHz for the lasers with apodized gratings, which are less sensitive to facet
reflection phase variation) by changing the bias of these three sections.

2.1 Simulation

The variation of the real part of x and of the effective refractive index with the width of the ridge
(W), calculated as described in [12], are shown in Fig. 2.

Transfer matrix method (TMM) and time-domain traveling wave (TDTW) [19] simulations
were used for the design of the apodized structures. TMM was used to determine the effects of
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Fig. 3. Dual-stopband grating reflectivity for different values of M (top panel), x (middle
panel), and P (bottom panel). Mode positions on the stop band edges are illustrated with
gray symbols. Agragg = 1562 nm, « = 20 em™!, P =2, and M = 400 (with corresponding
L ~ 0.88 mm) when not varied.

different structural variations on the stop bands, mode positions and mirror losses, while TDTW
was used to determine the time-dependent longitudinal photon and carrier densities initiated by
spontaneous emission noise sources under different bias conditions. The effects of variations in
M, «, and P on the stop band and mode positions simulated with TMM are shown in Fig. 3. The
top panel shows that the mode spacing reduces significantly with increasing M. It also indicates
that the mode selection is weaker when the grating has a small number of sections (P+1) with
a relatively small number of grating periods (M) and a low coupling coefficient (), leading to
a small « - L. This can be mitigated by increasing the number of grating sections. The middle
panel of Fig. 3 reveals that the variation of « has a much smaller effect on mode spacing than the
variation of M; while the bottom panel shows that mode spacing increases and P — 1 reflectivity
lobes appear between the two stopbands with increasing P.

Figure 4 shows the calculated dependencies of the difference frequency between the emitted
modes (Avmodes) ON structural parameter variations. The top-left panel of Fig. 4 shows the
variation of Avpoges With « and M when the 3'-order grating has three equal sections (i.e. for



P + 1 = 3). Constant « - L lines have been overlaid on top of the Avyeges Variation map. The
panel shows that dAvyodes/dk decreases for higher M, which indicates that structures with a
higher number of periods are more tolerant to etching profile variations. The horizontal solid
lines from the top-right panel of Fig. 4, corresponding to Eq. (1) calculated at 1562 nm for m = 3
and different values of M, point out that larger frequency differences, entailing a smaller M value,
would require an increased number of sections (P + 1) in order to achieve a reasonably high « - L
when « is relatively low. The top-right panel of Fig. 4 also shows the simulated values of the
difference frequency and of the side-mode suppression ratio (SMSR) for m = 3, M = 150 and
different values of P, indicating that, by increasing the number of phase sections while keeping
M constant, the difference frequency can be smoothly increased with only a moderate penalty to
the SMSR. The circles showing simulated difference frequency values coincide well with the
line calculated using the analytic approximation of Eq. (2). The bottom-left panel of Fig. 4 shows
the effects of changing M in the end sections (between facets and the outermost phase shifts),
while keeping M = 150 constant for the inner sections of the grating, illustrating the effect of
the variable position of cleaving planes. The upper lines show the variation of the difference
frequency for different values of P, while the lower lines show that for P > 2 the SMSR is
reduced when the number of periods in the end sections is substantially reduced or increased
with respect to the number of periods in the inner grating sections. The bottom-right panel of
Fig. 4 shows the variation of Avyeges With the number of periods (M) in the grating sections for
different P. The values obtained with the analytic approximation coincide with TMM numerical
simulation results, validating Eq. (2).

Grating structures with two phase shifts were chosen for the experiments since they are the
shortest that can achieve a given Avpodes With the best SMSR. A high SMSR is helpful when a
high speed photodetector is employed for detecting the mode-beating difference frequency. The
difference frequency tuning by bias variations is modeled in TMM by changing the effective
indexes of the three sections independent of each other, with the magnitude of change derived
from carrier density variations [21]. An example of carrier and photon density distributions
along the laser cavity, simulated by the TDTW method, is shown in Fig. 5. The distributions
have been plotted for the nonuniform bias conditions which lead to balanced powers of the two
emitted modes from the output facet at O cavity position. The apodization can be used to direct
the emission toward the lower « end of the device at O cavity position, as illustrated in Fig. 5.
Besides this, other goals of employing apodization, with respect to the dual-mode emission, were
to decrease the mode-beating RF spectrum linewidth and to increase the sensitivity and range of
difference frequency tuning by bias.

