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ABSTRACT

This thesis describes the modeling, design, fabrication, experiment, and measurement
analysis of a 1310 nm laterally-coupled distributed feedback (LC-DFB) laser diode with
higher order gratings. In LC-DFB lasers, a grating is etched directly out of the
waveguide ridge, eliminating regrowth steps. We propose the use of stepper lithography
for LC-DFB laser fabrication, a technique more suitable for high-volume manufacture
than traditional approaches, such as electron-beam lithography. We also propose the use
of higher order gratings, requiring larger grating periods than first-order gratings, to

improve manufacturing tolerances.

Simulations using Streifer’s modified coupled-mode approach were used to explore the
laser design space. This thesis extends the original formulation to a two-dimensional
cross-section to accurately model the LC-DFB lasers. The effective coupling coefficient,

K, » calculated using this approach varied considerably from the generally used simple
coupling coefficient, x,, found when neglecting Streifer correction terms. Our model

determined that larger duty cycles (> 0.5), and greater ridge width contrasts produce

higher 'Ke/fl values. The inclusion of a A/4 phase-shift tends to degrade higher order

grating performance. Non-rectangular grating shapes, such as triangular and sinusoidal,
often have stronger coupling, particularly at higher grating orders, and are potentially

simpler to fabricate.

The fabricated lasers had excellent side-mode suppression ratios of > 50 dB. The
efficiencies and threshold currents of the LC-DFB lasers are comparable to the Fabry-
Perot lasers, indicating that the higher order grating losses are not prohibitive. The
single-mode yield was compromised by weaker than expected gratings due to rounding
during fabrication, and cross-wafer variations, however, yields of ~50% on the best
design variations are very promising, particularly for a first fabrication run. The overall

performance indicates that with some design improvements, guided by our model, this

ii



laser has commercial potential. The experimentally determined «,, matched well with

the simulated values, within fabrication and experimental variations.
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“There is no greater mystery to me than that of light traveling
through darkness.”

- Alexander Volkov
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CHAPTER 1 - INTRODUCTION

1.1 Motivation

The laser, once considered an invention in search of an application, has become an
indispensable piece of modern technology. One of the most important applications of the
laser has been in optical communications. Fiber-optic networks have spanned the globe,
multiplying the demand for reliable, high-performance, mass-produced lasers. It is
widely expected that optical networks are moving towards dense wavelength-division
multiplexing (DWDM) architectures with wavelength channels separated by 100 GHz or
less. These DWDM applications demand laser sources with temperature and wavelength

stability beyond that of a standard Fabry-Perot (FP) laser diode.

Distributed feedback lasers provide temperature stability and spectral purity through the
use of a wavelength selective grating. While they have superior characteristics compared
to FP laser diodes, the addition of a periodic grating structure means that DFB lasers also
require more complex processing. In a standard DFB laser process, epitaxial layers are
grown, a grating is defined and etched using holographic techniques, and the upper layers
are grown above the grating. A waveguide ridge is then defined and etched. In contrast,

the FP laser requires only a single growth and etch step.

The additional processing steps required for a DFB laser tends to lower manufacturing
throughput, making DFB lasers less attractive compared to FP laser diodes. Laterally-
coupled distributed feedback (LC-DFB) lasers eliminate the regrowth steps described
above for DFB lasers by patterning the grating directly out of the waveguide ridge. The
optical mode will then be evanescently coupled to the grating on either side of the ridge,
hence the term ‘laterally-coupled’. Various examples of LC-DFB lasers have been

demonstrated over the past twenty years (see Chapter 2), but most rely on e-beam
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lithography to meet the stringent specifications required for the grating. E-beam
lithography is slower and more expensive technique compared to standard optical
lithography, eliminating one of the prime motivations for using LC-DFB lasers: a greater

manufacturing throughput.

1.2 Objective

The objective of this thesis is to demonstrate the design and fabrication of LC-DFB lasers
with higher order gratings. Stepper lithography and inductively-coupled plasma etching
will be the target technology for fabricating these lasers. Stepper lithography is well-
suited for fabricating lasers in a manufacturing environment. Although stepper
lithography machines with resolutions of 100 nm do exist, the 5x i-line machine available
at the Canadian Photonics Fabrication Centre (CPFC) is limited to resolutions of 365 nm
or higher. This is above the limit for first-order gratings within the 1310 nm range, but
just within reach of third-order gratings. By moving to higher order gratings, we can use
larger grating periods and thus accept less stringent manufacturing tolerances compared
to first-order gratings. The simulation of laterally-coupled higher order gratings requires
a full two-dimensional treatment including radiating partial waves. The development of
this model and its application to finding high performance, fabrication-tolerant grating
geometries is one of the major contributions of this thesis. The experimental results are

used to confirm and further develop our LC-DFB laser design;

1.3 Thesis Organization

In Chapter 2, other LC-DFB laser designs are reviewed, including a summary of the
performance and manufacturing techniques of all such lasers to date. A brief description
of our LC-DFB laser is given. Chapter 3 describes the design of the epitaxial growth
structure used in our LC-DFB laser. In Chapter 4, a summary of common DFB modeling
techniques is presented, and the modified coupled-mode theory used in this thesis is
derived. Chapter 5 is a thorough examination of the effects of the grating geometry on
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the LC-DFB laser performance. The grating geometry parameters include the grating
order, shape, duty cycle, grating height and grating width. Chapter 6 is a description of
the three-dimensional modeling of the LC-DFB laser, including the cavity length
considerations, phase-shifts, and facet reflectivities. Chapter 7 presents the experimental
results obtained from the LC-DFB laser diodes that were tested. They include LI curves,
spectra, IV curves, other results. A comparison between the experimental results and the
expected theoretical simulations is made. In Appendix A, a description is given of the
highly flexible LC-DFB mask layout with DW-2000 software using the concept of ‘p-
cells’. In Appendix B, a monolithically integrated 4x4 optical switch design is described.
This design, to be fabricated using quantum well intermixing, is an example of a

complementary device that could be integrated with the lasers described in this thesis.



CHAPTER 2 - REVIEW OF LATERALLY-COUPLED DISTRIBUTED
FEEDBACK LASERS

2.1 A Brief History of the Laser

The development of the laser (Light Amplification by Stimulated Emission of Radiation)
is one of the great scientific and engineering achievements of the 20% century.
Stimulated emission was first described by Einstein in his 1916 derivation of Planck’s
law of radiation [1]. However, it was not until the 1950s that the theoretical possibility of
lasers was proved with the development of the maser (Microwave Amplification by
Stimulated Emission of Radiation). While von Neumann had formulated the basics of a
laser as early as 1953 [2], the first fully-developed laser theory was the result of the
Nobel prize-winning efforts of Townes [3], Basov and Prokhorov. In 1960, Theodore
Maiman was the first to demonstrate a laser experimentally using a ruby crystal [4]. Ifit
were not for the development of semiconductor lasers, however, lasers would likely have
remained laboratory tools, instead of the ubiquitous components that they are today, to be
found in DVD players, scanners, fiber-optic networks, and countless other devices. A
comprehensive history of the semiconductor laser is a topic that is too extensive to treat
here, instead, the reader is referred to excellent surveys such as those by Holonyak,
Rediker, and others [5]-[8]. Some milestones include the first semiconductor lasers
developed by Hall [9], Nathan [10], Quist [11], and Holonyak [12], the first
semiconductor heterojunction lasers by Hayashi [13][14], Kressel [15], and Alferov [16],
the first quantum-well lasers [17],[18], and the first quantum-dot devices [19]. This

thesis focuses on a particular class of lasers known as distributed feedback (DFB) lasers.



2.2 Distributed Feedback Laser Advantages

The earliest semiconductor lasers were of a Fabry-Perot (FP) design. FP lasers provide
optical feedback through reflection at the end facets of the laser cavity. FP lasers were
made particularly simple to fabricate as the cleaved facets of semiconductor material
provide an interface between air and the semiconductor that is naturally partially-
reflective. The Fabry-Perot cavity, however, will support numerous longitudinal modes,
each with different frequencies. The gain and spontaneous emission spectra for bulk
materials are several nanometers in width, providing enough optical gain to support many
such modes, resulting in a relatively broad emission spectrum, an example of which is
shown in Figure la. Distributed feedback lasers use a wavelength selective grating to
greatly improve the spectral purity of the laser output, as demonstrated in Figure 1b. In
many applications the FP laser provides acceptable performance, however, for
applications with stringent wavelength and linewidth requirements, FP lasers are often
inadequate. Modern high-speed fiber-optic telecommunications networks in particular
require lasers with frequency selectivity for two reasons: dispersion and wavelength

division multiplexing.

Dispersion causes optical pulses to spread out in time as they travel down the length of
fiber. A bit stream consisting of many such pulses will begin to smear together as they
travel down a sufficiently long dispersive fiber, causing an unacceptable bit error rate.
This pulse spreading is due to the frequencies that comprise the pulse traveling at
different group velocities. Thus, having a more coherent transmitter (i.e. a laser source
with a narrower linewidth) will result in less pulse spreading due to dispersion. A typical
silica fiber-optic cable has a dispersion of 17 ps/nm at 1550 nm, the wavelength of
minimum optical attenuation. A bit rate of 500 Mb/s over 100 km, for example, will
require a spectral width of < 0.15 nm from the laser source to limit interpulse mixing to <
10% of the bit period. A typical FP laser with a cavity length of 400 pm has a spacing
between adjacent longitudinal modes of 0.8 nm, so additional filtering (with an attendant

loss of optical power) or excellent dispersion compensation would be required to make
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FP lasers suitable for this application [20]. Current fiber-optic networks operating at

speeds of 10-40 Gb/s have an even stricter requirements for the laser linewidth.

While there are numerous methods to compensate for dispersion, wavelength division
multiplexing (WDM) provides an even stronger incentive to develop stable, coherent
transmitters. The bandwidth of a standard optical fiber can be greatly increased if
multiple signals, each assigned to a different wavelength, are combined (i.e. multiplexed)
together and transmitted simultaneously. Since light of different wavelengths can
propagate without interference, hundreds of signals can be combined into a single fiber in
dense wavelength division multiplexing (DWDM) schemes. The ITU-T G.694.1
standard developed in 2002 calls for 100 GHz channel spacing around 1550 nm,
corresponding to a wavelength separation of ~0.8 nm. Current state-of-the-art DWDM
systems have channel spacings as low as 25 GHz. Clearly the multimode FP lasers
described above, with longitudinal modes separated by 0.8 nm, are inadequate for these
DWDM applications. The temperature stability of DFB lasers is also an important

benefit. The temperature dependence of a Fabry-Perot laser is dominated by the

temperature coefficient of the peak gain wavelength, which his approximately d4,/dT

= 0.5 nm/K for long-wavelength InGaAsP/InP double-heterostructure lasers. In DFB or

DBR lasers, the temperature dependence is dominated by the temperature coefficient of
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the refractive index, which is approximately dn/dT'= 0.1 K' [21]. This results in a
much greater wavelength stability over temperature for DFB lasers compared to FP lasers

[22].

2.3 Fundamentals of Bragg Gratings

The wavelength selectivity of periodic structures was first described by the father and son
team of W.H. and W.L. Bragg in their Nobel prize-winning examination of the x-ray
diffraction of crystal structures [23]. An intuitive picture of Bragg gratings can be
painted using Huygen’s principle. In Huygen’s principle, the cumulative effect of a
diffractive material can be considered to be the summation of a series of point sources.
Assume a plane wave, of wavelength A, is traveling through free-space. It is incident on
a grating structure with period, A, at an angle, 6;, and reflecting with an angle, 64. In
Figure 2, this advancing plane wave is represented by a ray perpendicular to the
advancing wavefront. Due to the periodicity of the grating, every ray separated by one
period will experience the same reflection angle. Looking at two adjacent rays separated
by a single period, from Figure 2, the first ray travels a total distance of L p¢, and the
second ray travels a total distance of L45:c- before reaching the same final wavefront. To
have constructive interference, the peaks and valleys of every periodically spaced ray
should have the same phase at the output wavefront. As the plane wave has a phase

dependence of

27nl
Q= , 2.1
A @D

where 7 is the refractive index of the medium, and L is the distance traveled, the phases

of the two rays will be equal and constructively interfere when

27n
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where M is an integer. It is not the absolute value of the lengths L zc and Ly ¢ that is of

importance, but the relative difference in the two path lengths, L. ~L ... This path

length difference can be determined geometrically from Figure 2. The difference in the
incident beam path is given by L, 5, while the difference in the reflected beam path is
given by Lg,. The length of the x’B’ path is determined from the horizontally-hatched
right-angle triangle in Figure 2, while the length of the Bx path is found from the
vertically-hatched right-angle triangle. Both triangles have a hypotenuse equal to the
period length, A. Substituting these values from (2.2) results in

] ] MA
(Lise ~Lygc)=(Lg—L,p)=A(sing, —sin8) == (2.3)
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Figure 2. Diffraction of light from a blazed grating



where M is a positive or negative integer known as the order of diffraction. Since it must
be an integer in order for constructive interference to occur, only particular values of
wavelength, A, will satisfy the constructive interference condition. This will result in

these particular wavelengths being reflected more strongly from this grating.

The benefits of embedding such a periodic grating in a laser cavity are that it allows
greater control over the laser wavelength and will have narrower linewidth compared to
FP lasers, as shown in Figure 1. In Figure 3, we have an example of a periodic Bragg
grating embedded in a semiconductor material through a periodic modulation of the
refractive index between two values, n; and n; in the grating region. It is desired to have
light reflected backwards to the direction of propagation to achieve a feedback effect.
We again look at the interference between two light rays separated by a grating period
and beginning along the same wavefront (at points 4 and 4°) and ending at the same

wavefront (at points C and C’). The 4’B’C’ path is now longer than the ABC path by the

0.l
H‘H!ndlB,

Figure 3. Plane wave diffraction in a wavegui(ie Bragg grating.



length of the paths I’B’ and B'W’. The constructive interference condition is

n nlL,. . L.
Z[LA'B'C'_LABC]= ZZZB +nl ;W =M, (2.4)

where we now have different refractive indices for each path and M is once again a
positive or negative integer defined as the diffraction order. The path lengths are
determined geometrically from the two right-angle triangles, horizontally-hatched for the
V’B’ path and vertically-hatched for the B'W’ path, that have hypotenuses that are one
period in length. Substituting these lengths into (2.4) results in

mAsing, N nmAsing,

= > M. (2.5)

Since the laser cavity is an optical waveguide that should confine light, additional

restrictions are placed on the angle of incidence, 6,, to permit total internal reflection at

the interface between the two refractive indices. From Snell’s law, we can derive a

minimum angle of incidence, known as the critical angle, 8, , given by

sing, >sing, =2 (2.6)
n,

where it is assumed that n; > n;. Substituting this condition into (2.5) gives

sind, Z(-M—&—l)=(—2—j\£—l), 2.7)
An, p

where p is the grating order, not to be confused with the diffraction order M, defined as

2An
=.2ﬂz_i_ (2.8)

P== P
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In (2.8) we assume that the difference between the two refractive indices that comprise

the grating is negligibly different, such that n ~n, =n_, where n_ is the effective

of 2 of

index of the unperturbed waveguide. This assumption is appropriate for LC-DFB lasers
that are only evanescently coupling the optical mode to the grating region. As a result,

the effective index is nearly identical in both grating regions.

For a distributed feedback laser, we wish to have incident light travel along the
longitudinal (z-) direction and diffract directly backwards along the direction of

propagation. These conditions are satisfied when 6,=6,=7x/2. Substituting this
condition into (2.7), such that sing, =1, and using the equality results in a constructive

interference condition of
y—=1:>p=M. 2.9)
p

We will see constructive interference when p is equal to M, in other words, we consider p

to be a positive or negative integer like M. If we wish to provide feedback for light of

wavelength A, , then from the definition of p in (2.8) we should select a grating with a

period of

(2.10)

Since M can be any positive or negative integer, the grating period as defined by (2.10)
will have multiple solutions. Since negative period lengths are unphysical, we need only
consider the positive diffraction orders. When p is set equal to 1, then (2.7) will allow
only two possible solutions (using the equality condition). The first solution is for when

M=0, resulting in sing, =—1, or €, =—n/2. In this case, we have a feed-forward effect,

11



and the light experiencing zero-order diffraction continues along the direction of

propagation. The second solution is for M=1, resulting in sind, =1, 0or §,=7/2. In

this case, we have a feedback effect, and the light coupled into the first diffraction order
is reflected backwards from the direction of propagation. Diffraction orders greater than

1 do not provide any physical diffraction angles for this p=1, or first-order, grating.

From (2.10), we see that we can have larger, and therefore easier to fabricate, grating
periods by setting p equal to larger orders, i.e. p > 1. The trade-off for this is that
additional diffraction orders now contribute in potentially unwanted ways. In a second-
order grating where we set p=2, in addition to the feed-forward solution of (2.7) when
M=0 and a feedback solution when M=2, we have an additional diffraction angle when

M=1. This results in a diffraction of sin8, =0, or 8, =0. This means that for a second-

order grating where p=2, light coupled into the first diffraction order, where M=1, will be
reflected perpendicular to the direction of propagation. This light will tend to radiate
away from the laser cavity and result in additional optical losses. It can also be exploited
to produce surface-emitting laser designs [24]. The result is similar for a third-order
grating with p=3, except there are now two solutions in addition to the feed-forward and
feedback case, when M=1 and M=2. These solutions will result in light radiating at
angles of 8, =+sin™'(1/3). These radiating diffraction orders will exist when p > 1,
resulting in light radiating away from the waveguide, increasing the optical losses. In this
thesis, we will see in Chapter 5 and 6 how these higher order grating losses can be
minimized by adjustment of the grating geometry. As a result of using higher order
gratings, we can exploit standard optical lithography processes to allow high-volume

manufacturing of these LC-DFB lasers.
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2.4 Manufacturing Distributed Feedback Lasers

The earliest reported work on distributed feedback lasers was done by Kogelnik and
Shank [25], [26]. The periodic index variations in this early work were created using
unstable gelatin films. Early work by Nakamura et al. used ion milling [27] and chemical
etching [28], while Scifres, Burnham and Streifer fabricated heterojunction DFB lasers
using ion milling on ultraviolet-exposed photoresist [29]. Room-temperature devices
were reported by Casey, Somekh and Ilegems in 1975 [30]. The extension of room-
temperature DFB lasers into telecommunications wavelengths was achieved with the use

of InP/InGaAsP materials by Uematsu, Okuda and Kinoshita [31], and Utaka et al. [32].

A typical DFB manufacturing process is described by Carroll et al. [20], and shown in
Figure 4. The process begins at step 1 with a semiconductor wafer, often chosen to be
InP for lasers operating in telecommunications wavelengths (1300 - 1600 nm). High-
quality crystalline semiconductor wafers can be grown using the Czochralski method.
Next, in step 2, the desired epitaxial layers are grown above the semiconductor substrate,
through techniques such as molecular beam epitaxy (MBE) or metal-organic chemical
vapour deposition (MOCVD). These layers will provide optical and electrical
confinement in the active layer. The optical confinement is due to larger refractive
indices in and around the active layer, while electrical confinement is provided by doped
heterostructures surrounding the active layer. The active region can consist of bulk
material, quantum-wells, or quantum dots. More details on the design of the epitaxial
growth structure will be given in Chapter 3. Once the lower epitaxial layers are grown,
the grating is defined in a resist. This is often done by exposing a photoresist to a
periodic standing wave pattern generated by an ultraviolet laser source. Another
alternative technique is to use electron-beam (e-beam) lithography, which uses special
electro-sensitive resists. E-beam lithography has a high resolution, allowing more precise
grating structures, such as first-order gratings, and phase-shifted gratings. However, e-
beam lithography is a serial exposure technique that is a relatively slow, expensive

fabrication method compared to optical lithography. Once the grating has been defined
13
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Figure 4. Example of a standard DFB fabrication process, 1) as-grown InP wafer, 2) growth
of lower layers, 3) patterning of grating, 4) growth of upper layers (regrowth), 5) patterning of
waveguide ridge, 6) dielectric deposition and via etch, 7) formation of top and bottom metal contacts.

in the photoresist, it can be etched onto the semiconductor material, shown as step 3 in
Figure 4. The grating is then overgrown with the upper layers of the laser diode in step 4.
In step 5, transverse optical confinement structures, such as a waveguide ridge or buried
heterostructure, can be created using standard photolithographic techniques like contact

lithography. Insulating dielectric layers are then grown above the heterostructure, with
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vias etched into the areas where electrical injection is desired in step 6. Ohmic contacts
are formed above and below the device in step 7, typically using evaporation and/or
electroplating, providing the n- and p-contacts. The substrate is often thinned to reduce

the resistance of the device before applying the n-contact.

E-beam lithography allows a high degree of control over the grating parameters
compared to using ultraviolet standing waves when fabricating DFB gratings. The slow
speed and expense of e-beam lithography, however, are major drawbacks. E-beam has
generally been used in a complementary fashion with optical lithography, with e-beam
providing the one- off masks and reticles that are then used by optical lithography for
high-volume manufacturing. We can get more control over grating parameters than
ultraviolet, and a higher throughput than e-beam, by using stepper lithography for grating
fabrication. In stepper lithography small repeatable sections of a wafer, with fine
resolution features, are optically exposed in a step-and-repeat fashion. The mask features
are projected a distance from the mask and de-magnified, usually by a factor of 4x or 5x,
to allow fine resolution mask features. For instance, to produce 0.1 um features on the
wafer using 5x stepper lithography, the mask will actually have a feature size of 0.5 um.
This has the additional benefit of making any dirt or particles on the mask proportionally
smaller on the wafer. Stepper lithography offers a compromise between speed and
precision during fabrication. A stepper lithography system was demonstrated in 1977 by
the GCA Corporation, and has steadily improved in both resolution and stepper tile size
in the past thirty years. An outline of the history of stepper lithography can be found in
[33]. In i-line stepper lithography, developed in the mid-1980s, the light source is a
mercury lamp filtered for the i-line of the spectrum, at a wavelength of 365 nm. This
allows a resolution of 365 nm, a value that is near the 600 nm period length of 1310 nm

DFB lasers, making the use of i-line stepper lithography attractive for these devices.
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2.5 Laterally-Coupled Distributed Feedback Laser Review

The previous description of the fabrication of a standard DFB laser in Section 2.2 reveals
a fabrication inefficiency: the requirement for two separate epitaxial layer growth steps,
one before and one after the creation of the DFB grating. This additional regrowth
requirement will reduce the manufacturing throughput and introduces the potential of

damage to the surface of the wafer while being handled between growths.

Corrugated-ridge, or laterally-coupled gratings for DFB lasers eliminate this regrowth
step. In laterally-coupled distributed feedback (LC-DFB) lasers, the fabrication steps,
shown in Figure 5, are the same as for the standard DFB laser shown in Figure 4, except
now in step 3 the grating is patterned out of the upper layers of the epitaxial layer
structure, thus providing both optical confinement and a feedback grating in a single
fabrication step. LC-DFB lasers were first fabricated by Miller et al. of the University of
[linois in 1991 using e-beam lithography [34]. Despite its drawbacks mentioned above,
e-beam lithography has remained the most popular choice for the fabrication of LC-DFB
lasers [34]-[46]. The reason for this is the stringent grating specifications. They must
have deep enough sidewalls to create strong coupling to the evanescent field of the
optical mode, finely-spaced enough to reflect the correct Bragg wavelength, and

sufficiently smooth and vertical to minimize scattering losses.

Miller’s original design demonstrated the feasibility of LC-DFB lasers, but had a poor
side-mode suppression ratio (SMSR). The SMSR is the ratio between the lasing peak
and the next highest peak in the output spectrum of the laser, shown as 50 dB in Figure 1.
The facets of this laser did not have anti-reflection coatings, causing Fabry-Perot modes
that degraded the laser performance. The threshold current was also somewhat large for

this design, with a value of > 100 mA.

Wong et al. of the Massachusetts Institute of Technology described the possibility of
creating first-order sidewall gratings using x-ray lithography in 1993 [35]. The gratings
16
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Figure 5. Example of laterally-coupled distributed feedback laser fabrication. 1) As-grown
InP wafer, 2) growth of all epitaxial layers, 3) patterning of grating, 4) dielectric deposition and via
etch, 5) formation of top and bottom metal contacts

were created in two separate steps: a chemical etch to define the ridge, then x-ray
lithography to etch out the grating. The results appeared promising, but no demonstration
of lasers was ever published by this group. R.D. Martin et al. of the University of
Delaware, Jet Propulsion Laboratory, and Comell University demonstrated a LC-DFB
laser on InGaAs-GaAs-AlGaAs in 1994 [36]. The threshold current was 11 mA with an
SMSR of 30 dB for a wavelength of 937 nm. E-beam lithography and chemically-
assisted ion beam etching (CAIBE) were used to fabricate the grating. Further published
work from this group includes similar results from Tiberio ef al. [37] and more details on
the continuous-wave performance of the LC-DFB laser, including measurement of the

coupling coefficient, by Martin ef al. in 1995 [38].
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Watanabe et al. of Pioneer Electronic Corp. and the University of Tokyo demonstrated
LC-DFB lasers using a MQW active region fabricated using a wet-dry hybrid etching
process in 1998 [39]. They were able to achieve threshold currents of 18.5 mA and
SMSR values of > 40 dB for as-cleaved devices of various cavity lengths. They used e-
beam lithography to define the grating, followed by reactive-ion etching (RIE) and then
wet etching. The wet etching step removed any layer material remaining from the dry
etch, smoothing the device structure and improving the precision of fabrication compared
to using only dry etching. Further work published by this group include a 1300 nm LC-
DFB laser with a threshold current of 17 mA and SMSR of > 45 dB [40].