The DM-DFB lasers with apodized gratings were characterized before and after applying AlOx
anti-reflection (AR) coating with atomic layer deposition. The reflectivity achieved with single
layer AR coating is between 2 and 3 %.

3. Device performance

The DM-DFB lasers were biased with three DC drivers, two Thorlabs ITC510s and one Thorlabs
LDC340. The output beam was collimated and coupled to a single mode fiber after a Thorlabs
10-2.5-1550-VLP free space Faraday isolator. The spectrum of the fiber-coupled light was
recorded with an optical spectrum analyzer (OSA). For the mode-beating linewidth measurements
the light was transmitted to a Finisar XPDV2320R broadband photodiode, whose output was
amplified with a Centellax UAOL65VM RF amplifier before being measured with a 26.5 GHz
electrical spectrum analyzer (ESA).

The light-current (LI) characteristics of the three-contact lasers with apodized and un-apodized
gratings were obtained by shining the collimated beam into an integrating sphere with an InGaAs
photodiode. Both devices were similarly biased, using the three independent drivers to achieve
uniform currents through all sections. The measured LI characteristics, given in Fig. 6, show that
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the apodized DM-DFB lasers have a lower threshold current and a higher maximum power than
the un-apodized DM-DFB lasers.
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Fig. 6. Light-current characteristics of the DM-DFB lasers with apodized and un-apodized
gratings. Both devices are AR coated.

3.1 Optical domain

Figure 7 shows measured optical spectra from an AR-coated un-apodized DM-DFB laser and
from apodized DM-DFB lasers with cleaved facet and with AR-coated facets. The spectra,
which have been overlaid in frequency for easier comparison, show that the apodization does not
induce detrimental effects on the spectral characteristics, and that the AR coating suppresses the
Fabry-Pérot modes well. The narrow side-modes present next to the main two modes before and
after AR coating are attributed to four-wave mixing.

---------- Normal — Apodized, low kK — Apodized, high «

Normalized power (5 dB/div.)

Wavelength (0.25 nm/div.)

Fig. 7. Optical spectra of DM-DFB lasers with apodized and un-apodized gratings. The
spectra have been shifted to make them overlap.

The measured difference frequency variations with grating sections’ bias levels for the un-
apodized and apodized DM-DFB lasers are shown in Fig. 8. The apodized structure shows a larger
bias-dependent difference frequency variation, with a maximum range from 15 to 55 GHz while
the difference frequency in the un-apodized lasers varies between 25 and 44 GHz. It should be
noted that the range of difference frequency variation with bias depends on structural adjustments
(e.g. varying M, P, neg, k). The difference frequency derivative with respect to the front section
bias current is also higher for the apodized structure although the average ridge width (1.5 pm)



and the current density variation are the same in the front sections of both structures. While the
complex coupling coefficient of LC-RWG surface gratings enables grating-defined behavior with
relatively high facet reflectivities irrespective of facet reflection phases [14], AR facet coating is
still beneficial for achieving stable dual-mode operation with DM-DFB lasers under a broader
range of variable bias. For the DM-DFB laser with apodized gratings the AR coating extends
the range of balanced dual-mode operation, increases the difference frequency tuning range and
reduces the influence of the middle section bias.
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Fig. 8. Difference frequency as a function of front and middle section bias currents for
DM-DFB lasers with un-apodized gratings and AR-coated facets and for DM-DFB lasers
with apodized gratings and either as-cleaved or AR-coated facets. The difference frequency
variation has been determined from optical spectra. The dotted lines indicate 30 GHz
difference frequency level. Gray tiled areas correspond to the situations when the two
strongest modes are not next to the inner nodes of the grating reflectivity stopbands.

3.2 RF domain

The mode-beat RF spectra from un-apodized and apodized DM-DFB lasers, measured around
the mode separation frequency, are shown in Fig. 9. The measured lineshapes have been fitted
in the least squares sense with unconstrained pseudo-Voigt line shapes, in which the widths of
the Gaussian and Lorentzian components are not fixed. This has been done since the Gaussian
linewidth induced by technical noise during the beat signal spectrum acquisition time varies
and is much larger than the Lorentzian linewidth. The technical noise was mainly produced by
thermal fluctuations and by fluctuations in the drive currents of the three independent sources. In



contrast to typical heterodyne linewidth measurement setup, where the beat signal frequency
is derived using a stable RF oscillator, in our measurement scenario the frequencies of both
modes vary, contributing to the beat signal width and shape. This is the main reason why the
conventional Voigt profile does not fit well to the measured RF spectra.