J.T. Hastings et al. of the Massachusetts Institute of Technology fabricated apodized
sidewall gratings [41]. Apodized gratings modulate the periodic waveguide with a lower-
frequency sinusoid or a Gaussian to produce filters with lower cross-talk. Applied to
DFB lasers, these apodized gratings promise a better SMSR. The gratings that were
fabricated were tested as filters, and demonstrated an enhanced suppression of side-
modes compared to uniform gratings. The apodized gratings, however, had poorer TE
mode performance, with a higher transmission minimum in the stopband. The gratings
were manufactured using a technique known as spatial-phase-locked electron beam
lithography. This technique accurately positions the electron beam using a grid patterned
on the substrate using interference lithography. This resulted in a mean stitching error of
+/- 0.6 nm, a high degree of accuracy compared to the grating period of ~225 nm. A
patent relating to the apodized grating structure was granted in 2002 [42].

Miiller et al. of Nanoplus Nanosystems, the University of Wiirtzburg, and Alcatel Corp.
presented results on wide-range tunable LC-DFB lasers in 2001 [43]. The grating is not
defined from etched semiconductor material, but from laterally-positioned Cr metal that
is evaporated on the semiconductor, and then lifted off in the regions where there are
gaps between the grating teeth. This Cr grating demonstrated a tuning range of 25 nm
using a two-section electrode. A threshold current of 32 mA and SMSR of > 30 dB was
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achieved. This design was extended to quantum dot active regions in 2002 [44], where
the tuning range was extended to 30 nm with a threshold current of 13 mA and similar
SMSR values (> 30 dB). The latest version of this laser with a quantum dot active region

demonstrated a 45 dB SMSR for temperatures up to 85 °C [45].

Also in 2001, Wiedmann et al. of the Tokyo Institute of Technology and Hanyang
University in Korea demonstrated a laterally-coupled DFB/DBR laser [46]. At one of the
DFB region is the output facet, at the other end is a highly-reflective DBR grating region.
Second-, third-, and fifth-order gratings were tested. The higher order gratings had a
lower expected coupling coefficient, but fabrication difficulties decreased the coupling
coefficient of the lower (first and second) order gratings. The DBR region focuses nearly
all of the light out of a single facet producing a higher single-ended output power. They
were able to achieve a 33 dB SMSR at a bias current of ~30 mA for a 220 um long laser
cavity. The threshold current for this 1550 nm laser was 12.4 mA.

Bach et al. of the University of Wiirzburg and Alcatel created an LC-DBR laser using
focused ion beam lithography (FIB) [47]. Using FIB, Ga" ions were implanted on either
side of the ridge waveguide. The bandgap of the implanted regions shifted after rapid
thermal annealing due to quantum well intermixing. The crystal quality of the InP was
also changed in the implanted regions, resulting in a strongly increased HF etch rate, and
allowed the formation of an index grating. Threshold currents as low as 8 mA, SMSR
values of > 40 dB and continuous wave efficiencies of 0.37 W/A were measured for a
600 um long device. In 2004, this device design was used in a 22 GHz modulation
scheme [48] .

Schreiner et al. of the University of Stuttgart and Alcatel created tunable LC-DFB lasers
using a separate active tunable DBR region and an uncorrugated gain region [49]. Each
region has a separate driving current, and the device will behave as a DFB laser when the
corrugated region is biased to provide gain, or as a DBR laser when the uncorrugated

region is biased to provide gain. In the DFB mode, the device showed SMSR values of
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~30 dB. The threshold current is not clearly stated, as it depends on two separate current
sources, but it is approximately 30 mA. This device demonstrated tunability over a range

of wavelengths between 1590.8 nm and 1595.2 nm.

In 2003 B. Reid et al. of Bookham Technology presented an LC-DFB with third-order
gratings fabricated using stepper lithography [50]. Their work describes a fabrication
process similar to that used for the LC-DFB lasers in this thesis. Threshold currents of
~80 mA were required for these lasers. SMSR values of over 55 dB, linewidths < 1
MHz, and optical output powers higher than 100 mW were achieved. The LI
characteristic demonstrated a kink that the authors believed indicated a stronger grating
than expected. They speculated that this stronger grating trapped more light in the cavity,
inducing spatial hole burning as the power increased. This shows the importance of
proper grating optimization in LC-DFB laser design and is a motivator for work
described in this thesis. A patent for a weakly-guided LC-DFB laser was granted to B.
Reid in 2003 [51]

A quantum well LC-DFB laser was described by Das et al. of Osaka University in 2004
[52]. They used a standard manufacturing technique, e-beam lithography with RIE, but
also incorporated a A/4 phase shift to improve performance. They achieved an SMSR of

46 dB and a threshold current of 15 mA at a wavelength of 967.8 nm.

In 2005, Wang et al. of Tsinghua University fabricated deep-etched gratings for LC-DFB
lasers using holographic exposure with inductively-coupled plasma RIE [53]. A second-
order grating with a duty cycle of 0.3 was used for this laser. This is not an optimal point
for fabrication, as will be demonstrated in our analysis of Section 5.1. The threshold

current was 34 mA with an SMSR of > 45 dB.

Laterally-coupled gratings can also be used for non-telecom wavelengths. In 2005,
Golka et al. presented a GaAs/GaAlAs quantum cascade laser for long wavelengths (10.7

um), in the mid-infrared range [54]. For this wavelength, the necessary period was 1.72
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um, and simple contact lithography was sufficient to define the grating. The quantum
cascade laser had to be driven in a low-temperature (78K), pulsed regime (SkHz
repetition rate) to achieve lasing; an SMSR of 20 dB was observed under these

conditions.

In 2006, a dual-wavelength source was created by Pozzi et al. of Universita degli Studi di
Milano by etching gratings with different periods on either side of the ridge [55]. The
grating period difference was 0.07 nm, for wavelengths of 1346.32 nm and 1346.47 nm.
Low threshold currents were claimed but not explicitly stated. The SMSR reported was >
30 dB. Photomixing of the output using a fast photodetector and RF spectrum analyzer

demonstrated the generation of millimeter-wave signals at 22.5 GHz.

Most recently, Laakso et al. of the Tampere University of Technology in Finland have
demonstrated LC-DFB lasers with higher order gratings created using a nano-imprinting
process [56]. Their 980 nm lasers had up to 50 dB SMSR, with a threshold current of 30
mA and a slope efficiency of 0.34W/A for a 570 um long LC-DFB with a third-order

grating, when operated at a temperature of 10°C.

Table 1 summarizes the performance of the LC-DFB lasers that have been fabricated thus
far. The lasers listed in Table 1, with the exception of Miller, have SMSR values of 15-
55 dBs. To avoid inter-channel interference in WDM systems, however, it is desirable to
have SMSR values of > 30 dB [57]. Threshold current values range from 11 to 100 mA,
lower threshold currents will reduce the power consumption of the laser. Most of the
laser designs have been designed to operate at telecommunications wavelengths of
around 1.3 or 1.5 pm, and have been fabricated using e-beam lithography. Clearly, there

is considerable scope for improvement in LC-DFB laser design.

21



» Laser Threshold Side-mode . Fabrication | Wavelength | Reference
current suppression ratio | technique (nm)
(mA) (dB)
Miller 100 High (FP modes E-beam 1049.8- [34]
1991 occurred) 1064
Tiberio 11 30 E-beam 937 [37]
1994 /CAIBE
Watanabe 18.5 40 Wet-dry 1570 [39]
1998 hybrid / E-
beam
Chen 2000 17 45 E-beam 1300 [40]
Schreiner 30 >30 E-beam 1589-1595 [49]
2001
Wiedmann 12.4 33 E-beam 1550 [46]
2001
Mulier 13 >35 E-beam 980-1010 [44]
2002
Reid 2003 ~80 55 Stepper 1470-1490 [50]
Bach 2004 70 40 Focusedion | 1560-1570 [48]
beam
Das 2004 46 15 E-beam 967.8 [52]
(lambda/4
shifted)
Wang 34 45 Holographic 1545 [53]
2005
Golka 590 20 Contact UV 10 700 [54]
2005 (mid-IR)
Pozzi 2006 30 E-beam 1346 [55]
Gerschutz 17 45 E-beam 1300 [45]
2008
Viheriald 30 50 Nano- 980 [56]
2009 imprinting
Table 1. Summary of reported LC-DFB laser specifications

2.6 This Work

The laterally-coupled DFB laser described in this work is shown in a cutaway view in

Figure 6. The goal was to create an LC-DFB laser that could be fabricated using i-line
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stepper lithography. The epitaxial layer structure, described in more detail in Chapter 3,
is made of InP/InGaAsP material grown on an n-doped InP wafer.

The waveguide ridge is patterned using 5x i-line lithography, a lithographic technique
that has a minimum resolution of 365 nm. For the target wavelength of 1310 nm, first-
and second-order gratings would require grating periods of ~200 nm and ~400 nm,
respectively, too fine for i-line stepper lithography. However, third-order gratings, with a
period of ~600 nm, are just possible. The LC-DFB lasers described here use third- and
fourth-order gratings. The use of higher order gratings requires modifications to the
modeling and design techniques generally used for first-order DFB lasers. The radiation
from the lower diffraction orders must be taken into account to properly to design a DFB

laser with higher order gratings.
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Figure 6. Cutaway schematic of the LLC-DFB laser described herein
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CHAPTER 3 - DESIGN OF EPITAXTAL GROWTH STRUCTURE

The epitaxial growth structure of our LC-DFB laser must provide optical gain around a
wavelength of 1310 nm, efficiently inject carriers into the active region, and provide
optical mode confinement. The goal of the epitaxial layer design was to simultaneously
achieve these goals along with a i) low threshold current, ii) low electrical resistance, and
1ii) high efficiency across a broad temperature range. The growth structure was designed

in two parts: the active region and the surrounding double heterostructure epitaxial layers.

3.1 Multi-Quantum-Well Active Region

The active region of the device will ideally provide optical gain with a minimum amount
of current density, and have a well-defined output polarization. These requirements can
be met with the use of a strained multi-quantum-well (MQW) region. Quantum well
regions have a lower threshold current density than similar bulk regions. This is due not
only to the smaller size of quantum well active regions compared to bulk regions, but also
due to different distributions of carrier states with energy as the dimensions are reduced
to quantum sizes. In semiconductor crystals carriers are not distributed uniformly, but
according to Fermi statistics and the number of states available for a given energy.

Figure 7 shows such a density of states for bulk material, p,,(E), and quantum well
material, at different subband levels, p,,(E). The quantum well density of states

follows a staircase pattern with an envelope defined by the bulk density of states, which
has a parabolic profile. With generally fewer states available for a given energy, carriers
will tend to fill up the lower energy states for quantum wells more quickly than for bulk
materials as carrier injection increases. This will result in the population inversion
condition for optical gain being realized for smaller carrier densities for quantum well
materials compared to bulk materials. Quantum dot active regions hold promise for even
lower threshold devices, having a delta-shaped density of states characteristic, but present

state-of-the-art quantum dots remain difficult to fabricate
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Figure 7. Density of states for bulk material, p;p (dashed line), and quantum well material, p;p
(solid line), vs. energy

reliably compared to quantum wells, particularly in a mass-manufacturing environment.
In contrast, advances in epitaxial layer growth techniques have made the fabrication of

high-quality quantum well layers routine.

The periodic crystal lattice of semiconductor materials such as InP and InGaAsP produce
electronic bandstructures, with free electrons in the conduction band and free holes in the
valence band. While in reality there are many electronic bands, we use the
approximation of Kane’s model to simplify the bandstructure. In this approximation, the
conduction band and six valence bands are taken into account: a light hole, heavy hole,
and a doubly-degenerate spin-orbit split-off band, as shown in the energy-momentum
diagram of Figure 8. The spin-orbit split-off bands are due to the splitting in energy
levels depending on the spin (up or down) of an electron. All other bands are neglected.
Another common approach is Luttinger-Kohn’s model, where the same bands are solved,
but also taking into account the interaction of these bands with all other bands using

perturbation theory.

In direct bandgap semiconductors such as InP and InGaAsP, the extrema of the

conduction band (the I'-valley) and valence bands (at £=0) are aligned in the energy-
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momentum diagram, as pictured in Figure 8. This means that during radiative
recombination an electron can drop from the conduction band to the valence bands
directly, without the mediation of a phonon. Without energy wasted on heat-producing
phonons, active semiconductor devices are much more efficient when direct bandgap
materials are used. The energy separation between the valence bands and the conduction
band are determined by the properties of the materials used. In this work, In;.xGaxAs,P;.y
is used for the quantum well and barrier layers. The molar concentrations of Ga and As,
x and and y, are chosen to achieve the desired transition energy (wavelength). The
transition energies are determined from the energy band diagram using the stationary

Schrédinger’s equation,

I:——zh—zvz+V(y)]‘l’(x,y,z)=E‘~P(x,y,z) ' 3.1
m
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Figure 8. Band structure of a semiconductor crystal according to Kane’s model
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where W(x,y,z) is the wavefunction, E is the energy eigenvalue associated with the
wavefunction, % is the reduced Planck’s constant, m is the mass of the particle, and V is
the potential energy experienced by the particle. For carriers in a semiconductor
material, the mass is replaced by an effective mass, m’, due to the influence of the
periodic potential of the surrounding crystal structure. The effective masses for electrons,

light holes, and heavy holes are denoted me*, m;h*, and my,, *, respectively.

Since carriers in a quantum well experience confinement in the plane (here denoted x-z)
the wavefunction takes the form of the free-electron wavefunction in these unbounded

spatial directions:

ik x+ik_z

W(x,y,z) =" TR (3.2)

In this equation, 4 is a normalization constant, %, is the wavenumber in the x-z-
direction, and ¢,(y) is the normalized wavefunction in the y-direction corresponding to
the n™ eigenvalue, E,. The potential energy, V, is determined by the energy band diagram,
and for epitaxially grown layers can be considered to have the form of a square well, with
a potential energy difference of V;, between the well and barrier layers. The value of ¥} is
related to the difference in bandgap between the quantum well and barrier materials, with
the bandgap discontinuity split between the conduction and valence band quantum wells.

An example of a square quantum well of InGaAsP/InP material is shown in Figure 9.

The square quantum well is a classic problem in quantum mechanics, also known as the

finite barrier model. It has even wavefunction solutions (where n=0,2.,4,...) of the form:

” C]e—a,,(l.V|—L/2) ly, >7/2 33)
" C,cosk,y |y|}<L/2

where C| > are normalization constants, L is the thickness of the quantum well,
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\ ’2m* E
k=N (3.4)
73
is the wave number, and
‘/Zm* V,-E
a,=+— (h° ) (3.5)

is the attenuation coefficient. Schrodinger’s equation also admits an odd solution
(n=1,3,5,...) , with the wavefunction described by a sine rather than cosine function
within the well. However, since we are concerned with the ground-state transitions
where the energy is lowest, we will be solving for even wavefunctions where #»=0. In the
above equation the effective particle masses in the well and barrier regions are denoted

by m,, and m,", respectively. By applying the boundary conditions of continuity at the
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interface between the well and barrier regions of the wavefunction and its derivative

divided by the effective mass, a combined equation for %, and a, can be obtained,

*

a, = ﬂ’&tan(kn 3) (3.6)

m

w

Substituting (3.4) and (3.5) into (3.6) gives an eigenequation for the wavefunction energy

levels, E,.

In Kane’s model, there are three possible transitions for an electron in the conduction
band to recombine with a hole, producing additional energy that may produce stimulated
emission (or spontaneous emission, phonons, etc.): conduction band to light-hole (C-LH),
conduction band to heavy-hole (C-HH), and conduction band to spin-orbit split-off band
(C-SS). The transition to the light hole and heavy hole bands are the most important,
being the lowest energy radiative transitions. Since carriers injécted into the quantum
well will tend to relax into the lowest energy states, the lowest energy transitions will be
the most probable. When the light inducing stimulated emission is TM polarized, the C-
LH transition will be favoured, while the C-HH transition is favoured for TE polarization,

as can be seen by a detailed calculation of the momentum matrix elements for TE and

TM polarized light that will not be discussed here. TE polarized light has a higher gain
than TM polarized light for materials such as InGaAsP when they are unstrained,
resulting in light-hole and heavy-hole bands that are degenerate. The reader is referred to

[22] for more details of this polarization dependency.

The light hole/heavy hole band degeneracy can be lifted by using strained layers. A
strain is produced in epitaxially grown materials when adjacent layers have mismatched
lattice constants. Strain will break the symmetry of the crystal lattice, resulting in
generally different shifts for each of the conduction and valence bands. The strain must
be kept relatively small (a few percent) to avoid defects in the lattice that can act as traps,

producing undesirable carrier recombination. When a quantum well is fabricated using a
29



tensile strained layer, the light hole band is shifted upwards in energy and the C-LH
transition is favoured, causing TM polarized light to experience higher gain, as explained
in more detail below. For sufficient tensile strain, TM polarized light will have greater
gain than TE polarized light. For semiconductor optical amplifiers (SOAs), a low
polarization dependent gain (PDQG) is desirable, so quantum wells (or bulk materials)
with enough tensile strain to have nearly equal amounts of gain for TE and TM

polarizations are often used.

Lasers have opposite requirements - for a stable, coherent output the polarization state
must be well-defined. The propagation constants of TE and TM polarized light will
generally differ in ridge waveguides, leading to a broader. output spectrum if both
polarizations experience enough gain to support lasing modes. To avoid this, TE
polarization is favoured by using compressively strained quantum wells. Applying a
compressive strain shifts the heavy hole band upward, favouring the C-HH transition and
selectively providing gain to TE polarized light. To minimize possible dislocations due

to the compressive strain, the barrier layers are slightly tensile strained.

To calculate the effect of strain on the energy levels of a quantum well, the approach of
Chuang is used [58]. The in-plane strain, £, of a quantum well grown in the y-direction is
defined as

_a -a(x,.y,)

a,

3.7)

where ay is the lattice constant of the substrate material and a(m,r) is the lattice constant
of the material with the molar fractions x,, and y,. & is positive for a tensile strain and
negative for a compressive strain. We assume that the strain is constant in the quantum
well layers. This will generally be correct, assuming that we satisfy the stability

condition for the net strain of a MQW structure. If the net strain along the MQW

structure, £, given by
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. Eoplop +&L
£ =ﬂZQ—W+Z”_”_ (3.8)
ow b

is < 0.5%, where ¢

oww 18 the QW (barrier) strain, and L, ,, is the QW (barrier)

thickness, it has been demonstrated experimentally and theoretically that there will be no
misfit dislocations in the layer that will cause local strain defects [59]. We will ensure

that the net strain satisfies this condition in the final MQW design.

Along the y-direction the strain, ¢, , is
g =22 ~ pu, (3.9)

where o is Poisson’s ratio, and C;;, C), are elastic stiffness coefficients. The amount of

conduction band shift is:

é’EC=ac(exx+gw+ezz)=2ac(l—£@J (3.10)

11

where a. is the conduction band hydrostatic deformation potential. The heavy-hole band

band will be shifted by

OE,,, =—P —-Q. (3.11)
where
C12
Pg=——av(sxx+gw+gzz)=—2av 1-—= ¢ (3.12)
il
and
b C
=——\g,+¢,+¢&,)=-b[1+2% |g. 3.13
Qg 2( xx yy ZZ) ( C”) ( )

a, is the valence band hydrostatic deformation potential and b is the shear deformation

potential of the quaternary material. The light-hole band is shifted by
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Figure 10. Band structure shifts due to strain (adapted from [58]).
_ 1 2 >
oE,, =—P, +5 Q. — Ay +JA; +2A,0. + 90 (3.14)

where A, is the spin-orbit splitting energy.

The effect of these band edge shifts is illustrated in Figure 10. For a tensile strain, the
conduction band is shifted downwards, while the light-hole band is shifted above the
heavy-hole band. For a compressive strain, the conduction band is shifted upwards, and
the heavy-hole band is shifted above the light-hole band. As mentioned above, we will
consider a compressively-strained QW structure to provide a TE polarized output. The
transition energy of a compressively strained material is found by first obtaining the
bandgaps of the QW and materials, neglecting strain effects. We use the formula of
Chuang, [22]:
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E, =1.35+0.668x,, —1.068y,, +0.758x2 , +0.078)2, —0.069x,, ¥, (3.15)
~0.322x%, V5, +0.03%, 4,32 1),

where x,4) is the Ga mole concentration, and y.s the As mole concentration, of the
well(barrier) material. The strain effects are now taken into account, with the conduction
band and heavy-hole band shifting the bandgap by an amount calculated in (3.10) and

(3.11). The strain parameters used in these equations — &, ac., b, Ci1,12, and A, as well

as the absolute valence band potentials and effective carrier masses of the quaternary
material, are found through linear interpolation of the binary material values. An
example of this calculation is shown for the lattice constant, a, in Figure 11. The lattice
constant determines the strain in the material according to (3.7). Quaternary materials
with lattice constants below the line shown for the InP lattice constant, ag, in the Figure
will have a compressive strain, those above are tensile-strained. These values are used to
construct two finite-barrier quantum wells — one for the conduction band electrons and
one for holes in the heavy-hole band. The lowest energy level of each of these wells (E,;
and Ejy;, referring to Figure 9) is found from the numerical solution of (3.4)-(3.6). The
total C-HH transition energy is the difference in these energy levels, including the strain-
shifted bandgap, or E.; — Euny, referring to Figure 9. The design of the MQW region for
this laser is based on the previous strain analysis. The goal is to find a quantum well
composition and thickness that will give a compressively strained structure with a
ground-state transition energy corresponding to a wavelength of 1290 nm. Although the
target gain peak is 1310 nm, a shorter wavelength is chosen for this analysis, and for the
target photoluminescence as there will be greater heating when electrically pumped than

when optically pumped, causing bandgap shrinkage [60].

The amount of strain is fixed at 0.9% (compressive) within the quantum well and 0.1%
(tensile) within the barrier regions. This amount of compressive strain is sufficient to
provide a significant amount of polarization-dependent gain, but not so large that
dislocations will occur in the lattice, producing unwanted tréps for the carriers. This

amount of compressive strain has also shown low threshold currents and temperature
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Figure 11. Lattice constant, a,, of quaternary In,,Ga,As P, , material as a function of Ga mole
concentration (x,) and As mole concentration (y,), showing regions of compressive and tensile strain
when grown on an InP substrate.

dependence. This will be confirmed in the final design using (3.8). The As concentration
and bandgap for a compressive strain of 0.9% is shown in Figure 12. For these strain
values, the Ga mole concentration in the QW is limited to x,, < 0.35, since greater x,,
values would require y,, > 1, an unphysical value, to maintain 0.9% compressive strain.
Since we are targeting a transition energy value of 0.96 eV, the bandgap of the quantum
well material cannot exceed this value. This further restricts the value of x,, >0.05, so the

total range of the Ga mole concentration is 0.05 < x,, < 0.35.

Restricting ourselves to quantum well and barrier material compositions that have 0.9%
compressive and 0.1% tensile strains, respectively, we can find the quantum well
thicknesses, Lgw, that result in our desired 0.96 eV C-HH transition energy. The contour

map of solutions in Figure 13 describes these thicknesses (in nm) for different well (x,,)
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Figure 13. QW thicknesses (in nm) for a C-HH transition energy of 0.96 eV with different Ga

mole concentrations in the well (x,,) and barrier material (x;).

35



and barrier (x;) material compositions. For each of these Ga molar compositions, x,,, the
As molar composition, 5, is selected so as to maintain the desired strain values. The
quantum well thicknesses are more sensitive to x,, than to x;, and they increase rapidly as

x,, —0.05. The value of Loy should not be too small — this will make it difficult to

fabricate, and carriers will have a lower probability of being captured in the well. A
quantum well that is too large will increase the amount of applied current required to
reach the threshold current density. The analysis results of Figure 13 reveal that there are
wide range of quantum well thicknesses that are available to reach our target transition
energy of 0.96 eV and compressive strain of 0.9%. Numerous theoretical and
experimental studies have been performed to optimize the well thickness of strained
InGaAsP MQW structures, most targeted for the 1.55 pm wavelength. A good review of
these works can be found in [61] and [62]. Most relevant to this structure is a review by
Matsumoto et al. for compressively-strained 1.3 um wavelength lasers in InGaAsP [63].
They found the lowest threshold current densities for quantum wells between 6-10 nm in
thickness, when the barrier layers were 10 nm in thickness. As the net strain, given by
(3.8) increases as Loy increases, we select the lower end of this thickness range, or 6 nm.
When using 10 nm thick barrier layers, this results in a net strain of 0.275% and a total
MQW stack thickness of 90 nm, well within the critical thickness limits of < 0.5% for
100 nm thick MQW stacks. Thus, the final design of the MQW active region is chosen to
be 6 nm 0.9% compressively strained of Ing g9Gag 11ASy 52Po 45 separated by 10 nm barrier
layers of 0.1% tensile strained Ing 79Gag21Asp42P0ss. In reality, as will be described later
in this Chapter, it is the PL spectrum, and not the exact material compositions, which are
used when fabricating the epitaxial structure, but these compositions will provide a

guidline for the PL spectrum and for further modeling using LAS2D software.

3.2 Double Heterostructure

The design of the double heterostructure was performed with the aid of LAS2D laser

simulation software [64], using the active region determined in Section 3.1. LAS2D
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models the two-dimensional optoelectronic properties of Fabry-Perot (FP) laser
structures. Although LAS2D is intended to accurately model only FP lasers, its results
can be used to optimize the epitaxial layer structure of the LC-DFB lasers considered
here. Both FP and LC-DFB lasers will have the same 2D cross-section, with the
difference being that the ridge width of the LC-DFB laser will vary with the grating
period in the longitudinal direction. This analysis will assume that this variation in ridge
width will have a minimal impact on the efficient injection of carriers, i.e. that at an
arbitrary point in the laser cavity, a 2D cross-section will provide good efficiency and
gain for both DFB and FP lasers. LAS2D will also be used to provide an accurate three-
dimensional model of the LC-DFB laser, described in more detail in Chapter 6. For the
moment, however, the simple default FP laser model provided by LAS2D is sufficient, as
long as we keep in mind that when using the laser characteristics generated to optimize

the layer structure, they are relatively, but not absolutely, correct.

While LAS2D provides comprehensive details of the carrier and photon densities in the
two-dimensional laser cross-section for a range of applied biases, there are three global
metrics that are of the most interest when optimizing the epitaxial layer design: the
current threshold, efficiency, and dynamic electrical resistance. These three
characteristics are calculated by LAS2D for a FP laser, but it can be assumed that a DFB
laser using the same cross-section will have similar relative characteristics, i.e. an
epitaxial layer structure designed to have a low FP laser current threshold will also
exhibit a relatively low current threshold if it is used for a DFB laser. We make this
assumption based on the idea that the DFB grating provides only a minor perturbation to
the fundamental mode shape and carrier injection profile in the transverse cross-section.
Lateral current-spreading, where carriers are injected away from the centre of the
waveguide mode, can cause a reduction in the efficiency of the laser, particularly when
wide ridges are used. Thus, the wider of the anticipated grating ridge widths of 3 um was
used for the laser cross-section, as it will exhibit more of the undesirable lateral current
spreading that should be minimized. The list of the LAS2D simulation parameters are

summarized in Table 2. For further information on these parameters, the reader should
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LAS2D Description Value

parameter

A Laser wavelength guess 1310 nm

L Length of laser cavity 500 pm

T Temperature (for non-isothermal model) 298 K

Ry, Front, rear facet intensity reflectivity 0.4

Olcat Optical scattering loss 20cm”

d_degf Ground state degeneracy of donors (for ionization | 2.0
calculations)

Ed Energy of donor level 0.01 eV

exp un Temperature dependency of electron mobility models | -0.5

exp up Temperature dependency of hole mobility models -3

Weont Width of metal contact on top of ridge 1.5 um

dxmin Minimum mesh density 0.02 pm

dxmax Maximum mesh density 0.1-0.5 pm

B0 Spontaneous radiative recombination constant 1x10™° cm™

exp_rad Temperature dependency of radiative recombination | -1.5
rate

cn,cp CHCC, CHSH Auger recombination constants 1x10™° cm®/s

alfn Free carrier absorption parameter due to electrons in | 3x10™"° cm™
the quantum wells

alfp Free carrier absorption parameter due to holes in the | 7x10™° cm™
quantum wells

alfvb Intervalence band absorption parameter due to holes | 5x10™° cm™
in the quantum wells

t aungern, Temperature dependency of CHCC,CHSH Auger | 350K

t augerp recombination rate

t alfn, Temperature dependency of electron, hole free carrier | 325 K

t alfp absorption

t_alfvb Temperature dependency of intervalence band | 325K
absorption

gain model | Selects gain model used Asada [66]

fgain Scaling factor for calculated gain 1.00

fap Scaling factor for free-carrier and intervalence band | 1.00
absorption

fup Scaling factor for hole mobility 1.00

tau_in Intraband relaxation time 0.1ps

exp_tin Temperature dependence of intraband relaxation time | -2.0

Table 2. LAS2D parameters
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refer to the LAS2D manual [65]. Ideally, there would be multiple Fabry-Perot laser test
structures using the same epitaxy as our DFB laser that would allow us to fine-tune the
simulation parameters. However, for these simulations, we use the standard default

values for the InGaAsP material system.

The optimization of a double heterostructure is a large multi-dimensional problem. For
each layer, the thickness, doping level, and composition can be separately optimized, and
each change in these parameters will have an effect on all other layers. For a seven layer

structure, for example, there will be 21 degrees of freedom, not including additional
parameters such as the ridge width and metal contact width. This problem can be
simplified, however, since not every layer is equally important to the overall
performance. The laser characteristics are very sensitive to only a few critical layers. A
rough optimization of non-critical layers, and then a rigorous optimization of the critical
layers will suffice to provide an acceptable epitaxial layer structure in a reasonable

amount of time,

The most critical layers in the design are those of the active region, either a single layer
for a bulk material or multiple well and barrier layers in the case of a MQW design. The
composition and thickness of these layers is dictated by the wavelength requirements of
the laser, as outlined above in Section 3.1. The quantum wells will be nominally
undoped, although in practice some diffusion of Zn (the p-dopant) into the active region
is common. The next most critical layers are those that are closest to the active region.
The composition and doping of the p-doped layer just above the undoped MQW stack
(referred to as layer 7 in Table 1) is one such critical layer. There are two reasons for
this. First, this layer directly influences the concentration of holes injected into the MQW
region. The hole concentration is a limiting factor on the MQW gain due to the much
lower mobility of holes compared to electrons. Second, this is the p-doped layer with the
highest optical confinement since it is the closest to the MQW region, i.e. the centre of
the fundamental optical mode. Optical absorption in p-doped layers will tend to be

greater than n-doped layers due to inter-valence band absorption, which is proportional to
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the local hole concentration. This also makes the the p-doped InP layer just above layer 7
(composing the bottom part of the ridge, or layer 8 referring to Table 3 at the end of this

chapter) an important factor in the performance of the laser.

LAS2D simulations were run with different thicknesses, compositions, and doping levels
of layer 7. Figure 14 shows the dependence of the threshold current, maximum
efficiency, and dynamic resistance of the laser on these characteristics of layer 7. The
threshold current, maximum efficiency, and resistance all drop as the thickness of this
layer is reduced, according to Figure 14a. It is not desirable to have this layer be too
thin, however, since it will result in more asymmetrical mode profiles. Asymmetrical
mode profiles will result in greater coupling loss to an optical fiber, since fibers possess
circular symmetery. The thickness of this layer was set at 0.15 microns, a value that
shows a moderate resistance and threshold while maintaining a low mode asymmetry.
The effect of the doping of this layer is shown in Figure 14b. The dynamic resistance has
a minimal value at a doping level of 5 x 10'7 cm™, while the threshold current shows a
minimal decrease with lower doping, it is not particularly sensitive to the doping in this
range of values. The doping level of 5 x 10'7 cm™ that minimized the dynamic resistance

was chosen.

The effect of the material composition of layer 7 is shown in Figure 14c. There is a range
of optimal values around y=0.15-0.3 where the threshold and resistance are low and there
is a high tolerance for variation. This region of preferable values is where the bandgap of
the material is large enough to encourage carriers to flow across the lower heterojunction
into the MQW region, but not so large that carriers from the p-doped InP material in layer
8 do not see a significant drop in the bandgap at the upper heterojunction. An As
concentration of y=0.156 was chosen, corresponding to a Ga concentration of x=0.071

for a material that is lattice-matched to InP.

It is common practice to insert a highly p-doped InGaAs and InGaAsP layer at the top of

the growth structure to facilitate the electrical connection, producing a better ohmic p-
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contact. Finite-clement analysis of the ridge waveguide cross-section (more details of
which can be found in Chapter 4) using this epitaxial growth structure revealed a problem
with this upper InGaAs layer. The refractive index of InGaAs, according to LAS2D, is
3.78, compared to an active region index of 3.448. Thus, even though this layer may be
only tenths of a micron thick, it can shift the mode profile upwards to produce a local
maximum, as shown in Figure 15. This can be mitigated by increasing the height of the
ridge, or decreasing the InGaAs thickness. Etching of smooth and vertical sidewalls
becomes more difficult as the depth increases. For the dry-etching method used here, it is

desirable to keep the etch depth < 0.5 pm to remain within reasonable fabrication
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Figure 15. Mode distortion with a 0.2 pm thick InGaAs layer, logarithmic plot of |E,], with 20
dB extents.
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Figure 16. Confinement in InGaAs layer vs. layer thickness
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tolerances. Therefore, the optical confinement in the InGaAs layer was improved by
reducing the thickness of this layer. Figure 16 shows the change in confinement of the
optical mode in the InGaAs layer as the thickness of the InGaAs layer is changed.
Clearly there is significant mode field distortion near the peak value of ~0.2 pm, where
there is 2.5% confinement in the layer. Note that there are some resonance effects, i.e.
there are peaks at particular InGaAs layer thicknesses rather than a simple
increasing/decreasing relationship. The value chosen for this design was 50 nm, a
thickness that allows only 0.03% confinement in the InGaAs layer while still providing
an improved electrical connection. The penalty for this reduced thickness (compared to
typical values of 200 nm) may be that the contact will be less ohmic, i.e. that more
carriers will recombine, reducing the overall efficiency of the laser. However, this is a
less severe penalty than having a significant amount of the optical mode overlapping with

a highly lossy p-doped layer.

LAS2D is also capable of non-isothermal simulations that account for heat generated via
Joule heating (H)), recombination (Hy) , and optical absorption (Hp) processes. The heat

generation terms for these processes are,

A
H, = +
qun  qu,p
Hy=Ry{(F,-F,)+4T(E,-B,)} (3.16)

H, =aSI(x,y)(F,-F,),

Where Jp) are the electron (hole) current densities, g, , are the electron (hole)

mobilities, » is the electron and p the hole carrier concentration, Ry is the total non-
radiative recombination rate (considered to be the sum of the Shockley-Read-Hall and
Auger recombination rates), T is the local temperature, F}, , is the electron (hole) Fermi

level, P, , is the electron (hole) thermoelectric power, «;is the internal optical absorption,

S is the photon density, and I(x,y) is the optical field intensity.
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When a laser is operated at higher temperatures its performance will generally be
degraded. At a temperature of 358K (84.85 °C), the maximum efficiency was 0.3 W/A,
the threshold current was 10.8 mW, and the dynamic resistance was 9.5 Q, worse than
those calculated for the 298 K ambient temperature case above. The performance
degradation is due to two main reasons. First, at higher temperatures, the carriers will
have a higher average ehergy, and are less likely to be confined to the active region.
Second, the radiative recombination terms will also tend to become larger as the
temperature increases. For instance, the largest Auger recombination term in the T=298
K simulation was 2.4 x 10%° cm™/s, while for the 7=358 K simulation, R,,z=6.2 x 10%

cm™/s.

The local temperature, as revealed by Figure 17, for an ambient temperature of 358 K
and a bias current of 60 mA, has a maximum in the p-doped layers that comprise the
ridge. It is the Joule heating term that is the significant factor in this additional heating.
The Joule heat generation term, H; is proportional to the electron and hole current
densities and inversely proportional to the electron and hole carrier densities. The
maximum hole current density of 6000 A/cm?, as calculated by LAS2D, is near the p-
contact, and is larger than the maximum electron current density of 4000A/cm®. The
effect of the larger hole current density on the Joule heating is further magnified by the

lower value of the hole mobility, x,, compared to the electron mobility, 4,. In InP, the
mobility of electrons is 1, = 5370 cm?/Vs, compared to a mobility of x,=150 cm?/Vs at

T=300K. For comparable values of electron and hole carrier concentration and current,
p-doped regions will experience 35 times as much Joule heating as n-doped regions. For
this reason, the region near the p-contact will experience the greatest amount of heating at
higher bias currents, and consequently have the largest local temperature. This is a

general result that has also been reported in other laser diode models [67].

The final epitaxial layer composition is revealed in Table 3. During growth, the

composition of the various quaternary layers is not measured directly, but instead through
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Figure 17. Temperature distribution of laser with an applied current of 62 mA at an ambient
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Figure 18. Medal gain vs. wavelength for epitaxial structure with 21 mA of applied current

photoluminescence measurements. Thus, although the composition of the layers is
determined through the mole fractions of the group III and V materials, it is the

photoluminescence peaks of each material composition in the layer strucuture that are of
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interest to the crystal grower. According to LAS2D, this structure exhibited a FP laser
threshold current of 8.3 mA, maximum efficiency of 0.33 mW/mA, and dynamic
resistance of 8.7 Q at a temperature of 298 K. The proper design of this heterostructure
is confirmed by the gain curve of Figure 18, generated by LAS2D, which demonstrates a
modal gain centered at approximately 1310 nm, the target Bragg wavelength, when this

heterostructure (in a FP configuration) is forward-biased with 21 mA of current.
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CHAPTER 4 - LATERALLY-COUPLED DISTRIBUTED FEEDBACK
LASER MODELING

4.1 Distributed Feedback Laser Modeling Techniques

There are four major approaches to the modeling of distributed feedback lasers: coupled-
mode theory, transmission-line modeling, Green’s function analysis, and the transfer-
matrix method. These models will be described in more detail in this chapter. The
divisions between these models are not clear-cut; more than one of these numerical
methods have been combined in a single model; for instance, using Green’s function
analysis to find the modified coupled-mode coefficients [68]. However, a knowledge of
the basics of these models will be sufficient to understand nearly all DFB modeling

variants.

The common starting point for all of these techniques is Maxwell’s equations,

P
VxE=-2B 4.1
T @D
5
VxH=J+2D 4.2)
o
V.D=p (4.3)
V.B=0 (4.4)

where E is the electric field vector (V/m), H is the magnetic field vector, D is the electric
displacement flux density (C/m?%), B is the magnetic flux density (Wb/m?), J is the
current density (A/m?), and p is the charge density (C/m’). The semiconductor material

may be considered to be isotropic:

D=¢E (4.5)
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B=uH (4.6)

where ¢ is the permittivity and u the permeability of the semiconductor medium. For

this analysis, we use a static model, so the time dependencies vanish. From Maxwell’s

equations, the Helmholtz wave equation is obtained,
V’E(x,y,z)+k;n;(x,y,2) =0 4.7)

ny(x,y,z) is the three-dimensional refractive index profile, which in this case for a DFB
laser will be periodic along the laser cavity within the grating region, and ko is the

vacuum wave number, given by

ky ===, (4.8)

where A is the wavelength of light. The goal of the different modeling methods outlined
below is to solve the Helmholtz equation for E(x,y,z) given a three-dimensional refractive

index profile.

4.1.1 Coupled-Mode Theory

Coupled-mode theory was the earliest method applied to the modeling of distributed
feedback lasers, by Kogelnik and Shank in 1972 [26]. In coupled-mode analysis, the
second-order wave equation for a periodic structure is formulated as two coupled first-

order equations, expressed in matrix form as [22]:

d {A(z)} iy [(5 + ja) K }[A(z)} ’ ( 4_9)

dz| B(z) K, —(6+ ja) || B(z)

ha

where 6 is the detuning of the propagation frequency from the Bragg frequency,

é6=p-p,, a is the modal gain/loss, and «,,,, 1is the coupling coefficient in the
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forward (reverse) direction. The Bragg frequency detuning represents the deviation from
the ideal Bragg frequency of the grating due to the details of the longitudinal laser cavity
such as the cavity length and facet reflectivities. The longitudinal fields, 4(z) and B(z),
are the slowly-varying amplitudes of the electric field:

E (x,y,2)= A(2)e'U(x,y)+ B(z)e " U(x,y) (4.10)

where U(x,y) is the transverse mode profile, 4A(z) is the forward-propagating field
amplitude, and B(z) is the backward-propagating field amplitude. Coupled-mode theory
is well-suited to modeling uniform grating sections. It can also treat certain grating non-

uniformities, such as phase-shifts, by incorporating them between uniform sections [69].

4.1.2 Transfer Matrix Method

The transfer matrix method (TMM) is a general purpose technique that divides a
computational domain into discrete sections, with known relations between fields at the
boundaries of the sections. The overall field can be obtained by a series of matrix
multiplications for each of the sections. To apply this analysis to a DFB laser, the electric
field is again assumed to have the slole-varying form of (4.10). The periodic grating is
now expressed in terms of alternating regions with an effective refractive index z.4, and
Negib, as illustrated in Figure 19. At the interface between each of these regions, there is a
discontinuity in the propagation constants and modal fields of the local normal modes.
The forward- and backward-propagating fundamental mode in region a, A,(z) and B,(z),
can be expressed in terms of the forward- and backward-propagating fundamental mode

in region b, A;(z) and By(z), through the matrix equation [70]:

A4, _ 1/t, r,/t, A4, @.11)
B, rplty, 1/t, || B,

where

50



B B B B
a [V a b
= - e -
> P> > > >,
AAa ;‘%b ‘Aa L{b Tba
Negr o Degp Degra Degr Defra
Figure 19, Illustration of the transfer matrix method (TMM) with two alternating media of
different sizes
2n, , 1

(4.12)

The coefficients 7, and 7, are related to the reflection and transmission coefficients, R

and T, by [22]

2 and T =2 | P

eff .a

R=

Y t, (4.13)

where it has been assumed that the mode is propagating perpendicular to the layered
material described by the transfer matrix. From (4.13) we see that R+7 =1, as would be

expected from the principle of conservation of energy.

The g, term is the overlap in the modal fields, ¢, , , between the two sections:
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The transfer matrix method can be used to provide accurate solutions of not only periodic
dielectric gratings, but also structures with large discontinuities (e.g. phase shifts) and
aperiodic structures. It has been applied in to the case of a second-order grating by Rozzi
et al. in a rigorous analysis that included all radiation modes [71]. The difficulty with
this type of analysis is that it requires a complete knowledge of the guided and radiation
modes when it is applied to higher order gratings. Rozzi ef al. used the effective index
method to reduce the two-dimensional waveguide cross-section to one dimension,
making the problem much more tractable. The laterally-coupled gratings considered here
require a strictly two-dimensional treatment, making the full analysis used by Rozzi et al.
much more difficult to realize. A complete solution of all the guided and radiation modes

of a two-dimensional waveguide is a computationally-intensive problem.

In his comparison between TMM and coupled-mode analysis, Makino demonstrated that
the two methods were equivalent when applied to uniform gratings [70]. The benefit of
TMM is that it is more easily applied to aperiodic structures than coupled-mode theory,
which is based on a Fourier series expansion of the periodic corrugation. However,
TMM must discretize non-rectangular grating shapes into many sections to properly

define them; by contrast, CMT requires only a change in the Fourier coefficient.

4.1.3 Transmission Line Laser Model

The transmission line laser model (TLLM), originally developed by Lowery [72], is
closely related to TMM, except instead of transfer matrices, scattering (or S) matrices are
used in each section. The derivation of S matrices is a well-known problem in
microwave circuits, and many solution algorithms can be adapted for the transmission
line laser model (TLLM). The application of TLLM to DFB lasers was also first
performed by Lowery [73]. The main contrast with TMM is that the calculations are all
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done in the time domain, enabling dynamic studies of DFB lasers. This is particularly
useful for studying the transient operation of lasers as they are switched on or off, for

instance during direct modulation.

To apply the transmission line model to the problem of a DFB laser, the laser cavity is
divided into a series of discrete sections with alternating low and high impedances, as
shown in Figure 20. Each section spans a half-period of the DFB laser. Within each
section, the S matrices are used to calculate the incident and reflected forward-traveling,
A" (n), and backward-traveling, B"(n) fields. While all fields in Figure 20 are depicted
for a single time step, the fields are in fact calculated based on the adjacent fields as
calculated during the previous time step. Thus, at time step k, the forward- and
backward- traveling waves within the n” section are calculated from the incident waves

of the (k-1) time step by the matrix equation

A7 (n) =[Sll(n) Su(n)} A'(n) 4.15)
B, [Sum S, ][ B, '

where the 2x2 matrix contains the scattering parameters of the n™ discrete section,
represented by S(n) in Figure 20. There are two types of interfaces in the transmission
line DFB laser model: low-to-high impedence, and high-to-low impedence. In a low-to-
high impedence transition, such as between sections » and n+1 in Figure 20, the fields are

calculated by the matrix equation

Al(n) Am) Al AT Ali2) AT1rk2)
—> | > | —» —> | —> >
—) —

S(m) S@n+1) S(t+2)

——] R E—
< < < - - <
B LOWZ B | Btl) HiZWZ  gigw)i praw2) LOWZ Bino)

< A2 >

Figure 20. Transmission line laser model representation of a DFB laser for three sections
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[A’(nﬂ)] [1+,<A/2 —m/z][ A (n) }
_ - _ (4.16)
B'(n) ) kA/2  1-1A/2|| B (n+]) ],

where the fields in the right-most matrix, 4"(n) and B"(n+1), are those calculated in the

previous time iteration, and x is the coupling coefficient. Similarly, for a high-to-low

impedence transition, the matrix equation is given as

A (n+2) _[1-1«\/2 KA /2 } A (n+1) @17
B+l | | -xA/2 1+xA/2|| B (n+2)] '

The advantages and disadvantages of the TLLM are similar to TMM. It is well-suited to
one-dimensional cross-sections and first-order gratings, and is the basis for the
commercial software VPIphotonics [74], which has been in turn used in other DFB laser
studies [75], [76]. However, the higher order laterally-coupled gratings considered here
would require significantly more computational effort, as a two-dimensional analysis

including radiating diffraction orders is required.

4.1.4 Green’s Function Method

The Green’s function method is a general technique that is used in the solution of non-
homogeneous partial differential equations. Consider a partial differential equation of the

form

Lu(x) = f(x) (4.18)

Where u(x) is the function to be solved, f{x) is a source term, and L is a linear differential
operator. Instead of considering f{x) as a continuous source function, we approximate it

as a series of discrete point sources, acting at the points x = x,, ,,...7,, Where x is within
a desired solution interval of 0 <x </. The Green’s function, G(x; ;(,.) , is defined as the

solution of (4.18) due to a unit point source at x= y,. The solution due to the discrete
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function at that point is G(x;%,) f(%,). To obtain the total solution, the point functions

can be summed up:

u(x)=§G(x;z,-)f(x,-)- (4.19)

The validity of this approximation becomes better as we sample the continuous function
flx) with more points. In the limit where n— 0, we replace the summation with an

integral, as

u(x)= jG(x; ) f(x)dx (4.20)

This integral over the solution domain (in this case 0 <x </) is essentially the impulse-
response of the partial differential equation (the Green’s function), weighted by the

source term.

The most difficult step of this method is usually obtaining the Green’s function itself.
Except for special cases, the Green’s function for most partial differential equations must
be evaluated numerically [77]. Shams-Zadeh-Amiri et al. describe in detail the solution
of the Green’s function for a higher order grating using a transfer matrix method [68].
This solution resulted in the modified coupled-mode equations, described below,
demonstrating the equivalence of the Green’s function and modified coupled-mode

analysis.

Freeze et. al. have developed a recursive Green’s function method that is capable of
modeling many general periodic structures, including DFB waveguides. This method can
also be extended to complex-coupled gratings [78]. In Section 7.7 of this thesis, we use a
Green’s function solution for the amplified spontaneous emission (ASE) in the DFB laser
to determine the coupling coefficients of the grating using the ASE spectrum, based on
the approach of Wenzel [79].
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4.1.5 Summary

While DFB lasers have been extensively modeled using the methods above, the use of
laterally-coupled higher order gratings is a particularly demanding case. Higher order
gratings have been simulated for a one-dimensional cross-secﬁon with all of these
techniques. The equivalence of these techniques has been established in a number of
studies, for example, [68], [70], and [80]. There is potential for extending all of these
analyses to two dimensions, however, most require knowledge of the radiation modes of

the lateral cross-section.