A longer photon lifetime inside the laser cavity induces linewidth narrowing. The AR-coated
un-apodized structure has a larger overall kL. product and thus has a narrower linewidth than
the AR-coated apodized device, because a higher kL leads to a longer photon lifetime in the
cavity. However, a high «L has certain drawbacks, since it also leads to spatial hole burning,
which affects the range and stability of grating-based operation [19]. The apodized structure
has a lower overall «L product, but the complex-coupled apodized surface gratings allow higher
facet reflectivities without affecting the dual-mode operation significantly. Thus the DM-DFB
lasers with apodized LC-RWG gratings achieve a dual-mode operation range that is both broader
and more sensitive to bias changes, and a narrower linewidth when higher reflectivity facets are
employed to increase the photon lifetime in the laser cavity, as shown in Fig. 9.
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Fig. 9. Measured beat-mode RF spectra and unconstrained pseudo-Voigt fits for DM-DFB
lasers having un-apodized gratings and AR-coated facets and for DM-DFB lasers having
apodized gratings and as-cleaved or AR-coated facets. The radio and video bandwidth of the
ESA was = 10kHz.

In Fig. 10 the full-width-at-half-maximum (FWHM) of the Lorentzian component of the
unconstrained pseudo-Voigt fit is shown as a function of integration time per bandwidth, for
DM-DFB lasers with un-apodized gratings and AR-coated facets and for DM-DFB lasers with
apodized gratings and as-cleaved facets. Figure 10 shows that the DM-DFB laser with apodized
gratings has a narrower intrinsic Lorentzian linewidth and a smaller linewidth variance on
the short time scale. The Lorentzian linewidth broadening with increasing integration times
(1.82 x 102 Hz? s~! and 2.95 x 102 Hz? s~! for lasers with un-apodized and with apodized
gratings, respectively) are derived from increased noise contribution to the power spectral density
as the integration time increases. The higher slope in the linewidth broadening with increasing
integration time for the lasers with apodized gratings is related to the higher sensitivity of
the emitted mode frequencies and of the difference frequency to the fluctuations in the cavity,
which are induced by spontaneous-emission events as well as by thermal and current variations.
The difference frequency jitter contributes to the linewidth broadening with longer integration
times, but it is not significantly influencing the linewidth for short integration times. The smaller
linewidth variance indicates better dual-mode operation stability under random variations at
those short integration times. These observations imply that if the difference frequency were



locked, the long term linewidth would also stay in the range observed for short integration times.
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Fig. 10. FWHM of the Lorentzian linewidth component from the unconstrained pseudo-Voigt
fit as a function of integration time for the DM-DFB lasers with un-apodized gratings and
AR-coated facets and for the DM-DFB lasers with apodized gratings and as-cleaved facets.
The ESA bandwidth was set to 100 kHz to enable shorter integration times.

4. Conclusions

The theory and guidelines for designing dual-mode DFB lasers with LC-RWG surface gratings
have been outlined. The surface gratings have been studied since they enable re-growth free
fabrication and easy implementation of grating apodizations with arbitrary profiles. The effects
of structural parameter variations on the difference frequency between the emitted modes have
been analyzed and an analytic approximation formula for the difference frequency dependence
on the main structural parameters was derived. The effects of linear grating apodization have
been analyzed in simulation studies and have been experimentally investigated. DM-DFB lasers
with linearly apodized LC-RWG surface gratings have a lower threshold current density and a
higher maximum output power. They also have a more stable dual-mode operation, an increased
sensitivity of the difference frequency on bias currents and a broader difference frequency
tuning range by bias variations. The measured bias-controlled difference frequency tuning range
was increased from 25-44 GHz for DM-DFB lasers with un-apodized LC-RWG gratings to
15-55 GHz by linear apodization of the gratings. The apodized surface gratings have reduced the
influence of the un-controllable phase of the facet reflections, enabling the use of higher facet
reflectivities, which, combined with the grating reflectivity, increase the photon lifetime in the
cavity, narrowing the intrinsic Lorentzian linewidth of the emitted modes.

The improved characteristics of DM-DFB lasers with apodized gratings can be exploited for
the generation of high-frequency RF signals in different frequency bands by using a reduced
number of laser types (with tunable difference frequency) and a reduced number of photonic
RF transceiver components. The exploitation of tunable DM-DFB lasers can thus reduce the
complexity, footprint, power consumption, and cost of photonic RF transceivers as well as reduce
the required laser inventory.
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