In modified coupled-mode theory, the original equations given in (4.9) for first-order
gratings have been modified to account for partial wave radiation loss by Streifer et al.,
[81], [82]. My thesis will present the extension of this theory to a two-dimensional cross-
section. This theory will account for the radiating diffraction orders of higher order
gratings, without requiring the solution of all radiation modes. One drawback of this
modified coupled-mode theory is that it is derived for scalar fields, in our case the TE
mode. In one-dimensional waveguides the analytical solutions for the fields can be
divided into transverse electric (TE) and transverse magnetic (TM) modes. In two-
dimensional waveguides, the field solutions will always have a minor field component.
For rectangular waveguides such as those examined here, this minor field component is
negligible compared to the major field component, and we can refer to the solutions as
being quasi-TE or quasi-TM fields. This allows us to extend these equations to the two-

dimensional case without requiring a fully-vectorial formulation.

4.2 Modified Coupled-Mode Theory

Since the original formulation of modified-coupled mode theory assumed a one-
dimensional cross-section, in this thesis we extend the cross-section to two dimensions,
more accurately describing the laterally-coupled grating. We will consider only consider

quasi-TE modes, since the 0.9% compressively strained quantum wells will selectively
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provide gain to TE polarized light. This laser is not designed to be operated at high

powers, and at moderate values of bias current, the laser should be mainly TE-polarized.

Modified coupled-mode theory begins with the Helmholtz wave equation, which must be

satisfied by the TE-polarized electric field, E,:

V2E (x,9,2)+kyn’ (x,y,2)E,(x,y,2) =0, , (4.21)

where n(x,y,z) is the three-dimensional refractive index profile and %y is the vacuum wave

number.

Since n’(x,,z) is periodic in the z-direction for a uniform grating, it can be expressed as a

Fourier series:

n(x,y,2) = Az (x, y) + z A (x,y)exp(j27qz/ A). (4.22)

g=—»

q+0

In (4.22), the g=0 term has been removed from the Fourier summation, and expressed

separately as 7, , i.. the refractive index profile in the transverse direction that has been
averaged over a single grating period. The value of 7] is complex,
n, =n,(x,y)— jo(x,y), where n, is the real, and « is the imaginary portion of the

refractive index. A is the grating period, and A,(x,y) is the two-dimensional Fourier
coefficient of the grating. While a Fourier transform of the periodic portion of the
refractive index would be more accurate for gratings of limited length, the Fourier series
(which assumes an infinite grating length) provides a good approximation, since a single
grating period is much smaller compared to the cavity length for all practical DFB lasers.
For instance, our 1310 nm lasers have a period length of 600 nm, orders of magnitude
less than the typical laser lengths of ~500 pum. Substitution of (4.22) into the wave

equation results in
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V2E (x,y,2) +kIRLE (x,,2) + ki E (X, ,2) z A (x,y)exp(j2rqz/ A)=0. (4.23)

g=—0

q=0

For a DFB laser with an N* order grating with a period of A, according to (2.10), the

propagation constant of the TE mode, f, =27n,, / A, should satisfy the Bragg condition:
Bo=Nrm/A N=123,.. . (4.24)

The electric field in a periodic medium can also be expressed as an infinite summation of

partial waves, according to the Floquet-Bloch theorem, as

E (x,y,2)= i E™(x,y,z)exp(jB,z), (4.25)

m=—o0

where £ is the m™ partial wave field component (m denoting field order); and f,, the
propagation constant of an m™ order partial wave, is defined with respect to B,, the

Bragg frequency of the grating given in (4.24), as

2rm
B, =B +—. (4.26)
A
The mode field is assumed to consist of a series of standing waves in the z-direction, with
the lowest order mode, m=0, being the mode that would exist in the waveguide in the

absence of a grating. Inserting (4.25) into the wave equation (4.23), yields, for an
arbitrary value of m:

V2E" (%, y,2)+ (korig (x,¥) = B ) E™ (%, ,2)

OE™ (x,y,z ©
Ok xy.7) ézy ) 123 A (6 9)E™ (x,7.2)
g=—

q+0

- 2jp 4.27)
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For a particular partial wave, of order p=-N, B,=-f;, corresponding to the

contradirectionally propagating fundamental mode. These forward- and backward-

propagating waves, E"(x,y,z)and E”’(x,y,z), may thus be expressed in terms of the

transverse fundamental mode profile, £,(x, ), as

EP(x,y,2)= A(2) &, (x,»),  EP(x,y,z)=B(z)&)(x. ). (4.28)

This defines the forward and backward longitudinal mode components, A(z) and B(z),

respectively. Substituting (4.28) for m=0 and m=p into (4.27), and using the slowly-
varying approximation that neglects the near-vanishing 8° / dz* longitudinal mode terms,

yields two coupled equations:

ZaOD 4(2)e TEED 4+ [ 0500~ 4] 4(2)e5)

ox 2
dA , & (4.29)
= —zj.ﬂo 'd—z‘go(an’)_koA-p (X,y)B(Z)go (xay)_ko Z Aq(xay)E)E_q) (x’yaz)
pry
and
o* , ol , n
—g—gf;llB(z)+—gg~y(—f—y)B(z) +[kgn§ (x,») —,B()z:lB(z) £,(x,y)
dB , L& (4.30)
= 2_]ﬂ0 Zgo(xay)—koAp (x,y)A(Z)go (xay)_ko Z Aq(xay)Eip_q) (x,y,z)
g=-w%
9=0.p

where the coupled terms of the summation have been placed on the right-hand sides of

(4.29) and (4.30). If we assume that the fundamental mode field, £,(x,y), is negligibly

perturbed by the higher order terms of the Fourier expansion and the imaginary part of

the refractive index, then &,(x,y) satisfies the homogeneous forms of (4.29) and (4.30),

as
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06y(x%,) , 0°5(%,¥) +

P & oy (x,3) = B ) £,(x,y) = 0. (4.31)

We can simplify the expression for #; in terms of its real and imaginary parts, », and &,
if we assume that 7 =(m ~2jn,&—&")~n; —2jn,é . Substitution of (4.31) into the

coupled equations, (4.29) and (4.30), results in

2],30 eo(x y)+[ 2jk0n0(x,y)d(x,y)+(ﬁ'2 - B )]A(z)go (%)

o (4.32)
= —k(fA_p (x,y)B(z) £ (x,y)—ko2 Z 4, (x,y)Ei”’) (x,»,2)
Teop
and
., dB . n 2 2
=2jp, Eso (x,y)+[—2]k0no (x,y)a(x,y)+(ﬂ - B, ):IB(Z)SO (x,y)
) - (r-0) (4.33)
=—ko A, (x,0)4(2) & (x,¥)—k; Z A, (x,2)E" (x,v,2).
g=—w»
q#0,p

These equations can be expressed in terms of the optical power by multiplying them by
g,(x,y) and integrating over the transverse cross-section from (—oo <x< 00) and

(-0 <y <), yielding

Z—‘:Jr(-a_ jé)A(z)

" o (4.34)
= jx_ B(z)+ ﬂP Z JAq (x,5)& (x,y)E)(c_q) (x,v,2)dxdy,
M "
and
_ﬁ‘g+(_a- j6)B(2)
(4.35)
=jK"A(Z)+2ﬂ Z J .[Aq (x,¥) & (%, ) EL? (x,y,2)dxdy,
0 g==%0 — ~0

q#0,p
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where the total power is

P=

é'——.s

T £ (x, y)dxdy. (4.36)

The modal gain (when positive) or loss (when negative), is given by

T T 1y (x, )& (x,y) & (x, y )dxdy. 4.37)

—0 =

2,3013

Note that the remaining integration in (4.34) and (4.35) is effectively only over the two-

dimensional grating region since the Fourier coefficients vanish outside that range.
=(ﬂ2— ,802)/ (28,)~p-p, is the Bragg frequency detuning, and the coupling

coefficient between the two contradirectionally propagating modes is

k7%
X, _ZﬂOP [ [ 4,(x.) (x.y)ddy. (4.38)

—00 —u3

It should be noted that (4.38) for x, is the standard equation used to calculate the

coupling coefficient of first-order rectangular gratings, as evaluated by Choi et al. for

various LC-DFB geometries [83].

The partial wave fields, E,™, are determined by (4.27), the right-hand side of which
incorporates the m™ partial wave dependence on all other partial waves. It has been
shown that a first-order approximation to the rightmost term, where only the
contributions of the lowest order modes, E”and E, are considered, gives an
acceptable estimation in the one-dimensional case [82]. If we also assume that the z-
derivative terms in (4.27) are negligible compared to the others, consistent with the
slowly-varying approximation, and that the modal gain/loss can be neglected for partial

waves other than the fundamental modes, then, using (4.28), (4.27) reduces to
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PE™(x,y,z) O*E™(x,v,z .
xaizy ), 0L (2y )+[kgng(x,y)—ﬂj,]E; '(x,¥,2)

=—k; [ 4,(x.)A(2) + 4,_,B(2) &, (x. ).

(4.39) has a solution of the form

E™(x,y,2)= A(z) e9(x, )+ B(z) g9 (x,y) m=0,p,

m

where £ (x, y)and £’ (x, y) both satisfy

m

d’s, (xv.y)  d’&,)(x,y)
dx’ a*
=_kgAm—i(x’y)£0(x>y) m#i,i=0,p,

+[ I )-8 a8 (. 3)

(4.39)

(4.40)

4.41)

The solutions for £{”(x,y) may then be substituted into (4.34) and (4.35) to obtain the

modified coupled-mode equations, yielding

dA o (o
E+(—a—15—Jél)A=J(K,,+é’2)B

—fl—lzg+(—a—j5—jé'3)3=j(’€'p +§4)A

where &, , are the Streifer correction terms that account for partial-wave coupling.

(4.42)

These terms are calculated, using the partial wave solutions obtained from (4.41), as
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gl = z ’7;?—)4

g=-0

g#0,—p

42 = z n;f’—)q

g=—o0

o (4.43)
43 = Z 77;?13—11

g==-c0

q=0,p

_ . 0)
44 - Z M4.p-q

g=—xn

q=0,p

where

i k2 i
Ly IGI A4,(x,9)80(x, 1), (x, y)ebxcy. (4.44)

The Streifer correction terms have a physical interpretation that is worthwhile to consider
for a better understanding of modified coupled-mode analysis results. The £ term
represents the reaction of all partial waves, radiating and non-radiating, generated by the
forward-propagating wave on the forward-propagating wave itself. Similarly, the £,
term represents the reaction of all partial waves generated by the backward-propagating
wave on the backward-propagating wave itself. For all gratings, these terms will be equal,

G, =¢; [82]. The real parts of ¢, may be positive or negative, and will affect the
deviation from the Bragg frequency. The imaginary portions of £, represent the

additional radiation loss in the transverse direction due to the partial waves, and hence are
always positive. These terms will cause the threshold gain required for higher order
gratings to be greater than for first-order gratings, because the latter ideally have

&, .4 =0, and thus no radiation loss in the transverse direction. The ¢, term is due to the

reaction of all partial waves generated by the backward-propagating mode on the

forward-propagating mode, and vice versa for the 4, term. For gratings with grating

teeth that are symmetrical in the +z and —z directions, such as most of the gratings

considered (see Figure 21 below), ¢, =¢,. The £, and £, terms represent additional
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indirect coupling between the forward- and backward-propagating modes through the
partial waves. They act as corrections to the coupling coefficient, and therefore an

effective coupling coefficient, taking into account partial wave effects, can be defined as

[84]:

o/vr) (4.45)

K =\/(Kp +§z)("—p +§4) -

Ko

This effective coupling coefficient is generally a complex value, with the real portion
denoting the degree of index coupling of the grating, and the imaginary portion the
degree of gain/loss coupling of the grating.

4.3 Grating Fourier Coefficients

The Fourier coefficients, 4,(x,y), are determined by the shape of the grating. Following
the analysis of Streifer [81], we express an arbitrary squared refractive index profile

within a grating region of period A as

9 ) Eoe: nlz{U(z—wl(x,y)—qA)-—U(z—wz(x,y))—qA}
x’ s =
P P +n22{U(z—wz(x,y)—qA)—U(z—wl(x,y)—(q+1)A)}

(4.46)
where U is the Heaviside step function, and w; and w, are arbitrary functions used to
define the leading and trailing edges of the grating shape. This function can be used to
determine any grating tooth shape, not only rectangular. The step function is used to
define the abrupt change in refractive index at the interface between »; and n, materials,
as shown in Figure 21, and does not fix the grating shape as rectangular. We begin by
assuming variation of the grating in only in the the yz-plane. Variations of the grating in
the horizontal direction can be expressed according to our coordinate system by a simple

change of variable, from y to x. The average refractive index (i.e. g=0), is
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ny (¥) = {1 (m,(0) =W, () +75 (A+w () -w, ()} A (4.47)

To obtain the Fourier series in the z-direction, the standard Fourier series formula for the

Heaviside step function is used:

A2
(71\— I n*(x,y,z)exp(—j2rqz/ A)dz
_Af R (x,y)eCG
4,63) =1 (15 -n) _ _ (4.48)
=~———{exp(~j27qw,(»)/ A)~exp(—j27zgw (»)/ A)},
Jj2nq
0, else

where G is the two-dimensional grating region. The functions, w(y) and w,(y) define the
leading and trailing edge of the grating shape over one period. n; and n, refer to the
refractive indices of the high-index semiconductor and low-index dielectric material,
respectively, and A is the period of the grating. Figure 21 shows the four varieties of

grating shapes to be considered here: sinusoidal, blazed, rectangular, and trapezoidal.

4.3.1 Sinusoidal Gratings

For sinusoidal gratings, shown in Figure 21a, the shape functions are given by,

A 4 2 A 4 2
W, =5 —cos l(—;(y—g/Z)) and w, == cos 1(E(y—g/2)) (4.49)

where g is the grating height. Note that, in this particular case, w, =—w, due to the

symmetry of the grating. These shape functions result in an average refractive index,

determined from (4.47), of
2
2 (y)=2-cos™ (3( y-g/ 2))+ n (1 L os (3( y—g/ 2))} (4.50)
T g T g
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Figure 21. a) Sinusoidal, b) blazed, c¢) rectangular, and d) trapezoidal grating dimensions
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within the grating region. This term reduces to # in the limit where y — gand to ». in
the limit where y — 0, a useful check for the accuracy of the expression. Substituting

(4.49) into (4.48) gives the Fourier coefficients for a sinusoidal grating:

A4, (y)=—(—nz;n]—){sin[qcos'1 (—Z—(y—g/2)ﬂ} (4.51)
g g

4.3.2 Blazed Gratings

For a blazed grating, shown in Figure 21b, the grating shape functions are:

w(y)=-

(A-2)
g

A
y and w,(y) = Ey (4.52)

where Ais the blazed grating shape parameter. The average refractive index, #;(y) is

n(y)=n’ (—y-jwi( —1) (4.53)
g g

within the grating region. Note that this is independent of the blazed grating shape

parameter, A. The Fourier coefficients of the blazed grating are

A, biazea (V) = (—nz.;nl—){eXp(—ﬂﬂq (A) y] —CXP(“j Zﬂq(A— Ajy)} (4.54)
J2mq gA gA

This cannot be simplified to a sine function since blazed gratings are generally

asymmetric. For symmetrical blazed gratings, i.e. triangular gratings as we will refer to

them in Chapter 5, A= ] A, w,=—w,, and the Fourier coefficients can then be
2 1 2

simplified to a sine function, as
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4,,(») =-Msin£7zq(ln. (4.55)
nq g

4.3.3 Rectangular Gratings

The simplest grating shape is rectangular, as rectangular gratings have spatially-
independent Fourier coefficients (except for the dependence on G, the grating region).

For a rectangular grating with a duty cycle of y, as shown in Figure 21c, the shape
functions are

w,=—(A=yA)/2 and w, =(A-yA)/2=—w,. (4.56)

These equations give an average squared refractive index of

n =n (1-y)+n; (¥) (4.57)
and Fourier coefficients of

2
m=n) .
A, =——(2”—q)51n(ﬂq7). (4.58)

4.3.4 Trapezoidal Gratings

The gradual transition from a triangular to a rectangular grating can be studied using a
trapezoidal grating shape, pictured in Figure 21d. The grating shape is assumed to be a
combination of the rectangular grating and triangular grating shapes. For simplicity, we

assume the grating is symmetrical, with the shape functions:
A 1 x A 1 x
w(y)=——+0A| ———| and w. =——-0A| ——— 4.59
== (2 g) (V) 2 (2 g) (4.59)
The o parameter controls the portion of a grating period that is angled, as shown in

Figure 21d. When o =0, the grating is rectangular in shape with a duty cycle of 0.5.
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When o =1/2, the grating has a symmetrical triangular shape. In between these values,

the grating is trapezoidal in shape. The average squared refractive index is

n(¥)=n (l -0'( —Z—XD+ n (—1— + o-(l —QD (4.60)
2 g 2 g

and the Fourier coefficients are defined by
n2 _ 2
A ,mp(y):—-(—z—-nl—)sin 7q 1 _o(1-221]|. (4.61)
" nq 2 g

4.4 Modified Coupled-Mode Numerical Simulation

The first step in the modeling of LC-DFB lasers using modified coupled-mode theory is
to solve (4.38), (4.41), and (4.43) for the modified coupled-mode coefficients, i.e. «,

and ¢,_,. This section describes in detail the procedure to determine these coefficients

for a given LC-DFB cross-section. First, the fundamental quasi-TE mode solution for the
waveguide is found using finite-element analysis. This solution is used in (4.38) to

calculate x,; the fundamental mode field is also substituted into (4.41) when solving for

the partial wave fields. These partial wave fields, also solved using finite-element

analysis, are then used in (4.43) and (4.44) to find the Streifer correction terms, &,_, .

4.4.1 Fundamental Quasi-TE Mode Solution

The fundamental quasi-TE mode solution, &,(x,»), is calculated from the homogeneous

wave equation (4.31). The modal solutions are obtained using the RF Module of
COMSOL Multiphysics software [85]. This finite-element analysis software may be

used to find the modal solutions of arbitrarily shaped waveguides. The solutions are fully
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vectorial, so all spatial components of the E and H fields are solved. Since the Streifer
terms are formulated from the scalar wave equation, only the scalar E; field is utilized in

further calculations.

The average squared refractive indices used in the grating region are given by the
formulae of Section 4.3, for example, (4.57) for a rectangular grating. An average
refractive index is also used in the MQW region, instead of individually specifying the

indices of each quantum well and barrier layer. The average index in the MQW active

region, 7,,,, , 1s

B NQWnQWLQW +(NQW +Dn,L,

n .= 4.62
MW Ny Loy + (N +1) L, (4.62)

where N, is the number of quantum wells, L, ,, is the thickness of the quantum well
(barrier) layer, and 7,,,, is the refractive index of the individual quantum well (barrier)

layers. This average refractive index greatly minimizes the number of mesh elements
required by eliminating the nanometer-scale quantum wells, and has a negligible impact
on the fundamental mode solution. An example of a quasi-TE mode solution is shown in

Figure 22.

One of the difficulties that arise during finite-element solution using COMSOL
Multiphysics is that of spurious mode solutions. The standard boundary conditions that
are used in COMSOL are perfect electric conductors (PECs). While the computational
boundaries may be set wide enough so that these boundaries do not interfere with the
desired fundamental mode solution, they can generate artificial resonances that often
result in numerous unphysical higher order mode solutions. While with a standard
simulation the fundamental mode solution can be manually inspected to ensure it has
been properly solved, we prefer an automated solution for the large number of mode
solutions that will be obtained. To algorithmically extract the fundamental quasi-TE

mode solution from the many spurious solutions generated by COMSOL, I performed

70



4 ] L L] Alr
Grating regions 0-10 Metal
74 contact
3
“—T—Dielectric
—_ =1 /
E _ T G
> Lasing | \(MQW)
mode 1 2
1
0-Substrate
0 1 [ ] [ ]
-2 -1 0 1 2
X (pm)
Figure 22. Fundamental quasi-TE mode solution of LC-DFB laser. Refer to Table 3 for details

of each layer number.

modal overlaps of the |E\(x,y)| fields with a two-dimensional Gaussian function. The
fundamental quasi-TE mode solution will have a significantly higher overlap value
compared to all other solutions. The reason for this is that the single peak in the vertical
and horizontal directions of the fundamental mode solutions, closely matches the form of
a Gaussian (with different sigma values in the x- and y-directions), which also has a
single peak in the horizontal and vertical direction, particularly compared to multiple
peaks in higher order solutions. I found this method to be a simple yet fast way to find
the quasi-TE mode fields (or quasi-TM mode fields if the |[H(x,y)| field is used) given the
large array of spurious solutions that can be generated by COMSOL. The drawback is
that this approach is somewhat dependent on the choice of the Gaussian test mode
parameters - manual inspection is still sometimes required, particularly if widely-varying

ridge geometries are simulated.

The computational window required to determine the fundamental quasi-TE mode is
smaller than for the partial wave solutions, since the mode is not radiating. The window

of 14 um x 10 um, in the x- and y-directions, respectively, was selected to be sufficiently
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large so that there is negligible interaction of the mode field with the PEC boundaries.
The finite-element mesh was adaptively refined to maximize the mesh density in the
areas of the highest mode intensity. The effective index eigenvalue and quasi-TE mode

eigenfunction are used in (4.38) to generate x,, the coupling coefficient between the two

contradirectionally propagating fundamental modes. In a first-order grating, x, can be

considered to be the total coupling coefficient, since there is no coupling to radiating
partial waves. Previous analyses of the coupling coefficient of higher order LC-DFB

lasers have considered only the x, term in the calculation of the coupling coefficient

[55], [86], [87]. Our calculations demonstrate that the effective coupling coefficient,

K,z » as defined by (4.45), can vary significantly from .

4.4.2 Partial Wave Solutions

Once the fundamental quasi-TE mode for the LC-DFB waveguide has been obtained,
(4.41), (4.43), and (4.44) are used to find the Streifer coefficients. The calculation of the

Streifer coefficients requires the solution of the partial waves, £(x,y) from (4.41).

This two-dimensional problem is solved using COMSOL Multiphysics, using the
Helmholtz wave equation application mode [85]. The problem is simpler than the mode-
solving problem of Section 4.4.1 because it is not an eigenvalue problem; instead, the

propagation constant is a known quantity given by (4.26).

The partial wave problem, however, does present an additional difficulty compared to the
mode-solving problem. For partial wave orders 0 < m < N-1, the partial wave will be
radiative. For higher order gratings, this results in N-1 radiating partial wave solutions.
This presents difficulties when simple Dirichlet or Neumann boundary conditions are
used. If a significant portion of the radiating field is reflected from these boundaries,
spurious resonances will occur, resulting in incorrect solutions. The size of the
computational window could be increased until there is a negligible field at the boundary,
but this requires an impractically large amount of computational memory and

prohibitively long simulation times. Instead, absorbing boundary conditions are used for
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computing the partial waves. Figure 23 illustrates the difference in the solutions obtained
when absorbing boundary conditions are used. The spurious resonances that are apparent
in Figure 23a, with simple Dirichlet boundaries, are eliminated by the absorbing

boundary conditions, as shown in Figure 23b.

The absorbing boundary has a conductivity that increases in only one direction, i.e. in the
x-direction for the left and right boundaries and in the y-direction at the bottom boundary
(the highly-reflective layer of metal and air above the ridge makes the use of an
absorbing boundary at the top unnecessary). The unitless extinction coefficient, o, in the

x-direction is given by,

o =0 ((x=2,)/ W) (4.63)

where W is the width of the absorbing layer, x( is the x-coordinate at the edge of the

boundary layer, and o, is the maximum extinction coefficient that occurs at the outer
edge of the absorbing boundary. A value of W=1 um was chosen to maintain a
reasonable sized computational area, and the change in ¢ as the value of o, was varied
was determined. It was found that the real and imaginary parts of £, both reach a stable
plateau for a range of values near o, = 10. This value of o, is used for all subsequent

calculations.

10

0 -10 0
X (pm) X (um)

Figure 23. Radiating partial wave of order m=0.7 for a third-order grating with a duty cycle of
0.7 a) without absorbing boundary conditions and b) with absorbing boundary conditions
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In a similar fashion, the computational window size and density of the adaptive mesh
were chosen to be sufficiently large to achieve convergence of the coupled-mode
coefficients. The size of the computational window is 30 pm in width, with a substrate
thickness of 15 pm and a top air layer of 1 um. The mesh is adaptively refined for each
fundamental mode and partial wave solution. The reader is referred to COMSOL
documentation for more details on the adaptive mesh refinement algoritm used [85]. The
effect of adaptive refinement is to increase the density of the mesh in the regions of the
highest field intensity. = Typical fundamental mode solutions used 100 000 mesh
elements and typical partial wave solutions used 200 000 mesh elements. Figure 24
shows a representative adaptive mesh used for a a) fundamental TE mode and b) first-
order partial wave solution. It is apparent from comparison of the meshes that the partial
wave solutions require a dense mesh over a much larger spatial extent than the
fundamental mode solution mesh. The infinite summations of (4.43) must be truncated to
allow the Streifer coefficients to be numerically evaluated. Fortunately, the terms, as
they are weighted by the Fourier coefficient term, decrease in value away from the major
partial wave orders near g=0, and higher order partial wave orders can be safely
néglected. We found that the coupling coefficient converged to within 0.1% of the
asymptotically converged solution when using only partial wave orders from -9<m<7.

These are the partial wave orders used in the subsequent simulations.

All modified coupling coefficients for a given two-dimensional cross-section can be
generated in approximately 30 minutes using a 2.66 GHz dual quad-core computer with

24G of RAM using a Linux operating system. Only &, and £, are calculated for
rectangular gratings since, as mentioned above, &, =, and &, =¢, due to the symmetry

of the grating.
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Figure 24, Adaptive mesh for the a) fundamental quasi-TE mode and b) first-order partial
wave solution.
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4.5 Simplified Laterally-Coupled Distributed Feedback Threshold
Solutions

The simplified longitudinal mode solutions are found from the modified coupled-mode
equations given in (4.42). For the simplified solutions, it is assumed that the threshold
gain, o, and Bragg frequency detuning, J, are independent of position. This assumption
is reasonable near threshold where the carrier distribution, and hence gain, should be
relatively uniform. As we will see in Chapter 6, this assumption can fail as we operate
the laser at higher bias currents. These two eigenvalues, @ and &, must be solved along
with the two eigenfunctions, 4 and B, the forward- and backward-propagating
longitudinal modes, respectively, from (4.42). The facet reflectivities, »; and r», are

assumed to be known quantities, resulting in a two-point boundary value problem.

To solve (4.42) for A and B, we use a technique known as the shooting method [88].
With the shooting method, we begin at the left facet, with reflectivity ;. The value of

B(z = O), the counter-propagating field at the left facet, is arbitrarily chosen. It can be
shown that the eigenvalues are independent of the chosen value of B(z = 0). The value
of A(z=0) is obtained through the boundary condition A(z=0)=,B(z=0). Values

for & and & are assumed, and the longitudinal fields for the assumed eigenvalues are

found by integrating the left facet fields according to (4.42) to find A(z=L) and
B(z= L) , the values of the fields at the right facet. These fields are compared to the

boundary condition B(z=L)=r,4(z= L), resulting in an error function of the form,

e=A(z=L)—rzB(z=L) (4.64)

For a solution (i.e. the « and J eigenvalues) to be found, both the real and imaginary

portions of this error function must equal zero
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R {g (a,0 )} =0
(4.65)
3{e(a,8)} =0

The shooting method adjusts the eigenvalues used based on the error condition (4.65)
after each iteration until a convergent solution has been found. Two further algorithms
are required to obtain these solutions: 1) a numerical integrator to evaluate A(z=L) and
B(z=L) given A(z=0), B(z=0), a, and 6, and 2) a root-finding algorithm to
determine what @ and & eigenvalues satisfy the error condition (4.65). We will use a

4™ order Runge-Kutta integrator and a Newton-Raphson root-finder for these two

algorithms.

4.5.1 4™-order Runge-Kutta Numerical Integration

To find the field amplitudes at the right facet, 4(z=L) and B(z = L), from (4.42), a 4™-

order Runge-Kutta (RK4) integrator is used. This method applies to coupled first-order

differential equations of the general form

,(2)

2= 1 Yoo s Vi) i=0,.,N-1, (4.66)

where y, are the coupled eigenfunctions (in our case 4 and B), and z is the dependent
variable. The RK4 solver is implemented by dividing the computational domain into
discrete slices of length % along the longitudinal (z-) direction. The first values, y" are

assumed to be known from the boundary conditions, and all subsequent values of the

(n)

eigenfunctions, y"*", are obtained from the values in the previous slice, y{”, using,

i
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and

k k, k, k
y,-(”+1) :yz'(”)+_1+_2+_3+_4-

. 4.67
6 3 3 6 (4.67)
The RK4 method is a much more robust but slower solver compared to those based on
other techniques such as Burlisch-Stoer and predictor-corrector methods [88]. It is
possible that these other methods would also be suitable for this problem, but it was

decided to trade off computational efficiency for a reliable solution algorithm in this case.

The algorithm is applied to (4.42) by setting ¥ = A” and 3" = B™, so that

(27,47 B, a.5)=(a+jo+ j6) A" +j(x, +6,)B”  (468)

It is straightforward to include an arbitrary phase-shift in the RK4 solver. At the point
where the phase-shift occurs, the phase of the 4 and B fields are correspondingly shifted.
For instance, a A/4 phase-shift between the slices # and n+1, the 4 and B fields will be
given by,

A(n+1) = A(n)eilr/Z

B — gim) minr2 (4.69)

where the negative shift for the B field is due to the negative propagation constant

relative to A.

4.5.2 Newton-Raphson Root-Finding Algorithm

The Newton-Raphson algorithm is an iterative technique that relies on the partial

derivative of a function to make successively improving approximations of the root for

78



the next iteration [88]. It converges rapidly, but only if a good initial guess is provided.
A general multidimensional root-finding problem consists of N functions to be zeroed,

with each having N dependent variables:
F(x,%,,...%,)=0 i=12,.,N. (4.70)

In our case we have simply two functions, R{¢} and I{¢}, given by (4.64), and two

dependent variables, a and 0. The general case can be expressed in matrix notation, i.e.
F(x)=0, where F is a vector of the functions to be zeroed and x is a vector dependent

variables. Expanding F in the neighborhood of x using a Taylor series results in,

N
F,.(x+5x)=F;(x)+Z?5xj +0(5x*) (4.71)
=1 0%

J

where O(x?) denotes second-order terms of the Taylor series expansion that are ignored.
The matrix of partial derivatives in (4.71) is known as the Jacobian matrix, J, with
elements given by: |
OF,

y = (4.72)

ox.

J
Using the Jacobian matrix, J, the first-order Taylor expansion is expressed in matrix

notation as:

F(x+6x)=F(x)+J-5x+0(5x%). (4.73)

The Newton-Raphson (NR) technique begins by taking an initial guess, solving for F(x)
and J, and then calculating the Jx, based on these values, that is most likely to lead to a
root. This dx is added to the current guess to give an improved guess for the next

iteration, Jx,, =x,,+0x. To calculate the best-guess value of x, we neglect the

higher order terms of the Taylor expansion and set F(x+ 6x)=0 to obtain
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J-5x=-F. (4.74)

This is the matrix equation that must be solved for each iteration of the Newton-Raphson

method to find Jx, and hence dXgew.

This method assumes that J is a known quantity. The error function we are using is not
analytical, so the Jacobian must be calculated numerically. A finite difference method is

employed to calculate the Jacobian matrix:

_ E(xj +hxj)_F;(xj)
/. hix

g

(4.75)

where 4 is a very small step size operator. In our case, 4 was set to the square root of
‘eps’, a Matlab variable that returns the lowest available numerical precision. This gave a

value of #/=1.4901 x 10 on a standard Windows desktop PC.

The NR root-finding algorithm is applied to this problem by using the vectors

x= [Z] and F= [Zg}} } (4.76)

4.5.3 Implementation

The shooting method relies on a root-finding algorithm to successively determine the
solution that matches the boundary conditions. The NR root-finding algorithm is well-
suited to determining a single root when given a good initial starting point.
Unfortunately, multi-dimensional root-finding of multiple non-linear equations is not a
trivial problem. Press et al. go so far as to say that, “there are no good, general methods
for solving systems of more than one nonlinear equation. Furthermore, ... there never
will be any good, general methods...” [88]. In our case we have two functions, the real

and imaginary parts of the error function. The intersection of the zero contours of these
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functions will give the roots. These contours will consist of an unknown number of
disjoint curves. As an example, Figure 25 shows the zero contours of the error function
for a third-order phase-shifted grating with a duty cycle of 0.6 and length of 500 pm. The
contours in Figure 25 are plotted versus the normalized gain, al, and normalized Bragg
deviation, L. The contours have multiple intersection points, and the NR root-finding

algorithm will converge on only one of these possible solutions.

To find all roots in the two-dimensional space within a reasonable amount of time, a two
step algorithm is used. First, a rough pass over the entire solution space is performed.
Step sizes of A(al)=0.2 and A(6L)=0.5 were found to be sufficient. From this low-
resolution picture of the solution space, all local minima are bracketed. Each of these
local minima are then used as initial guesses for the two-dimensional NR root-finding
algorithm. It often happens that two distinct local minima converge to the same solution;

in this case the repeat solution is simply discarded.
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Figure 25. Zero contours of the real part of the error function (solid lines) and the imaginary

part of the error function (dotted lines) for a phase-shifted third-order 500 pm long grating with a
duty cycle of 0.6. Intersection points indicate eigenvalue solutions.
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The algorithm was implemented using MATLAB. Convergence typically occurs within
three iterations, taking only a few seconds, with the most computationally-intensive

portion of this calculation being the initial search for root intervals. For a typical search

area of SLe[-10,10] and «Le[0,5] the complete root-finding routine takes only

approximately 30 seconds on a standard desktop PC.

The critical parameters that can be obtained from this analysis are the longitudinal mode

with the lowest normalized threshold gain, (L) _, and the difference between this gain

and the normalized threshold gain of the next mode with the next lowest («L). This is

referred to as the normalized gain difference, or NGD. A good LC-DFB laser design will
have a relatively low (ocL)min and a relatively high NGD. Typically, values of NGD >

0.2 are considered desirable [89]. Another critical consideration when selecting a cavity

length is the optical field flatness. This can be quantified with the flatness parameter, F:
14 i
F=—\|1{z)/1,6-1|dz 4.77
2/ 1, 1] “.77)

where the intensity, /, is given by [ = |A (z)l2 +|B(z)|2, and 1,, is the average intensity in

the laser cavity. F will decrease as the optical field becomes more uniform within the
laser cavity. The carrier distributions tend to approximately follow the optical field
intensity, 1. If I is highly non-uniform, the carrier distributions will be non-uniform,
leading to longitudinal spatial hole burning (LSHB). A large degree of LSHB produces a
number of detrimental effects in DFB lasers, including frequency shifts, nonlinear LI
characteristics, and a longer settling time after a change in current due to the time
constant of the spatial hole burning. To minimize LSHB, a flatness criterion of ¥ < 0.05

is used, based on the work of Fernandes [90].
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4.6 Comparison with Other Models

The simulations by Zhong et al. [91] provide a useful comparison for our model. Their
simulation of a second-order distributed feedback laser includes the calculation of the
modified coupled-mode characteristics and the simplified longitudinal mode solutions
based on a 2D cross-section. The gratings examined by Zhong et al. in this particular
paper are not laterally-coupled, but are instead within a thin 30 nm layer near the active
layer. However, the solution procedure for the two treatments is similar. Although their
exact solution algorithm is not explained in detail, they did use a modified coupled-mode
analysis on a two-dimensional cross-section, with the partial-wave fields calculated using
a finite-difference solver. The goal is to replicate their results using the solution

algorithm that was outlined in Sections 4.4 and 4.5.

The placement of the gratings leads to a radiating partial wave that is quite different from
those calculated for the LC-DFB lasers shown in Figure 23b). The radiating partial wave
field, shown in Figure 26, agrees well with the result shown by Zhong et al., although an

X (um)

Figure 26. First-order radiating partial wave calculated for the DFB laser of Zhong et al.
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exact comparison is impossible since their figure does not include an intensity scale.
From this figure, we see that there are strong resonances within the waveguide ridge,
mainly in the y-direction. Depending on the height of the ridge, these resonances will be
stronger or weaker, resulting in a periodic effective coupling coefficient dependence on
the ridge height that also occurs for laterally-coupled gratings, as we will see in Chapter

5.

A numerical comparison can be performed by calculating x,, for a range of duty cycles

from O to 1. The solid lines of Figure 27 are points calculated by our program, the circle
markers denote points calculated by Zhong et al.; the maximum deviation between the
two sets of values is 4%. The Zhong paper did not include the refractive index they used
for the MQW active region, and the height of the ridge was oddly specified in terms of
the radiating partial wave wavelength (which was only approximately stated), so some
deviations between the two results are not unexpected. Figure 27 shows quite close

agreement, however, for both the real and imaginary parts of x,, over the entire range of

duty cycles.

The longitudinal mode solutions were compared by calculating the solutions for a 0.5 and

I mm laser cavity at a duty cycle of 0.6. A comparison of the solutions calculated by
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Figure 27. Comparison of a) real and b) imaginary parts of the effective coupling coefficient

calculated for the DFB laser of Zhong ef al.. Solid lines are our calculated results, circle markers are
points calculated by Zhong et al.
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Zhong et al. and those calculated using our model is shown in Table 4. There is a
deviation of < 0.1% in the longitudinal mode solutions when using the NR root-finding
routine described above. The results of this model were also checked against the
effective coupling coefficient calculations of Zhong et al. for laterally-coupled gratings
[92], and the longitudinal mode solutions of Kinoshita [93]. This model also showed a
good agreement within 10% of the results of both of these papers.

Cavity length | L=0.5 mm - | L1 mm

oL oL oL oL
This work 2944, 3.136 | 1.296,1458 | 4.109, 4283 | 0.649, 1.012
Zhongetal. | 2042, 3.134 | 1.204,1456 | 4.108, 4282 | 0.649, 1.012

Table 4. Comparison of this model and results of Zhong et al. [91]
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CHAPTER 5 - ANALYSIS OF LATERALLY-COUPLED GRATING
PARAMETERS

The main motivation for the development of these LC-DFB lasers is to achieve improved
manufacturability using stepper lithography, as described in Chapter 2. It anticipated that
LC-DFB lasers manufactured using stepper lithography will have a higher potential
throughput compared to traditional DFB laser manufacturing due to the elimination of a
regrowth step. However, if the design is highly sensitive to normal process variations,
the resulting poor yield may cancel out the benefits of this higher throughput. It is
important, therefore, to consider those grating parameters that may be reasonably
expected to experience process variations, and to ensure that we choose a design that is
not only high-performance, but also fabrication-tolerant. In this chapter, we will consider
five grating parameters: the grating order, shape, duty cycle, grating height, and ridge

width. In addition, the effect of the metal contact composition will be considered.

The gratings are compared through the modified coupled-mode coefficients, calculated
using the numerical methods and theory of Chapter 4. In particular, the effective

coupling coefficient, x,, given by (4.45), provides a useful parameter for the

comparison of different gratings that have the partial wave correction terms included.

The magnitude,

Kl= \/S{/ceﬂ}z +ER{KW}2 - where S{K‘eﬁ,} is the imaginary portion of

K> and iR{K‘eﬁ} the real portion of x,, - is a measure of the strength of the grating.

The phase of « ., ¢k, )=tan™ {3k .}/ Rix !}, is a measure of the longitudinal
€] eff eff eff

mode discrimination of the grating. The inverse tan function is evaluated to be between
—m/2 and z/2 radians, resulting in phase jumps when the phase is rotated more than =

radians.
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5.1 Duty Cycle

One of the most critical grating design parameters is the duty cycle, also referred to as the
mark-to-space ratio. Referring to Figure 6, the duty cycle, y, is given by y=a/A,
where a is the length of the wide ridge and A is the grating period. The Fourier
coefficients of the rectangular grating, 4,, are determined by the duty cycle and refractive
index contrast of the grating, as seen in (4.58). The refractive index contrast can be
somewhat adjusted, but is largely dependent on the requirements of the epitaxial growth
structure, described in Chapter 3. The duty cycle is a geometrical parameter whose

variation provides for considerable adjustment of 4,, despite some caveats that will be

described below.

In Figure 28, we see the variation in the effective coupling coefficient with duty cycle for

grating orders from first to fourth. The effective coupling coefficient, x_., generally
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Figure 28. Effective coupling coefficient vs. duty cycle for a) first-order, b) second-order, c)
third-order, and d) fourth-order gratings for a ridge width of Wy/Wy =1.5/3 (um).
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grows with y for all grating orders. As the duty cycle increases, the average refractive
index in the grating region will also increase. This increases the optical confinement in
the grating region, resulting in a larger x, value. As the duty cycle approaches 1, the
grating begins to disappear, as will likewise the coupling. This overall trend is modulated

by the peaks and valleys that occur in the Fourier coefficient, 4,, with the duty cycle.

The number of these peaks and valleys will increase as the grating order increases. Not

only do the number of peaks and valleys in |k

e

increase as the grating order increases,

but so do the number of phase jumps inx,, . The phase jumps indicate a wrapping of the

phase, so more phase jumps indicates that the phase is changing more rapidly over the

range of duty cycles.

These graphs reveal desirable points of stability for LC-DFB laser design. If x; is

tolerant to small changes in grating geometry, this results in a reliable laser and one that

is tolerant to processing variations, producing a superior manufacturing yield. These

points of stability correspond to the extrema of IK'effl seen in Figure 28. For the first-
order grating, the coupling coefficient is purely real, and |Keﬂl has a single peak at a

duty cycle of ¥ =0.78. The second-order grating has two peaks of lK‘effI =29.2 and 94.4

em™ at duty cycles of 7=0.3 and 0.8, the third-order grating has three peaks of |«
15.2, 26.6, and 90.8 cm™ at duty cycles of y=0.15, 0.5, and 0.85, and the fourth-order
grating has four peaks at duty cycles of y=0.15, 0.3, 0.6, and 0.9 where IKeff|= 17.3,

16.3,29.8, and 85.0 cm™, respectively.

The phase of x; is zero for a first-order grating, and will jump 7 radians N -1 times for

an N* order grating. These jumps occur at y=0.5 for the second-order grating, at y =0.3

and 0.6 for the third-order grating, and at »=0.25, 0.425, and 0.7 for the fourth-order
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grating. When the phase of «,; goes to zero, the longitudinal mode discrimination will

be zero, and the lasing mode will be unstable, as will be seen in Chapter 6. These zero-

crossings occur at gratings of third-order and higher, for example, at y = 0.5 for the

third-order grating, and at = 0.35 and 0.65 for the fourth-order grating.

The value of «,, can differ significantly from the simple coupling coefficient, x,, that

neglects the radiating partial waves. For instance, at a duty cycle of 0.7, we calculate that

a third-order grating has a simple coupling coefficient with a magnitude of |Kp|= 13.1

cm’, while the calculated effective coupling coefficient has a magnitude over three times

as large, of |Keff|=47.2 cm™. This demonstrates the importance of including radiating

partial wave effects in calculations of higher order gratings.

The duty cycle that can be chosen will be limited by the resolution of the lithographic
patterning process. A first-order grating with a Bragg wavelength of 1310 nm and y =0.5

requires feature sizes of 100 nm, where the minimum feature size is (1—y)A for duty

=90.6 cm™. A third-order grating with the same

cycles > 0.5. This grating has a [k

off
Bragg wavelength of 1310 nm and y=0.5 requires feature sizes of 300 nm, but has a

|qu\=26.1 cm™. The choice of higher duty cycles can improve the grating strength, but

will require smaller feature sizes. This will be examined in more detail in the following

section.

The &, vs. duty cycle characteristic, shown in Figure 29, is also important to consider.
The imaginary parts of the £, terms, as mentioned above, represent the light radiating

away into unwanted diffraction orders. Large imaginary terms will result in higher
threshold gains as more light is lost. The first-order gratings do not experience this loss,

and are not shown here, as ¢;=0 for all duty cycles. Second-order gratings have a
maximum 3{¢;} of 27 em™ at y=0.525, third-order gratings have a maximum 3{¢} of
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31.1 cm™ at ¥ =0.675, and fourth-order gratings have a maximum S{C’l} of 31.4 cm™ at
y=0.725. There is relatively little difference in the maximum 3 {é’l} across the different
grating orders, but for fourth-order gratings the maximum occurs at'a y value that is

closer to the 'K’eﬂ| peak. It is difficult to draw general conclusions about the grating

performance based purely on the £, values. We will instead use the longitudinal mode

solutions, calculated in Chapter 6, as they will include the effect that these correction

terms have on the grating performance.

5.2 Grating Order

First-order gratings are the standard choice for the majority of DFB laser designs. The
reason for this is that higher order gratings will always have some light from the
fundamental mode coupling into radiating diffraction orders, increasing the optical loss.
It is now a standard process to use holography to define a sinusoidal first-order Bragg
grating from the ultraviolet exposure of photoresist. Defining a first-order grating for a
LC-DFB laser, however, is not as simple. As mentioned earlier, the typical grating
period for a 1.3 pm DFB laser is approximately 200 nm. This requires feature sizes of
100 nm or less to define a first-order grating. The 5x i-line stepper available at CPFC,
described in Chapter 2, has a minimum feature size of 365 nm, restricting it to gratings of

at least third-order.

The previous analysis of the effect of the duty cycle showed that the magnitude of the
coupling coefficient can be increased at higher duty cycles for all grating orders. When

will it make sense to use a higher order grating with a higher duty cycle, rather than
simply a lower order grating? We can answer this with the |Keff| vs. minimum feature
size characteristic shown in Figure 30. In this analysis, the minimum feature size is the

gap between the grating teeth since duty cycles > 0.5 will have a greater , as shown

Key
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in Figure 28. This gap size is (1—y)A for a particular duty cycle. For a given feature
size, and for all grating orders, the maximum IKeﬁI associated with any duty cycle with a

resolution less than or equal to the minimum feature size is selected. For example,

although the duty cycle associated with a minimum feature size of 240 nm for a third-

order grating is y =0.6, the value of used is for y=0.5, since it is greater and the

Ketr
minimum feature size for ¥ =0.5 is less. At minimum resolutions of < 100 nm (the range
where first-order gratings can be defined), it is always better to define a first-order
grating to achieve the largest lKeﬁ’l' For larger minimum resolutions, a surprising result
emerges: the best grating (i.e. the strongest) to fabricate for a given feature size is not

necessarily the one with the lowest grating order. For feature sizes of 100 to 150 nm, it is

the third-order and not the second-order grating with the largest IK ffl . For feature sizes

€]

of > 150 nm, it is actually the fourth-order grating that has the largest coupling
coefficient. Why does this happen? To illustrate the answer, let’s look at feature sizes of
180 and 300 nm. At 180 nm, a maximum duty cycle of 0.55, 0.7, and 0.775, for second-,

third-, and fourth-order gratings, respectively, can be achieved (first-order gratings
cannot be defined at this minimum feature size), with |Keff|=42 cm’, 47.8 cm™, and 49
cm™ for second-, third- and fourth-order gratings, respectively. The fourth-order grating
is closer to its |K‘eﬁr| peak at this feature size than the other grating orders, allowing for a
stronger grating. At a feature size of 300 nm, the best grating that can be fabricated of

=26.6 cm™. The fourth-order grating can

third-order is a y =0.5 duty cycle one with |x,,

=29.8 cm™ when

have a duty cycle of up to y =0.625, but can achieve an even better |«

a duty cycle of y=0.575 is used. From Figure 28, we see that the local maximum at
y=0.5 for the third-order grating is smaller than the one at y =0.575 for the fourth-order

grating, due to the greater grating confinement at higher duty cycles. This difference of
~10% is not a excessive, but it could be useful when attempting to maximize the

performance for a given minimum feature size limitation.
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Figure 30. a) Magnitude of effective coupling coefficient for higher duty cycles, b) maximum

|Keff| possible for a given minimum feature size, for first- through fourth-order gratings

Since it is clear that the 5x i-line stepper lithography resolution limit of > 300 nm
available at CPFC forces us to use higher order gratings, it is helpful to determine what
penalty must be paid when using higher order gratings in a DFB laser. The greater

optical loss encapsulated in the ¢, terms means that the threshold gain will be larger for

a higher order grating than for a comparable first-order grating. This will increase the
threshold current required and lower the laser efficiency. One benefit that a DFB laser
with a higher order grating has over a standard first-order grating is that the higher order
grating laser will have greater longitudinal mode discrimination at threshold, due to a
degree of loss coupling. Using higher order gratings, in general, eliminates the two
degenerate longitudinal modes at threshold that reduce the single-mode yield of the DFB
laser. This will be more apparent in Chapter 6, where we analyze the longitudinal mode

solutions for these grating geometries.

5.3 Grating Height

The height of the ridge, and hence of the laterally-coupled grating, is to some degree

limited by the fabrication process used. To etch gratings with smooth, vertical sidewalls,

it is desirable to have a shallower etch compared to traditional FP ridge heights of ~1 —

1.5 pm. The nominal grating height for this design is 0.5 pm, corresponding to a RIE
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depth that produces a quality grating etch and has good optoelectronic characteristics, as
described in Chapter 3. We will investigate grating heights as low as 0.36 um. For
grating heights less than this value, the additional losses due to the proximity of the
optical mode to the metal contact and InGaAs layer become unacceptable. We examine
the effects of ridge height by increasing the thickness of layer 8, referring to the epitaxial
growth structure of Table 3.

We wish to compare the simple coupling coefficient, «,, with the effective coupling
coefficient, x,, . x, will generally increase as the grating height increases. This is due

to the larger overlap of the fundamental mode with the grating region as the grating
height increases. As the ridge height gets larger, and the high-index InGaAs layer moves
farther away from the mode, the confinement in the grating region will slowly begin to
diminish, causing a reduction in «,. This grating height dependence is validated in
Figure 31 for a third-order grating with a duty cycle of 0.7. At this duty cycle the Streifer

terms are particularly strong and the differences between «, and x,, are emphasized.

There is a pronounced difference between the behaviour of x, and that of x_, for higher

order gratings, as shown in Figure 32 for a third-order grating with a duty cycle of 0.7.
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Figure 31. Coupling coefficient of a third-order grating with a duty cycle of 0.7 vs. grating

height for ridge widths of Wy/Wy, = 1.5/3 (um).
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Instead of a single broad peak in the coupling strength, &, exhibits a periodic

dependence on the grating height. The addition of the partial wave correction increases

the coupling coefficient significantly, from values near x,= 13 cm™ as observed in
Figure 31 to a value at the nominal grating height of 0.47 pm of «,, = 48.1 £0.58 em™.
The magnitude of «,, reaches a maximum value of 49.1 cm™ at a grating height of 0.49

= 483 cm™.

um. The next maximum occurs at a height of 0.75 pm where

Keﬁ’

The periodic dependence of «,, on grating height arises from the radiating partial waves

that are included in the calculation of the Streifer correction terms. The grating region,
which sits upon epitaxial layers of differing compositions, has above it a Au/Pt/Ti metal
contact. The radiating waves will experience partial reflection at each of these interfaces,
forming a standing wave in the vertical direction, as shown in the detailed view of Figure
33. This effectively creates a series of vertical cavities. The grating height sets the
resonance strength, yielding the periodic dependence seen in Figure 32. A smaller

variation in «,

with grating height is seen for duty cycles and grating orders where the
correction terms are less significant. For cases where there is a large swing in the
effective coupling coefficient with height, such as that illustrated in Figure 32 for a duty

cycle of 0.7, it is difficult to find a point that would be best for maximizing the
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Figure 32. Effective coupling coefficient of a third-order grating with a duty cycle of 0.7 vs.

grating height for ridge widths of W,/Wy = 1.5/3 (um).
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Figure 33. Radiating partial-wave for a third-order grating

manufacturing tolerance. The extrema of , representing a stable amount of index-

Ko
coupling, do not coincide with the extrema of ¢(K'eﬁ«) , representing a stable amount of loss
coupling. It may be possible to improve both the real and imaginary portions of x,, by
varying multiple layer thicknesses. Much like the design of anti-reflection coatings,
however, optimizing the thicknesses of the layers for the best x,, will require detailed

numerical calculations, since, unlike most other grating parameters, there is no obvious

intuitive relationship.

The periodicity with grating height is also manifested in the simple longitudinal mode
solutions of the modified coupled-mode equations. The minimal values of (aL)_, do
not coincide with the maximal values of NGD, as observed in Figure 34. A tradeoff must
be made between a low threshold gain and having a large longitudinal mode

discrimination. The («L)__ has local minima of 1.83 and 1.80 for the unshifted grating at

grating heights of 0.52 um and 0.78 pum, respectively, while the NGD has a maximum
NGD of 1.38 at a grating height of 0.44 um. Grating heights near 0.5 pm will provide a

good balance of low threshold gain and high mode discrimination.
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Figure 34. (al),,, and NGD vs. grating height for a third-order grating with a duty cycle of

0.7 and ridge widths of Wy/W,, = 1.5/3 (um)

It should be noted that the electrical properties of the laser impose additional constraints
on ridge height, and that these additional constraints may be in conflict with the purely
optical considerations shown here. At greater ridge heights, the electrical resistance will
increase, lowering the efficiency of the laser. This effect could be examined in more
detail using LAS2D simulations. As mentioned above, large grating heights can also

exhibit greater undercutting during fabrication, reducing coupling strength.

54 Ridge Width

In his study on the effect of ridge width on the coupling coefficients of laterally-coupled
gratings, Choi found that the coupling coefficient will generally decrease as the narrow
ridge width is increased [83]. Our results for higher order gratings confirm this decrease

in the magnitude of the effective coupling coefficient. However, instead of a linear

decrease in the value of |Keﬂ\, subtle resonance peaks are visible, and there are more

pronounced resonances in the phase of x,, as shown in Figure 36. The resonance peaks
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Narrow ridge width (um)

Figure 35. Effective coupling coefficient vs. narrow ridge width for a wide ridge width of 4 pm,
a third-order grating, and a duty cycle of 0.7

are less pronounced than those due to the ridge height of Figure 32 for two reasons. First
partial wave reflection from the side walls of the grating will not be as strong as that from
the metal contact layer, as the refractive index contrasts are smaller. Second, the larger

grating area as the width increases causes the magnitude of the «, terms to decrease

faster compared to the resonance effects.

and ¢(Keff) on the wide

Subtle resonances are also observed for the dependence of |k,

ridge width, Wy. In this case, shown in Figure 35, the value of K,y saturates as Ww

becomes larger, with minimal change for Wy > 3 um. The resonances of are no

Ky
longer monotonic, unlike for the variation with Wy shown in Figure 35. This indicates
that the partial wave resonances have a more dominant effect with ) variation than Wy

variation. The reason for this is that the simple coupling coefficient, x, begins to

saturate in magnitude beyond Wy > 3 pm, and larger wide ridge widths have minimal

impact. However, the partial wave resonances are still quite sensitive to the changes in
Wy beyond this point, resulting in the stronger resonances in |Keff| in Figure 36
compared to Figure 35, where the value of x, is sensitive to the whole range of Wy

values used, damping out the partial wave resonaces.
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Figure 36. Effective coupling coefficient vs. wide ridge width for a narrow ridge width of 1.5

pm, a third-order grating, and a duty cycle of 0.7.

In choosing Wy and Wy, it is not sufficient to look at only the general trends to maximize

]Keffl of increasing Wy and decreasing Wy, given by Figure 35 and 35. The values of Wy

and Wy are also constrained, as with the grating height, by electrical considerations. Wy
must be wide enough to allow a dielectric via to be etched above the ridge to allow the
formation of a p-contact. A value of 1.5 um is a typical minimum ridge width required to
obtain a proper dielectric via etch. In practice, as will be seen later, Wy was closer to
1.75 um in the fabricated gratings. Very small values of Wy will also lead to a higher
electrical resistance since the injected current must pass through the smaller metal contact
surface area. The effect of larger electrical resistance is increased undesirable heating in
the laser diode, further degrading the laser performance as fewer hot carriers are captured
in the quantum wells. This also causes a shift in the operating wavelength because the

material gain peak is red-shifted. The value of Wy is less constrained compared to Wy,

but, as observed in Figure 35, increasing Wy leads to a minimal increase in beyond

Ky
Ww> 3 pum. Very large Wy values could also cause lateral carrier leakage and an uneven
distribution of carriers along the laser cavity as many more carriers could be injected in
the wide ridge cross-sections than the narrow ridge cross-sections. The unevenness of the
carrier distribution can be reduced by removing the InGaAs layer in the area beyond the

metal contact, in particular above the grating teeth, reducing the carrier injection into
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these regions. This comes at the cost of an additional manufacturing step and a more
complex mask. Larger Wy values will also tend to spread out the fundamental mode.
Mode spreading will lead to greater mode asymmetry, increasing the coupling losses of

the output waveguide to circularly symmetric optical fiber.

5.5 Grating Shape

In theory, the shape of the grating period can be arbitrary, but since we are fabricating
gratings with periods near the resolution limit of i-line stepper lithography, only simple
grating shapes that require little more resolution than the grating period itself should be
used. The use of laterally-coupled gratings provides greater control over the grating
shape than previous holographic methods, and this may potentially be exploited to
improve the grating coupling. Four grating shapes will be examined in this Chapter:
sinusoidal, triangular, rectangular, and trapezoidal. In Chapter 7, the influence of
imperfections introduced during fabrication on the grating shape will be studied,

particularly grating rounding.

Streifer et al. have performed a direct comparison between sinusoidal, triangular, and
rectangular grating shapes for the one-dimensional case, considering only the simple

coupling coefficient, x,. This investigation showed a significantly higher coupling

coefficient for rectangular gratings compared to all other grating shapes [86]. The effect
of different blazing angles, grating heights, and blazed grating shapes on the power
radiated by a second-order grating was also studied by Streifer ef al. [87]. Trapezoidal
and rectangular grating shapes have been examined by P. Correc [94] and Cho ef al. [95].
They also concluded that rectangular gratings provided the best coupling coefficient.
This is perhaps what would intuitively be expected, since the abrupt interfaces of
rectangular gratings are superior to other shapes for reflecting light directly backwards.
We reveal, however, that when a more complete calculation of the coupling coefficient is

performed that includes the Streifer correction terms that have been neglected in all
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previous analyses, non-rectangular grating shapes will often have a larger effective
coupling coefficient than similar rectangular gratings for higher grating orders. This
surprising result will be discussed in more detail below. In addition, we look at not only
different vertically-varying grating shapes, as has been done with all previous analyses,
but also horizontally-varying grating shapes. These grating shapes have not, to our

knowledge, previously been analyzed.

As described in Section 4.3, the grating shape determines the Fourier coefficients, 4, ,
and the average refractive index, n, which is essentially the Fourier coefficient for g=0.
Except for the special case of rectangular gratings, these two parameters will vary in the
transverse direction within the grating region. Using the 4, and ny values derived in
Section 4.3, the effective coupling coefficient was determined for sinusoidal, triangular,
rectangular and trapezoidal grating shapes, for variation in the horizontal (x-) and vertical

(y-) direction.

5.5.1. Vertical Shape Variation

An example of vertically-varying a) sinusoidal, b) triangular, and c) trapezoidal grating
shapes are shown in Figure 37. Vertically-varying gratings, i.e. surface gratings, have
been previously studied in the context of holographic fabrication techniques, but are more
difficult to realize using standard etching techniques than horizontally-varying shapes.
Multiple timed etches would be required, and even then, it would be difficult to define
the vertically-varying grating shapes exactly. It is worth analyzing vertically-varying
shapes to not only be generally applicable to holographically defined gratings but also
since these shapes can be used to describe process variations that may occur during LC-

DFB fabrication, such as undercutting of the ridge.

To provide a comparison point between different grating shapes, we plot in Figure 38

vs. the grating height for a third-order grating. As with Figure 32, the grating height

Ker

is increased by thickening layer 8, referring to Table 3. Similar to the horizontal shape
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Figure 38. Comparison of grating strength, K‘eﬂl , for rectangular (with y =0.5 and 0.7),

symmetrical vertically blazed, and vertically sinusoidal gratings, for a third-order grating with
Wi Wy = 1.5/3 (um).

variation above, the rectangular grating shapes do not generally have the largest coupling
coefficients. We have included not only rectangular gratings with duty cycles of y =0.5,
but also rectangular gratings with duty cycles of y=0.7. As seen from Figure 28, higher
duty cycle rectangular gratings generally have larger effective coupling coefficients. At
smaller grating heights, such as the height of 0.47 pm used for our LC-DFB lasers, the
rectangular grating with a duty cycle of 0.7 has the best coupling coefficient. The
triangular and sinsusoidal gratings, however, have a higher coupling coefficient than the
rectangular grating with y=0.5, as might be expected from the previous section. As the
grating height increases beyond 0.6 um, however, the sinusoidal and triangular grating
shapes out-perform both the half duty-cycle and the rectangular grating with the higher
duty cycle of y=0.7. This result is particularly interesting since most ridges in lasers are
higher than the value of 0.47 used in this design. For the values of > 1 pm that are more
common ridge heights, the sinusoidal or triangular grating shapes would provide a

significantly better coupling coefficient than the rectangular grating of any duty cycle.
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Another useful application of the vertical shape variation analysis is to determine the
tolerances for the undercut of the ridge for our lateral coupling structures. It often occurs
during wet etching that the bottom of the ridge will experience a greater etch than the
upper part. This results in a sloped sidewall, as shown in an example of a ridge
waveguide in Figure 39. To examine the potential for undercutting to weaken the grating
coupling, a trapezoidal grating with varying angles of undercut was studied, similar to the
horizontally- varying trapezoidal grating examined in the previous section. The result,
shown in Figure 40, shows a degradation of the coupling coefficient as the grating

deviates from vertical sidewalls. The negative angles represent undercut and the positive

Figure 39. Example of an undercut waveguide ridge
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Figure 40. Effective coupling coefficient vs. vertical tooth angle. The dashed line represents

perfectly vertical tooth angle.
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angles represent trapezoidal grating tooth shapes. The coupling strength of the grating,

K, (> Will stay within 10% of the optimal value if the undercut is kept to less than 3
degrees.

5.5.2. Horizontal Shape Variation

Horizontally-varying a) sinusoidal, b) triangular, and c) trapezoidal laterally-coupled
grating shapes are shown in Figure 41. Rectangular gratings, with no Vaﬁation in the
horizontal direction, will remain unchanged from the schematic shown in Figure 6. 1
propose the use of horizontal shape variation in the design of LC-DFB lasers because it is
considerably simpler to manufacture than vertical shape variation. While vertical shape
variations would require sophisticated etching techniques, such as multiple timed etches,
horizontal shape variations could be fabricated using standard lithographic and etching
techniques. In the following analysis we see which horizontal shape variations will

provide acceptable coupling coefficients for LC-DFB lasers.

The performance of different grating shapes is compared by calculating the variation of

K| vs. the narrow ridge width, W, , for rectangular, sinusoidal, and triangular grating

€

shapes, where x,, is calculated from (4.45). The exact grating shapes are shown in

Figure 21. For this calculation, a duty cycle of y=0.5 was used for the rectangular
grating, and the triangular grating was assumed to be symmetrical so that A=A /2. This
calculation was done for first-order gratings, shown in Figure 42a, second-order gratings
in Figure 42b, and third-order gratings in Figure 42c.  For first-order gratings, the
rectangular grating has nearly the same coupling coefficient compared to the sinusoidal
grating shape with both higher than triangular-shaped gratings. The Streifer correction
terms go to zero for a first-order grating, so there are no oscillations with Wy and the

imaginary part of «x, is zero. Second-order gratings with rectangular gratings have

k, =0, as calculated from (4.38). The value of x,; is due to the &, , correction terms,
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Figure 41. Horizontally-varying a) sinusoidal, b) triangular, and c) trapezoidal laterally-
coupled grating shapes
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Figure 42. Magnitude of coupling coefficient vs. narrow ridge width for a a) first-, b) second-,

and c) third-order grating with Wy=4 um and rectangular (y=0.5), sinusoidal, and triangular (A=A/2)
grating shapes.
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and significant oscillations in the value of result, as observed in Figure 42b. The

K
sinusoidal and triangular gratings, with «, #0, have nearly double the |Keff| value at

small narrow ridge widths of ~1 um. The sinusoidal gratings exhibit a higher

compared to the triangular gratings over the entire range of Wy values.

The third-order case, shown in Figure 42c, again shows significantly higher «, for the

sinusoidal and triangular gratings compared to rectangular gratings. The coupling for
third-order gratings is smaller than the second- or first-order gratings for the same grating
shape. The sinusoidal grating no longer provides better coupling than the triangular
grating for all Wy values, as was the case for first- and second-order gratings. Instead,
the coupling is nearly identical for both sinusoidal and triangular gratings, with one or the
other being greater depending on the value of Wy used. Based on the results of Figure
42, the sinusoidal grating provides the best coupling coefficient over the widest range of
grating orders. We will see in Chapter 7 that the grating tooth edges tend to be rounded
during fabrication. This means that the rounded edges of the sinusoidal grating could

potentially be easier to fabricate than the sharp edges of rectangular or triangular gratings.

The increased optical confinement in sinusoidal and triangular gratings compared to
rectangular gratings with ¥ =0.5 plays a role in the results of Figure 42. When Wy/Wy =
1.5/4 (um), the optical confinement in the grating region of the rectangular grating is
0.43%, compared to 0.72% and 0.98%, for sinusoidal and triangular gratings,
respectively. These confinement values are the ratio of the optical power contained in the
grating regions to the total fundamental mode power, and would suggest nearly double
the coupling coefficient for sinusoidal and triangular gratings compared to rectangular
gratings. However, the grating confinement is not the only factor impacting the coupling
coefficient, as Figure 43 demonstrates. The electric field will drop off in the grating
region, away from the centre of the mode, for all grating shapes. The coupling

coefficient, «,, for third-order gratings, according to (4.38), is proportional to the electric
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Figure 43. Third-order Fourier coefficient of horizontally-varying rectangular (duty
cycle=0.5), sinusoidal, and triangular gratings, for third-order gratings with W,/Wy, = 1.5/3 (um).

field, multiplied by the third-order Fourier coefficient, 43, integrated over the grating
region. While A3 is constant for the rectangular grating everywhere in the grating region,
the coefficients for sinusoidal and triangular gratings are vary from positive to negative.
If the electric field were flat, the coupling coefficient would vanish since the sinusoidal
and triangular grating Fourier coefficients average out to zero over the length of the
grating. Since we have an exponentially decaying field in the grating region, however,
the portion of the Fourier coefficient nearest the grating has the greatest influence on the
coupling coefficient. The integral will be weighted towards the part of the grating closest
to the central ridge, and therefore non-zero. The sinusoidal Fourier coefficient varies
more rapidly in the region of the central ridge than the triangular grating, resulting in a
higher coupling coefficient for the sinusoidal grating compared to the triangular grating
than the confinement factors would suggest. In addition, due to the zero-average Fourier
coefficients shown in Figure 43, rectangular gratings would have a higher coupling
coefficient compared to the other grating shapes if they had similar grating confinement

factors.

The trapezoidal grating has a shape intermediate between that of the rectangular and

triangular gratings. It can be used to understand the greater coupling seen in the triangular
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grating compared to the half duty cycle rectangular grating. By varying the o parameter
between 0 (the rectangular grating case) and 0.5 (the triangular grating case) the
transition between the two grating forms can be observed. The effective coupling

coefficient vs. the o parameter is plotted for first-, second-, third- and fourth-order
gratings in Figure 44a, b, c, and d, respectively. The simple coupling coefficient, «,, for
the first-order grating, calculated from (4.38), shows that the highest coupling coefficient
is not the rectangular grating, where «,= 81.6 em™, but occurs for a trapezoidal grating
with 0=0.26, where x, =94.4 cm™. For second-order and higher gratings, the effective

coupling coefficient is now complex, with both a phase and magnitude. The phase
decreases steadily in the second-order grating case, shown in Figure 44b, while there is a
jump in the phase of x,, for the third-order grating at 0 =0.18, and fourth-order grating
at 0=0.24, as observed in Figure 44c and d. This phase jump point corresponds to the

lowest value of IK'eff| . Below this point, the x, values are negative, due to the sign of the

&
@(Ke“) (rad.)

(k) (rad.)

Figure 44. Effective coupling coefficient for trapezoidal grating shapes from rectangular (¢=0)
to triangular (¢=0.5) for a a) first-, b) second-, c) third-, and d) fourth-order grating and W\/Wy =
1.5/4 (upm).
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Fourier coefficients. The J,, terms, calculated from (4.43), are positive, resulting in a
lower overall coupling coefficient. As o increases, x, goes from being positive to
negative. Beyond this point, both «, and &, , are the same sign, and they produce a

larger overall « As with the first-order grating, the maximum lKeij values do not

eff *
occur in the limit of the rectangular (or triangular) grating, but instead for trapezoidal

shapes. The maximum value is |Keﬁ,|=77.3 cm™ when o =0.34 for the second-order

grating, ]K‘effl=57.3 cm™ when ¢ =0.42 for the third-order grating, IKeff|=38'8 cm™ when

0=0.44 for the fourth-order grating. The magnitude of the maximum coupling
coefficient decreases as the grating order increases, and the optimal o value also
increases. The same result, however, is found for all grating orders: the highest coupling
coefficient is trapezoidal in shape. The results for different horizontally-varying grating
shapes demonstrate that for laterally-coupled gratings, non-rectangular gratings often

provide better coupling than standard y=0.5 rectangular gratings. The additional
confinement in the active region and addition of the partial wave terms produces .,
values that are larger than might intuitively be expected from non-rectangular grating

shapes. This could be exploited to create more manufacturable laterally-coupled gratings

with greater grating strength.
5.6 Effect of Metal Contacts

The composition of the metal contacts is an important feature of this design as the 0.5 ym
high ridge is shallower than the 1 - 1.5 pm ridge height that is typically used in FP lasers.
With the shallower ridge, the optical mode will have greater overlap with the metal
contacts, resulting in higher waveguide losses through absorption. This section will

describe some of the important considerations when selecting the metal contacts.
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A simple gold (Au) contact has relatively low loss since it is highly reflective at a
wavelength of 1310 nm, where it has a complex refractive index of 0.31 - j9.0 [96].
Although the attenuation coefficient is large, the small value of the real part of the
refractive index ensures that relatively little of the optical mode will be confined in an Au
region. Pure gold contacts, however, are often insufficient for an acceptable ohmic
contact, due to two major disadvantages: poor adhesion to semiconductor materials, and
the rapid diffusion of Au into the semiconductor after annealing [97]. The standard
solution to these difficulties is to add a thin titanium (Ti) layer above the semiconductor
material to improve metal adhesion, and a thin platinum (Pt) layer above the Ti and

below the Au layer to prevent diffusion.

Smith et al. investigated the effect of the thicknesses of these metal layers on FP lasers
and found that the addition of Ti layers can increase the absorption loss by up to a factor
of 5 for shallow ridges [97], underscoring the importance of considering the composition
of the metal contacts on the laser performance. Our analysis of the effect of metal
contacts will consider two factors: 1) waveguide absorption, and 2) modified coupled-
mode coefficients. The waveguide gain/loss coefficient, @ , was defined earlier in (4.37).
From the coupled-mode equations of (4.9) we see that in a waveguide with no distributed

feedback, the differential equation for a forward-travelling wave becomes

%:(aﬂau(z). (5.1)

This admits an exponential solution for 4(z) of the form

A(z) =T = el (5.2)

From (5.2) we see that the amplitude of the optical mode decreases as we travel along the
z-direction when « is negative, and increases as we travel along the z-direction when «
is positive. In this section we consider only the portion of this coefficient due to the

waveguide cross-section, excluding the MQW active region. The loss coefficient is
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defined as the magnitude of the negative portion of &, and is therefore a positive value.
We calculate the loss coefficient from the fundamental quasi-TE mode solution, as
determined using the solution procedure outlined in Section 4.4.1. The imaginary portion
of the propagation constant, f, is equal to half the loss coefficient. We use complex
refractive indices for Ti and Pt at 1310 nm of 3.65 - j4.27 and 4.25 - j6.62, respectively
[981, [99].

The decrease in the waveguide loss as the thickness of either the Ti or the Pt layer is
decreased (the other layer kept constant at 18 nm) is shown in Figure 45. The Ti layer
has a slightly greater effect on the loss coefficient than the Pt layer, as it sits directly on
top of the ridge. Without the Ti and Pt layers, the absorption loss is considerably less,
approximately 14 cm™. The Ti/Pt layers do not increase the absorption loss by a factor of
five since the height of the ridge is 500 nm here, rather than 400 nm in the study by
Smith et al., resulting in the optical mode centre being farther from the metal contact
layers. Figure 45 demonstrates the advantages of minimizing the thickness of the Ti and
Pt layers to improve the absorption coefficient. The thickness of the Au contact was

found to have a negligible impact on the loss coefficient.
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Figure 45, Loss coefficient vs. Ti and Pt metal thickness for nominal thicknesses of 18/18/200

nm for Ti/Pt/Au, respectively.
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The composition of the metal contact will also affect the effective coupling coefficient
and other modified coupled-mode coefficients. The radiating partial waves, in particular,
will experience more or less absorption depending on the makeup of the metal contact.
Figure 46 shows how the effective coupling coefficient vs. duty cycle characteristic
changes depending on whether a simple Au contact is used or an Au/Pt/Ti contact is used.
There is a maximum penalty of 18% in the magnitude of the effective coupling
coefficient when using the Au/Pt/Ti contact, at a duty cycle of 0.6. This change is due

entirely to the Streifer terms, as the simple coupling coefficient, «,, is negligibly

affected by the composition of the metal contact. While the optical field experiences a
greater absorption loss when using the Au/Pt/Ti contact compared to an Au contact, the

thin Pt and Ti layers have almost no effect on the shape of the optical field, and thus on

the confinement in the grating region.

Compared to the pure Au contact, the Au/Pt/Ti contact improves adhesion of the metal to
the semiconductor while reducing metal diffusion into the semiconductor material during
annealing. These improvements come at the cost of an increased absorption loss and a
slightly poorer effective coupling coefficient at higher duty cycles. A slight improvement

in the loss coefficient can be obtained if the Pt and Ti metal layers are made thinner, but

100¢=
[---Au

- Au/Pt/Ti
- Contact type

0 02 04 06 08 1
Duty cycle

Figure 46. Effective coupling coefficient vs. duty cycle for a third-order grating with Au
contacts (black lines) and AwPt/Ti contacts (red lines)
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the thickness of the Au contact was found to have a negligible impact on the absorption

coefficient.

The height of the grating can also play a role in minimizing the loss coefficient. The
variation of the loss coefficient with grating height is shown in Figure 47 for a grating

with a duty cycle of 0.5 and W, /W,, =1.5/4 (um). The loss coefficient is slightly lower

for this duty cycle than for a duty cycle of 0.6 since the modal field is less confined in the
upper grating where the metal contacts are present when the duty cycle is smaller. We
see that loss coefficient steadily decreases as the grating height increases. This decrease
in the loss coefficient is due to the increasing distance of the centre of the modal field
from the absorptive metal contacts as the grating height increases. While the mode shape
remains essentially the same for all these grating heights, the evanescent portion of the
mode in the metal contact region increases with smaller grating heights. The loss
coefficient of 25 cm™ at the nominal grating height of 0.47 pm is nearly half the loss
coefficient of 46 cm™ at a grating height of 0.35 pm, but the loss could be lowered yet
further if the grating height is made larger. The loss coefficient will be below 8 cm™, for
example, when the grating height is greater than 0.8 uym. Figure 47 demonstrates that if

the fabrication technique allows for deeper gratings, the loss coefficient can be reduced.
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Figure 47. Loss coefficient vs. grating height for grating with a duty cycle of 0.5 and Wy/Wy =

1.5/4 (pm).
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The effect of the duty cycle on the loss coefficient, shown in Figure 48, demonstrates a
noticeable increase in the loss coefficient for duty cycles of > 0.8. Although it appears
exponential on this scale, the loss coefficient will be fixed at the value of an equivalent
FP laser when the duty cycle is 1. The greater loss coefficient is due to the increased
mode overlap with the lossy upper waveguide layers and metal contacts at higher duty
cycles. The reason for this increased confinement is that as the duty cycle increases, the
average refractive index in the grating region, given by (4.57), will increase. This mode
sees an increased refractive index in the upper layers, thus the upper evanescent portion
of the mode is shifted upward, resulting in higher confinement in the upper waveguide
layers. This increased loss coefficient will increase the minimum threshold gain
somewhat for these higher duty cycles. An increase in the loss coefficient of an extra 1
cm™! will require an additional normalized threshold gain of @ L= 0.05 for a 500 um long
laser. The loss coefficient for duty cycles < 0.8, however, remains relatively flat at

around 25 cm™..
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Figure 48. Loss coefficient vs, duty cycle for a third-order grating with Wy/W, = 1.5/4 (um).
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5.7 Summary

Since the grating geometry determines the modified coupled-mode coefficients, it has
been necessary to consider what grating geometries result in a high performance
fabrication-tolerant LC-DFB laser design. Higher duty cycles such as 0.7-0.8 resulted in

a higher effective coupling coefficient as the confinement in the grating region increased,

as shown in Figure 28. The peaks and valleys of shown in this Figure provided

Ker
good duty cycle values for stability and fabrication tolerance. From Figure 32, we saw
that the effective coupling coefficient has a periodic dependence on the grating height
due to resonances in the partial wave terms. The magnitude and phase of «, are out of
phase, which made it difficult to find a single point with optimal stability. The coupling
coefficient dependence on the grating width also showed these resonances, but they were
more subtle compared to those due to the ridge height as a result of a smaller index

contrast in the x-direction and a greater increase in x, compared to the resonance effects
when the ridge width was increased. The magnitude of the effective coupling coefficient,

|Kejf| , decreases as the narrow ridge width, Wy, was increased, with the wide ridge width,

Ww, kept constant, as seen in Figure 35. If Wy was increased while keeping Wy constant,

K| increased, as seen in Figure 36. The grating geometry must also take into account

electrical and fabrication considerations, since too wide a ridge increases the lateral
current spreading and the size of the optical mode, while too narrow a ridge increases
electrical resistance and are more difficult to fabricate. Due to fabrication limitations, the
duty cycle cannot be arbitrarily large or small. The grating height is shallower than a
typical laser design to allow for a better definition of the grating using stepper
lithography. This also lowers the electrical resistance, but increases the lossy effects of
the metal contacts, as shown in Figure 47. Our vertically-varying grating shape analysis
not only demonstrated the potential for stronger coupling using non-rectangular gratings,
but also provided a tolerance analysis for the undercut of the waveguide ridges. Our

analysis of non-rectangular grating shapes in the horizontal direction in Figure 42 also
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showed that they can provide stronger coupling than standard rectangular gratings. These
non-rectangular shapes are also potentially easier to fabricate than rectangular gratings,
particularly those with higher duty cycles. We saw that the composition of the metal

contacts had a negligible impact on the simple coupling coefficient, «x,, but in Figure 46

we observed a significant impact on the modified coupled-mode coefficients of 20% or
more depending on whether a simple Au or Au/Ti/Pt contact was used. Metal contact
composition was also demonstrated in Figure 45 to have a strong impact on the
waveguide loss for these shallow waveguides. The duty cycle will have a minimal
influence on the waveguide loss, as long as it is less than 0.8. At higher duty cycles >

0.8, the waveguide loss increases.
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CHAPTER 6 — THREE-DIMENSIONAL LATERALLY-COUPLED
DISTRIBUTED FEEDBACK LASER MODELING

6.1 Simple Longitudinal Mode Solutions

The solution of the modified coupled-mode equations in the simple case of invariant &
and & eigenvalues was described in Section 4.5. This solution method was applied to
determine the properties of the longitudinal mode solutions as they relate to the grating
parameters discussed in Chapter 5. In this section, we apply the simple longitudinal mode
solutions to determine the effect of three-dimensional variations, specifically the cavity

length, the addition of a A/4 phase-shift, and the facet reflectivity of the LC-DFB laser.

6.1.1. Cavity Length

It has been noted in Chapter 5 that the inclusion of the Streifer terms has a significant
impact on the effective coupling coefficient, particularly for certain duty cycles, and it is
expected that this will translate into a significant impact on the longitudinal mode
solutions as well. To see the effect of cavity length on the mode solutions, the modified
coupled-mode equations are first obtained from the grating geometry, as in Chapter 5.
The longitudinal mode solutions are then found for a range of fixed cavity lengths, using
the solution method of Section 4.5. There are many longitudinal mode solutions for each
cavity length, but those with the lowest threshold gains, «, are of the most interest, since
they will begin lasing first at the threshold current. Figure 49 shows the longitudinal

mode solutions of a third-order grating with » =0.7 in terms of the normalized threshold

gain L , and normalized wavelength detuning, 5L, of these
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Figure 49. Longitudinal mode solutions of a third-order grating with a 1.5/3 pm ridge width,
duty cycle of 0.8 and cavity lengths of 100, 200, 300, 400, 500, 750, 1000 and 1250 pm, as indicated by
the circular markers.

solutions as the cavity lengths vary from 100 to 1250 pm. The normalized form of these
two eigenvalues is used since they provide a better comparison among different cavity
lengths. For instance, a longer cavity length may have a lower «, but it will require a
higher carrier injection to reach this gain value than a shorter cavity. The normalized

value, «L , will better reflect this than the ¢ value alone.

The longitudinal mode solutions of a first-order grating will be symmetrical around the
Bragg frequency (6L =0). This means that for a given threshold gain, there will be two
modes that will begin simultaneously lasing. In practice, fabrication variations will
usually cause a single longitudinal mode to begin lasing first, but this adds a degree of
unpredictability to the lasing wavelength. However, in this case, we see from Figure 49
that the solutions are not symmetrical around the Bragg frequency as they are for first-
order gratings, but instead favour the shorter-wavelength solutions, where JL > 0. This
permits greater certainty in the lasing wavelength for these lasers compared to those with

first-order gratings.
120



It is also apparent from Figure 49 that there is, for each longitudinal mode solution, a
cavity length for which the normalized threshold gain is minimized. Shorter cavities
would give lower oL values if @ was invariant. However, the greater feedback of
longer cavities will tend to decrease ¢, since this will reduce the mirror losses. The

optimal cavity length balances these two factors. Of particular importance is the

longitudinal mode with the smallest threshold gain, (@L) _ . In Figure 49 this mode is

the one with the lowest positive frequency deviation, (5L)mjn .

We now extend the longitudinal mode analysis to the entire range of duty cycles from 0
to 1 in 0.025 increments, and cavity lengths from 0 to 1200 pm in 50 pm increments, for
a total of 897 points. This analysis was performed for gratihg orders from first-order to
fourth-order. For each duty cycle and cavity length, the longitudinal mode solutions are

found according to the method in Section 4.5, and the mode with the lowest normalized

threshold gain,(aL) , is found, along with the corresponding (SL) . This

comprehensive analysis provides a wealth of information for the design of LC-DFB

lasers with higher order gratings, and reveals many critical prevailing trends. The

contours of (L) _ are shown in Figure 50, and those of (6L) . in Figure 51. Larger
effective coupling coefficients will yield smaller (L) . values, as is evident by
comparison with the IKeﬂ| vs. duty cycle characteristics shown in Figure 28. The minima

of the (aL)min represent desirable fabrication points, where the threshold gain, and hence

the threshold current, is minimal. For all grating orders, the lowest threshold gains occur

at higher duty cycles in the range of y=~0.8. The lowest threshold gains are:

(aL) =0.88 at y=0.75 and L = 400 pm for the first-order grating, («L) =1.03 at
y=0.85 and L = 450 um for the second-order grating, (OtL)min =1.07 at y=0.875 and L =

450 um for the third- order grating, and (aL)ml,n =1.15 at y=0.9 and L = 500 um for the

fourth-order grating. Higher grating orders require larger duty cycles and longer lengths
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Figure 50. Surface plots of the normalized minimum threshold gain, (aL), vs. duty cycle and

cavity length for a) first- b) second-, ¢) third-, and d) fourth-order gratings

to reach the minimum threshold gain, and will have higher (aL) values compared to

first-order gratings. Higher order gratings also exhibit much more variation in (aL)

vs. duty cycle, making them less fabrication—tolerant than first-order gratings that have a

much flatter characteristic.

The wavelength detuning, (5L) _» of the minimum threshold gain mode, is plotted in

Figure 51 for the same range of duty cycles and cavity lengths as in Figure 50. The

wavelength detuning of the minimum threshold gain mode will ideally be as close to the
Bragg wavelength as possible, i.e. (cS'L)mjn = 0. Although not shown in Figure 51a, the
first-order grating actually has two degenerate longitudinal mode solutions with the same
threshold gain, one on either side of the Bragg wavelength, £+5L. This symmetry is
broken in the higher order gratings. For second-order gratings, (SL) . smoothly

transitions from negative values when y<0.48 to positive values when » >0.48. In
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Figure 51. Surface plots of the normalized wavelength detuning of minimum threshold gain

mode, (0L)yy 5 vs. duty cycle and cavity length for a) first-, b) second-, ¢) third-, and d) fourth-order
gratings

third-order and higher gratings, however, abrupt changes in the sign of (5L) appear.

These jumps occur at duty cycles where the NGD goes to zero, and represent points of
unstable wavelength detuning to be avoided. For third-order gratings, this jump occurs at

7=0.5, and for fourth-order gratings at y=0.35 and 0.65. For all grating orders, larger

lengths lead to a greater variation in (SL) _ but the form of the characteristic vs. the

mi

duty cycle remains the same.

We now look at not only the minimum threshold gain longitudinal mode solutions but
also those with higher threshold gains in order to calculate the normalized gain
difference. Out of the multiple solutions obtained for each duty cycle and cavity length,
such as those demonstrated in Figure 49, the two lowest normalized threshold gain
solutions are selected. The difference between these two threshold gains is the

normalized gain difference, or NGD, as described earlier in Section 4.5. The result of
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Figure 52. Surface plots of the normalized gain difference vs. duty cycle and cavity length for
a) second-, b) third-, and c) fourth-order gratings
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these calculations is shown in Figure 52, for a) second-order, b) third-order, and c) third-
order gratings, over the full range of duty cycles and cavity lengths used for Figure 50
and Figure 51. Larger NGD values are desirable since they signify a strong, single

longitudinal mode near threshold, making the lasing wavelength more predictable. The

jumps in the sign of (5L)mill are reflected in the normalized gain difference plots of the

third-, and fourth-order gratings shown in Figure 52b and c¢. The NGD is zero
everywhere for the first-order grating, so it is not shown in Figure 52. The NGD grows
for all grating orders as the cavity length grows longer. The maxima of the NGD curves

reflect, at fixed lengths, points of maximum phase angle in «,,. When the imaginary

portion of x,,, and hence ¢(K‘eﬂ), goes to zero, the NGD also goes to zero since there

will be two degenerate longitudinal modes. As the phase increases, the tilt in the

longitudinal mode solutions increases, increasing the NGD. Thus, to obtain a large NGD,

it is necessary to have a large ¢{x . ) for these lasers, although this occurs at points of
ary g off g p

minimal |x,,| (and hence maximal (aL)m ), as seen in Figure 28. This results in a

tradeoff between having a low («L)__ and a high NGD.

While first-order gratings, as observed above, will always have lower threshold gains
compared to higher order gratings, the difference between them can be minimized. In

Figure 53, the ratio of threshold gains between first- and third-order gratings, o, ,/a,,,

for different cavity lengths and duty cycles is plotted. The performance of the third-order
grating approaches that of the first-order one as the duty cycle increases, since the
minimum threshold gain of the third-order grating falls more sharply with duty cycle than

the first-order grating for duty cycles > 0.5, as shown in Figure 50. ¢,,,/«,. is also

greater for smaller cavity lengths and minimal at cavity lengths of ~300 to 600 pm as the
third-order grating minimum threshold gain falls more sharply than the first-order grating
in this range of cavity lengths, as seen in Figure 50. To improve the performance of
higher order gratings compared to first-order gratings in LC-DFB lasers, the cavity length

should be made shorter and the duty cycle larger. This will improve the relative
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Figure 53, Ratio of first-order to third-order threshold gains vs. cavity length for duty cycles of

0.6, 0.7, 0.8 and 0.9.

performance of similar third-order and first-order lasers, but to obtain the best absolute
performance, the surface plots of Figure 50-51 should be used. For instance, the gratings

with a duty cycle of 0.9 have the best relative performance, but will also require a higher

(aL)_  than lower duty cycle designs.

The flatness of the longitudinal optical mode field, F, was defined earlier in (4.77). The
more flat, or constant, the amplitude of the optical mode is over the cavity length, the
smaller the effect of longitudinal spatial hole burning. This effect is minimized when the
flatness criterion of ' < 0.05 is satisfied. There will be, in general, multiple cavity lengths
that satisfy the flatness criterion for a given grating geometry. A common rule of thumb

used for standard first-order DFB lasers is that x,L products of ~1.5 will result in a good
uniform longitudinal mode profile for unshifted gratings, while for A/4 phase-shifted
gratings x,L products of ~1.25 will produce the flattest profile [20]. To see if this holds
for higher order gratings, the optical field of different lKeff| L products is plotted for duty

cycles of 0.5, 0.7 and 0.8 in Figure 54. The length scale is in arbitrary units, normalized
to a total length of 100 units, since the total length of the laser cavity will be different for

each of the optical fields shown. For example, a laser with a duty cycle of 0.5 will have
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Figure 54. Longitudinal intensity profile along the laser cavity (normalized to 100 units in
length) for |x4{L products of 1, 1.7 and 2.4 and duty cycles of 0.5 (solid lines), 0.7 (dashed lines), and
0.8 (dotted line).

cavity lengths of 376, 640, and 903 pm for IKeff,L products of 1.0, 1.7, and 2.4,
respectively. For |/ceﬂ|L= 1, the optical mode is largest near the facets, with y=0.5

showing the most non-uniformity and y=0.7 the least. When IKW|L=1.7, the mode
profiles are the flattest, with the y=0.7 curve once again exhibiting the least non-
uniformity and the y=0.5 curve the most. The IKeﬂlL =2.4 longitudinal mode intensity

distribution is greatest in the middle of the laser cavity, with the y=0.5 curve again

exhibiting the least non-uniformity and the y =0.7 curve the most. The y=0.8 curve had

moderate non-uniformity for all three |Keﬂ | L products shown here.

The smallest cavity lengths satisfying the flatness criterion for the whole range of duty
cycles from O to 1, is shown in Figure 55 for first- through fourth-order gratings. The

lengths satisfying the flatness criterion have a similar shape to the contours of the
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Figure 55. Minimum flatness length vs. duty cycle for first- through fourth-order gratings with

Wai Wy =1.5/3 (um).

normalized minimum threshold gain in Figure 50. At small duty cycles, longer cavities
are required to satisfy the flatness criteria for all grating orders, while the duty cycles that
permit the smallest cavity lengths while satisfying the flatness criterion are near the
minimum threshold gain values of around 0.8. The minimum threshold gain values
obtained from Figure 50 are outside the boundaries satisfying the flatness criterion for all
grating orders. This implies a trade-off between a low threshold laser and one with lower
spatial hole burning. If the application of the laser is a low-power design where having a
low threshold is more critical, the flatness criterion may be relaxed somewhat to obtain a
lower threshold current. On the other hand, if good high-power performance is desired,
the threshold current may have to be larger than the best possible value to satisfy the

flatness criterion.

The large variation between the different grating orders and duty cycles can be simplified

by considering only the |Keﬁ|L product. The flatness vs. |K‘eff|L characteristic shown in

Figure 56 for gratings with a duty cycle of 0.8 does not change significantly with the
grating order, with third-order gratings having only a slightly wider range of acceptable
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Figure 56. Flatness, F, vs. [k.4L for first-, second-, and third-order gratings with a duty cycle of
0.8 and W/Wy =1.5/3 (um).

L values satisfying the flatness criterion. From these results, it can be generally

Kz

stated that the flatness criterion will be satisfied for 1.2 < |Keff|L < 2.6. Minimum

flatness values approaching zero are achieved when L= 1.7. For a third-order

K
grating with y=0.5, the flatness is minimized when L=640 pm, with a range of 450 <L <

980 um satisfying the flatness criterion. For higher duty cycles, the length can potentially

be decreased. For instance, when y=0.8, the minimal value is L;=200 pm, and a range

of 140 < L <300 um is acceptable.

Other grating parameters can also be analyzed for their affect on the flatness of the
optical field. The W)y values and cavity lengths satisfying the flatness criterion are shown
shaded in blue in Figure 57. As the narrow ridge width increases, the length of the cavity
length required to satisfy the flatness criterion becomes larger. For values of Wy > 3 pm
cavity lengths > 1200 um are required to satisfy the flatness criterion. There are a range
of cavity lengths that satisfy the flatness criterion for each Wy within this range of values.
Generally the shorter cavity length of this range will be preferred since shorter cavity

lengths will require lower threshold gain and can be operated at higher speeds. However,
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Figure 57. Region satisfying the flatness criterion shaded in blue vs. cavity length and narrow

rib width for a third-order grating with a wide rib width of 4 pum and duty cycle of 0.7. Inset shows
cross-section at a length of 500 pm.

it may be more desirable to minimize the flatness of the optical field, depending on the
laser application. The inset shows a cross-section of this graph at a cavity length of 500
um. The flatness forms a valley around Wy = 2 um, and it is possible to achieve nearly
zero flatness values near this value. This is true of all the regions satisfying the flatness
criterion. In most cases, however, it is sufficient to satisfy the flatness criterion and not

have a completely flat optical field.

6.1.2. /4 Phase-Shift

The addition of a A/4 phase-shift is often employed in standard first-order DFB laser
designs to remove the longitudinal mode degeneracy near threshold. The ol and 6L
values of the longitudinal mode solutions for an unshifted and phase-shifted first-order
grating are illustrated in Figure 58a for facet reflectivities of r;=r,=0. As mentioned
above, the unshifted grating has two longitudinal mode solutions with the same threshold
gain, L, on either side of the Bragg frequency, resulting in NGD=0. In practice, the

facet reflectivities will not be identical, as assumed here. Even if both facets have
130



3 T '
- Tnshlfted b) - Unshifted
3 ey slnft 3 1N -+ )./4 shift
2f 2 F X ]
= L i =2 L N r ]
3 S ;,.A:;; 3 N ¢
1f v : 1 e A
L 3 g
O ' 2 1 L i L 2 L L O : A l-
-10 0 10 -10 -5 0 5 10
oL oL
Figure 58. Longitudinal mode solutions for a) first-order and b) third-order grating with a

duty cycle of 0.8, with and without a 3/4 phase-shift

identical reflectivity magnitudes, it is impossible to cleave the lasers into lengths that are
accurate down to fractions of a grating period, and so the two facet phases will be
random. These random facet phases will determine which mode will begin lasing first.
This unpredictability greatly reduces the single-mode yield of the fabricated device if
only a single laser wavelength is desired, as is usually the case. Two longitudinal modes
with similar threshold gains can also encourage undesirable mode-hopping during laser
operation. The addition of the phase-shift breaks the symmetry of the grating, resulting
in a single longitudinal mode at the Bragg frequency with a lower threshold gain than the
unshifted grating. This improves the single-mode yield, but often requires features

smaller than the grating period to define the phase-shift.

Higher order gratings, in general, do not exhibit the longitudinal mode degeneracy of
first-order index-coupled gratings, where NGD=0. The complex coupling coefficient will
favour a single lowest threshold gain longitudinal mode solution, and the NGD > 0, as
shown in Figure 52. This is also demonstrated in Figure 58b for a third-order grating
with a duty cycle of 0.8. The shorter wavelength mode is now favoured in the unshifted
grating solutions. Adding a /4 phase-shift will actually have a detrimental effect in this
case. Although the shorter wavelength mode is still favoured, the threshold gains are

now shifted upwards and NGD, i.e. longitudinal mode discrimination, is reduced. This
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will increase the probability of mode-hopping, and add uncertainty to the lasing

wavelength.

How general is the reduced NGD with the addition of a phase-shift? A more
comprehensive analysis for grating orders from first- to third-order of the minimum
threshold gains, minimum Bragg frequency detuning, and NGD over a complete range of
duty cycles from 0 to 1, a cavity length of 500 pm, and ideal reflectivities of r; =7, = 0
for both unshifted (solid lines) and phase-shifted (dashed lines) gratings is shown in
Figure 59. These graphs are effectively cross-sections of the surface plots of Figure 50-
52 at a cavity length of 500 pm, except now including phase-shifted solutions. This
analysis reveals that while the addition of a phase-shift is helpful in all cases for a first-

order grating, it is usually detrimental for higher order gratings.
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Figure 59, Normalized gain threshold (al), normalized Bragg frequency deviation (4L) and

normalized gain difference (NGD) vs. duty cycle for first- (a,b,c), second- (d,e,f) and third-order
gratings (g,h,i), for a uniform grating (solid lines) and with a central A/4 phase-shift (dashed lines).
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First-order gratings have lower threshold gains and higher NGD values when the phase-
shift is added. The lowest threshold gain of (L) . = 0.69 occurs for the phase-shifted

grating at a duty cycle of 0.75, for the unshifted grating the minimum of (L) = 0.91

also occurs at a duty cycle of 0.75. The wavelength detuning, shown in Figure 59b, has
two modes that are symmetrical about the Bragg frequency for the unshifted grating,

while the phase-shifted grating has a single mode at (6L) =0. For the first-order

grating, the NGD is zero for the unshifted grating since there are two longitudinal modes
with the same gain threshold. The addition of a phase shift is beneficial, yielding values
of the NGD as great as 0.74 (Figure 59c, dashed line).

Phase-shifted gratings, and not unshifted gratings, also have the lowest (ocL)min value

over all duty cycles for second- and third-order gratings. These very low (a.L)ml_n values

occur at very high duty cycles. The phase-shifted second-order grating had the lowest
(aL)  of 0.92 at a duty cycle of 0.9, and the phase-shifted third-order grating had the

lowest (aL) of 0.99 at a duty cycle of 0.92. For higher grating orders, LC-DFB lasers

with a phase-shifted grating generally show a higher threshold gain than the unshifted
structures for most duty cycles, as shown in Figure 59d and g. In particular, for the duty
cycles > 0.5, phase-shifted gratings have a lower threshold gain only when the duty cycle
is > 0.9 in the second-order case and only for duty cycles < 0.55 and > 0.92 in the third-

order case.

The wavelength detuning is very stable for an unshifted second-order grating DFB laser,
shown by the solid line in Figure 59e, with a smooth variation over all duty cycles, as
also observed in Figure 51. The wavelength changes from being longer than the Bragg
wavelength for duty cycles < 0.5 to being shorter than the Bragg wavelength for duty
cycles > 0.5. The phase-shifted laser (Figure 59¢, dashed line), however, has an abrupt,
highly undesirable, jump in detuning for a duty cycle of ~0.45. The situation is yet worse
in a third-order grating. For the unshifted grating (Figure 59h, solid line), there is a
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single jump in longitudinal modes at a duty cycle of 0.5. There is a direct relationship

between these wavelength detuning discontinuities and poor NGD values.

The wavelength detuning discontinuities occur at duty cycles when the NGD goes to
zero, as seen in the NGD characteristics of the second-order (Figure 59f) and third-order
(Figure 59i) cases. For higher order gratings, the addition of a phase-shift does not
generally improve the NGD because additional mode discrimination is already provided
through the radiation loss that occurs for non-negligible imaginary components of the
coupling coefficient, reducing the need for a phase-shift. This was first noted by
Kazarinov for second-order gratings [100]. The NGD values for these higher order
gratings are greatly reduced near duty cycles where the wavelength jumps, observed in
Figure 59¢ and Figure 59h, occur. This leads to the conclusion that, for most duty cycles
of interest in higher order gratings, introducing a A/4 phase-shift will worsen the

longitudinal mode discrimination, and thus have precisely the opposite effect as intended.

6.1.3. Facet Reflectivity

The end facets of the laser cavity have so far been assumed to be perfectly anti-reflective,
i.e. ri=r,=0. Although the fabricated lasers will ideally have perfect anti-reflection
coatings at the end facets, in reality there will still be some finite facet reflection
including a phase component. This phase component represents the additional distance
traveled due to a partial grating period, a distance that, as mentioned earlier, cannot be
consistently achieved when cleaving a laser. In DFB lasers with first-order gratings, this
random facet phase determines which longitudinal mode will begin lasing at threshold.
In lasers with higher order gratings, the generally complex coupling coefficient means

that there is much more certainty as to which longitudinal mode will lase at the threshold.

To see the requirements on both the anti-reflection coatings and the NGD of the grating,
variations in the facet reflectivities of both phase and magnitude are now examined. The
different facet reflectivities are incorporated by changing the boundary conditions of the

longitudinal mode equations, for example, in the error function of (4.64). The exact facet
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phase could be anything from 0 to 7, so the longitudinal mode solutions are found over
this range of phases for each facet reflectivity magnitude. From this range of solutions,
the largest and smallest values of the threshold gain and Bragg frequency detuning are
found, and their difference gives the worst-case deviation in the threshold gain and
wavelength detuning due to unknown facet reflectivity phases for each facet reflectivity
magnitude. The plot of this variation due to facet phases is shown in Figure 60 for
different reflectivity magnitudes, assuming that the two facets are the same, and for the
four lowest threshold gain longitudinal modes. As the magnitude of » becomes larger, the

deviation in L and &L will also grow. It is important to have as little reflection as

0.5 AL BELEL B R B T T
&Mode 1 (a)
0.4f©Mode 2 3
§ _¥Mode 3 ]
.8 0.3}Mode 4 E
5 f ]
= 0.2F -
= [ .
o] ! ]
0' 1 3 __—%8 E
E 1 + 1 1 ] E
OO 002 0.04 l(I).06 0.08 0.1
T
0.5 LR B 1 i ¥ d
SMode 1 (b) ]
0.4}©Mode 2 >
&  [¢Mode3 :
.§ 0.3f«Mode 4 E
S 0.2f :
2] ! .
0.1p ~
O‘: Pomr ST NN SE S NN SN ST SRPS N S S SN S N S
0 002 004 ](|).06 0.08 0.1
T
Figure 60. Maximum deviation in (a) aL and (b) 6L vs. magnitude of facet reflectivity for a

random facet phase
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possible at the end facets, not only to prevent Fabry-Perot cavity modes from forming,
but also to prevent instability in the longitudinal mode. For reflectivities of |#| < 0.1, such
as those shown in Figure 60, a NGD value of > 0.2 will prevent any mode-hopping due to

random facet phases for this geometry.

It is generally the case that one facet is highly-reflective and the other is anti-reflective.
This results in most of the light exiting out of the single anti-reflective facet, rather than
out of both as will be the case in our as-cleaved lasers. The effect of this on the standard
grating parameters is illustrated in Figure 61, for a third-order grating with a cavity length
of 500 pm and a duty cycle of 0.7. In this figure, the phase of both reflectivities is kept
fixed at zero, while the magnitude of r, is increased from O to 1. The units of the
minimum threshold gain, Bragg frequency deviation, and NGD are again normalized to

be unitless by multiplying them by the cavity length. The minimum threshold gain

decreases modestly as the magnitude of », increases, and has a maximum of (azL)mjn =

1.92 at |r,| = 0 and minimum of (L) = 1.76 at |r,|=1. (SL) . varies somewhat more

Normalized values

Figure 61. Variation of (@L),n, (L) min, and NGD vs. magnitude of r,, for r;=0, phase of r,=0, a
cavity length of 500 pm, and a third-order grating with Wy/Wy = 1.5/3 (um) and a duty cycle of 0.7.
Normalized values are unitless after multiplication with the cavity length, L.
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significantly from a minimum of 1.9 to a maximum of 2.3 when |r;| goes from zero to
one, respectively. The biggest effect is on the normalized gain difference, NGD, which
decreases as |r;| increases, from 1.32 at |r,|=0 to 0.77 at |r,|=1. This decrease in NGD is
in contrast to lasers with first-order gratings, which often use a single highly-reflecting
end facet to lift the longitudinal mode degeneracy (i.e. increase the NGD so it is no

longer nonzero) [101].

It would appear that having a highly reflective end facet has obvious benefits, lowering
the threshold gain, producing a single-ended output facet, and still keeping NGD within
the acceptable limits mentioned in Section 4.5 of NGD > 0.2. As seen from Figure 60,

higher reflectivities leads to greater variation in the output parameters. This is confirmed
by Figure 62, where (aL) _, (6L)_, and NGD are plotted for a fixed r, magnitude of
[r2|=0.95, for a variation in the phase of ; from 0 to 2z . There is a large variation in all

parameters as the phase is varied, particularly around a phase of 37 /2 where there is a

switch in longitudinal modes from negative to positive Bragg detuning values.
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Figure 62. Variation of (@L)yin, (OL)in, and NGD vs. phase of r,, for =0, magnitude of r,=
0.95, a cavity length of 500 pm, and a third-order grating with Wx/Wy,,=1.5/3 (um) and a duty cycle
of 0.7

137



6.2 Quasi-3D Static Laterally-Coupled Distributed Feedback Model

The simplified model described in Section 4.5 is useful for quick comparisons of the
threshold characteristics of laterally-coupled distributed feedback lasers with different
grating parameters. However, it neglects the spatial variation of the modal gain, carrier
densities and effective refractive index along the laser cavity. The distribution of
carriers, for example, can be very non-uniform along the laser cavity, particularly at
higher powers where there is significant longitudinal spatial hole burning (LSHB). This
leads in turn to a non-uniform gain profile, invalidating one of the assumptions of the
simplified model. This work will use a quasi-3D model similar to the static model
described by X. Li for DFB lasers [101], except now applied to modified coupled-mode
coefficients calculated for LC-DFB lasers.

6.2.1 Solution Algorithm

This quasi-3D model divides the laser into two-dimensional slices along the longitudinal
(z-) direction, similar to the simplified model described above, and follows the algorithm
shown in Figure 63. The algorithm begins in step (1) by calculating the modified
coupled-mode coefficients for a two-dimensional cross-section using the algorithm
described in Section 4.4. A more accurate model would recalculate these coefficients for
each two-dimensional slice according to the local variations in gain and refractive index,
but this would require prohibitively long computational times. For a 50 section laser, a
single iteration of such a model would require ~25 hours, and the calculation would have
to be performed repeatedly to achieve a self-consistent result. Instead, the coefficients
are calculated for the cross-section assuming a cold cavity, i.e. that there are no carriers
present affecting the refractive index. The LAS2D simulations of Chapter 3 indicate that
the refractive index changes in the MQW by ~0.25% from its cold cavity value when a
moderate bias of 60 mA is applied. While this refractive index change would produce a
slight change in the calculated coupling coefficients, this change will be neglected for the

sake of a much more efficient model.

138



Calculate coupled mode coefficients 1
(x,{,, {,) from laser cross-section ey

L 2
| For given bias, V, calculate G(9 ), )
€ (9), from Las2D

L 2

Use RK 4 solver to advance from left 3
5| facet, self-consistently solving for & &
at each point, using different values of

Go to next B(1)and ¢
bias point ¥

4) Does Im{B(L)} and Re{B(L)} meet the YES} Add to list of longitudinal | (5)
NO | boundary conditions? mode solutions

Y 2

) All roots found

Is there multiple longitudinal mode solutions? |(6)

v YES

NO

(M

For each longitudinal mode, add field contribution
from all other modes and re-solve

v NO
Have all mode fields converged?

YES (8)

Figure 63. Quasi-3D static model solution algorithm

For a given laser cross-section and applied bias, LAS2D is then used in step (2) to
calculate the modal gain/loss, spontaneous emission rate, carrier densities, and current

density for a given range of photon flux density values, ¢. This is a different calculation

from the one for a standard FP laser in Chapter 3, and uses a solution mode of LAS2D
that is normally used for semiconductor optical amplifier (SOA) simulations. These
values are stored in a lookup table for the next stage of calculations. An example of the
results of this stage for the modal gain and internal loss for an applied bias of 1.5 V is
shown in Figure 64. This accurately takes into account the lower gain that results as the
photon flux density increases. This saturation of the output power results from a lack of
carriers able to supply gain as the photon flux density becomes very large. This nonlinear
gain saturation will reduce the local modal gain in the regions of the laser cavity with a

large optical intensity. Next, in step (3), the longitudinal mode solver starts with an
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initial guess for B(1), the value of the backward-propagating field at the left facet, and &,
the Bragg detuning. It uses an RK4 solver, as described in Section 4.5, to integrate the
coupled-mode fields along the length of the laser. Unlike in the simplified model,
spontaneous emission is also included in this model, so that the modified coupled-mode

equations are now:

Z_A‘*' _a(z)_jé‘—jgl_ﬁ'(—zzl A=j(K;+§2)B
1z A‘

6.1)
_fl_f+ —a(z)—jé'—j;;—'][;}z) B=j(Kp+§’4)A

where a term representing the coupling of spontaneously emitted light, J,, has been

added to both coupled-mode equations. In this model, the J;, term is given by

J =pBR (6.2)

sp sp

140



where [ represents the coupling of spontaneous emission into the lasing mode, and R,

is the spontaneous emission rate, integrated over the laser cross-section. The value of R,

is obtained from LAS2D, and S, =1 x 10" is used for this model. Also different from the

simplified model presented in Section 4.5 is that we now calculate the gain, a(z) , self-

consistently at the given bias point for each cross-section slice in the longitudinal
direction. For each slice, the modal field amplitudes are first calculated assuming the
value used for the modal gain/loss from the previous iteration. The field amplitudes are
used to find the photon flux density, which is then used to recalculate the gain. This
cycle is continued until the modal field amplitudes that are calculated in that section are
consistent with the gain calculated with the photon flux density present. This continues
for each cross-section until the right facet is reached, and the boundary conditions are
checked in step (4). If the boundary conditions are satisfied, in step (5) a longitudinal
mode solution has been found and added to a list. This continues until all  values within
a wide range have been checked. A similar two-dimensional NR root-finding algorithm
to the one described in Chapter 4 is used again here, except with B(1) and &, to find the

exact longitudinal mode solutions.

There are generally multiple longitudinal mode solutions, so we must proceed to step (6)
in the algorithm. We take the longitudinal mode solutions in step (7), starting with the
one with the largest amplitude, and assume that they contribute to the photon flux
according to their field amplitude at each point in the laser cavity. The other modes are
then re-solved, beginning at step (3), with this background photon flux present. The
longitudinal modes are continuously re-solved with the additional photon flux from the
other modes present, until the mode fields and & converge for all the longitudinal modes
in step (8). In practice, for the laser that was simulated in the following section, a single
longitudinal mode dominated for the range of bias currents that were studied, with a
much weaker second mode appearing at higher biases. This greatly simplified the
calculations compared to the general algorithm where there are many potential

longitudinal modes that must converge.
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6.2.2 Quasi-3D Static Model Results

The quasi-3D static model was compared with the experimental results of Li [101]. In
his work, he develops a similar quasi-3D static model for a distributed feedback laser.
Since he was able to match his simulated results to the experimental values, it is expected
that our model should also provide reasonably close agreement to experiment. It is not
the purpose of this thesis to compare the models directly. Rather, the intention is to use
the detailed information on the experimental DFB laser in Li’s work, including the
epitaxial growth structure, to predict the LI curve. The data from Li’s result was found
from analyzing Figure 4.3 in [101] with ImageJ software to find the data points. The first
attempt at matching the experimental data with the model predicted far higher output
powers for a given bias point than the experimental points. This was particularly true at
lower bias currents of < 50 mA. For instance, the model predicted an output power of 7.7
mW at a bias current of 45 mA, compared to the experimental value of 3.6 mW at this

bias current.

It was found that the results could more closely match the experimental results if the loss
factor was adjusted. If an additional loss of 1.4 cm™ is added such that the error in the
output power between the experimental and theoretical results at 100 mA is minimized, a
more closely matching characteristic can be obtained, shown in Figure 65. There are still
some significant deviations, particularly at lower bias currents. One major reason for this
is that our LAS2D model parameters, given in Chapter 3, have not all been calibrated for
Li’s material system. While much information about the laser is provided by Li, ideally
there would be FP test data that could be used for calibration of the model parameters of
LAS2D outlined in Table 2. One of the tasks in any future work involving this model
would be to properly calibrate the LAS2D parameters used against FP laser data. Our
quasi-static 3D model also neglects amplified spontaneous emission at low bias currents
below threshold, since we do not see lasing modes at this point. Although the quasi-3D
model still requires fine-tuning, particularly of the LAS2D parameters that are used in

step (2) of the algorithm, it is a considerable improvement over the simplified model,
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Figure 65. Comparison of quasi-3D model results with work of X, Li [101]

providing a better estimation of the laser performance. The model was applied to a 500

pm long LC-DFB laser with a grating of W, /W,,=1.5/3 (um) and a duty cycle of 0.7.

The end facets were set to reflectivities of R; = R, = 0.3, consistent with an as-cleaved

laser bar.

The LI curve for this laser is shown in Figure 66. The threshold current of the LC-DFB
laser was calculated to be 10.5 mA from the intercept of the LI curve, excluding the zero
power point at 12 mA. The maximum slope efficiency is 0.31 mW/mA. As a
comparison, the LI curve generated for this laser is compared to that calculated by
LAS2D for a Fabry-Perot laser of identical epitaxy with reflectivities of R; = R, = 0.3,
and a ridge width of 3 pm. The FP laser has a threshold current of 9.15 mA and a
maximum slope efficiency of 0.36 mW/mA. We thus have a reduction of 12% in the
slope efficiency and a threshold current that is 15% higher when going from a FP laser to
an LC-DFB laser with this grating configuration. The slightly worse numbers are not
unexpected, since we are introducing additional loss with the grating, however, in return

we obtain a high-quality frequency-selective DFB laser spectrum. The performance of the
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Figure 66. Comparison of LC-DFB laser (ridge widths of Wy/W,, = 1.5/3 (um), duty cycle of
0.7) quasi-static 3D LI curve and the LI curve of a Fabry-Perot laser with a ridge width of 3 pm
calculated using LAS2D.

LC-DFB laser could be improved by optimizing the duty cycle and length of the laser
according to the analysis of Section 6.1.1, as third-order grating LC-DFB lasers with a
length of 500 um and duty cycle of 0.7 are not the lowest threshold gain design.

We can use this model to analyze spatial hole burning effects in a typical LC-DFB laser.
In Figure 67, the average hole concentration in the first quantum well (closest to the
ridge) is shown for an applied bias of a) 22 mA, and b) 63 mA. There is little change in
the hole concentration in the longitudinal (z-) direction for both biases, indicating that
longitudinal spatial hole burning (LSHB) is not a serious issue at these values of the
applied bias. As we go to the higher applied bias, however, we begin to see some lateral
spatial hole burning, as the holes in in the region under the ridge begin to be depleted,
resulting in a local minimum at the centre of the ridge. Thus, for this particular laser
geometry, we see that lateral, rather than longitudinal spatial hole burning is the dominant
carrier depletion mechanism. Since the calculated flatness, F, at this cavity length and

duty cycle is 0.035, this laser geometry satisfies the flatness criterion of F < 0.05, and so
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low LSHB is to be expected. Other laser geometries with a greater F will likely

demonstrate greater LSHB than is observed in this case.

A limitation on using LAS2D to generate the gain, loss, etc. vs. the photon density was
revealed when attempting to find solutions at higher bias values. For bias voltages above
1.4 V the LAS2D solutions no longer converged. The LAS2D model that we are using
was originally intended for SOAs that are operating in the linear gain region. It appears
that when going to higher bias voltages where the gain begins to saturate, the model
experiences convergence issues. This restricts our use of this model that relies on
LAS2D to the linear part of the LI curve, unless this difficulty with convergence can be
overcome. This is not necessarily a limit on the quasi-static model itself, however, and it
could be possible to use another simulation tool or develop new software that could

handle these higher bias values.
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CHAPTER 7 - EXPERIMENTAL RESULTS

7.1 Mask Layout

The LC-DFB laser mask was designed to be compatible with a stepper lithography
process, where a single stepper tile is repeatedly exposed along the wafer during
processing. The size of the stepper tile used was 6 mm x 6 mm. Table 5 shows the
design variations that were included on the mask. The different lasers are identified by
the device label given in the first column. The next two columns are for the narrow and
wide ridge widths, in microns. The narrow ridge widths have variations between 1.5 and
2.5 um, and the wide ridge widths between 2.5 and 5 pm. The fourth column is for the
grating order, which determines the period given in the next column, either 600 nm for
the third-order or 800 nm for the fourth-order gratings, +/- 30 nm. There are two
columns for the grating period since the mask includes some dual-wavelength designs,
with different grating periods on either side of the mask, for possible use in the
generation of microwave signals. There are also Fabry-Perot laser test structures and
gratings with Bragg gratings detuned from 1310 nm to permit DFB lasing even if the
material gain is not centered at the proper wavelength. Finally, the mask also includes
some dual-wavelength designs, with different grating periods on either side of the ridge.
These differences are smaller than the +/- 30 nm resolution limit on the lithography
process, but it was decided to see if the average grating periods on either side of the ridge
along the entire length of the laser cavity would provide the desired dual-wavelength

operation, even if there was some variation in the individual grating periods.

The mask includes six layers: two dry-etching layers, an evaporated metal layer that
includes the device labels shown in Table 5, a dielectric via layer, an InGaAs removal
layer, and an electroplated metal layer. The processing steps are the same as those shown

in Figure 5, with a few additional steps. The two dry-etching layers include one layer for
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Device Label | Wiy (um) | Wy, (um)| Grating order | Period 1 (nm)|Period 2 (nm)] Duty cycle] Repeat Description
L1,L23,L45 1.5 4 3 0.5 3 Standard design
L2 1.5 4 3 0.6 1 -
3 :z 2 : g; : Duty cycle var.
L5 1.5 4 3 0.9 1
L7 1.5 2.5 3 0.5 1
L8 1.5 3 3 0.5 1
L9 1.5 35 3 0.5 1
L10 1.5 4.5 3 600 NA 0.5 1
L1l 1.5 5 3 0.5 1
L12 2 3.5 3 0.5 1 3rd order ridge width
L13 2 4 3 0.5 1 variations
Li4 2 4.5 3 0.5 1
L15 2 5 3 0.5 1
L16 25 4 3 0.5 1
L17 25 4.5 3 0.5 1
Li8 2.5 5 3 0.5 1
L28 1.5 2.5 4 0.5 1
L29 1.5 3 4 0.5 1
L30 1.5 3.5 4 0.5 1
L31 1.5 4.5 4 0.5 1
L32 L5 5 4 0.5 1
L33 2 35 4 0.5 1 4th order ridge width
L34 2 4 4 800 NA 0.5 1 variations
L35 2 4.5 4 0.5 1
L36 2 5 4 0.5 1
L37 25 4 4 0.5 1
L38 2.5 45 4 0.5 1
L39 25 5 4 0.5 1
16,1.24,144 1.5 4 3 0.5 3 lambda/4 phase shift
L40 1.5 1.5 NA 600 NA NA 1 Fabry-Perot
L41 4 4 NA NA 1 Fabry-Perot
L19,L20 - 1.5 4 3 607.9 608 0.5 2 0.2nm spaced dual WL
121,122 - 1.5 4 3 607.9 608 0.5 2 0.25nm spaced dual WL
L25,L26 1.5 4 3 607.5 608.4 0.5 2 2nm spaced dual WL
127 . 1.5 4 3 606.8 609.1 0.5 1 5nm spaced dual WL
[y 15 4 3 594 NA 0.5 1 |1280nm Bragg WL grating
143 1.5 4 3 622 NA 0.5 1 1340nm Bragg WL grating
Table 5. LC-DFB mask design variations

the detailed etching around the ridge and one layer for the coarser etching of the trench

around the ridge. The dielectric via will have sloped sidewalls (narrower near the ridge

layer) to permit better coverage of the evaporated metal material, due to the highly

directional nature of the metal evaporation process [102].

The mask also includes an InGaAs removal layer that defines regions where InGas is to

be etched away. Removing InGaAs material will greatly reduce the amount of carriers
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Figure 68. a) Standard rectangular grating tooth definition, b) use of sub-resolution mask
features to sharpen grating teeth.

that will be injected in this region. This is done in the area of the grating teeth to reduce
the amount of lateral current spreading. The evaporated metal contacts are the primary
metal layer, however, if cracking of this layer occurs, the extra mask layer for
electroplated metal contacts can be used. The use of sub-resolution features to sharpen
the grating teeth was also attempted, as shown in Figure 68. These sub-resolution
features were 100 nm x 100 nm squares placed at the end corners of the grating teeth.
The intention was to reduce the rounding of the grating ends due to the resolution limits

of the stepper lithography process.

The layout of these design variations on the mask is shown in Figure 69. The evaporated
metal is used not only as a contact but also to create the device labels and cleaving marks.
The device labels and cleave marks are spaced by 500 pm. The reader is referred to
Figure 106 of Appendix A for more detailed labeling of the features here. The layout was
created using dw-2000 v8.3 software from Design Workshop Technologies. One useful
feature of this mask layout software is that it uses ‘p-cells’. These are modules of code
written in the GPE language that describe how to implement a repeated section of the
layout. An example from this layout of such a repeated mask element is a standard LC-
DFB laser. A single instance of this laser is generated for the layout when given a set of
input parameters such as the ridge widths, duty cycle, laser length, etc. This allows for

changes to be made to the mask in a fast and flexible manner. For instance, if it was
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Figure 69. Layout of LC-DFB stepper tile with detail of lasers L39-L41.

decided to change the duty cycle of all devices in the next fabrication run, only the p-cell
input corresponding to the duty cycle would need to be changed, instead of recoding the
entire mask. The standard LC-DFB p-cell accepts as parameters the narrow and wide
ridge width, grating period, duty cycle, etc. The script that lays out the entire mask
creates an instance of each of these p-cells for each of the design variations described in
Table 5. Those interested in more details on this method of mask layout can refer to

Appendix A.

7.2 Device Fabrication

The LC-DFB lasers were fabricated at the Canadian Photonic Fabrication Centre (CPFC)
in Ottawa, ON. The gratings were defined using i-line 5x stepper lithography, and etched
using an inductively-coupled reactive ion etch (RIE) process [103] (for the fine grating
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features) and a wet chemical etch (for coarser features such as the trench surrounding the

grating).

7.2.1 Scanning Electron Microscope Photos

Scanning electron microscope (SEM) photos were taken of the gratings by N. Kim of
CPFC during the fabrication of the laser. The tilted view of a single standard grating (L1
referring to Table 5) at various magnifications in Figure 70 shows smooth, vertical, well-
defined gratings. The grating periods are consistent over the length scale shown, with no
missing or poorly defined grating teeth. The aspect ratio also remains consistent along the
length of the grating. These photos indicate a stable, consistent manufacturing process.
Measurements of the grating teeth across seven different wafers, taken at all points on the
wafer, showed that the cross-wafer uniformity in the grating period was +/- 15 nm.
Gratings were measured at the top, bottom, left, right and centre of each wafer, and no
particular region of the wafer had greater non-uniformity than others. Omitting one of
the wafers that had an unusually large grating period would result in a cross-wafer
uniformity of the period of only +/- 6 nm. It is also important to note that the variations
from the Bragg wavelength will tend to be consistent for a single grating, resulting in a

consistent Bragg period for the laser.

The grating teeth are somewhat rounded, as observed in Figure 70 and confirmed in the
detailed grating view of Figure 71. This rounding occurs despite the use of sub-
resolution features in the mask as shown in Figure 68. As noted in Chapter 5, higher
order gratings that are rounded are not necessarily detrimental compared to rectangular
gratings. In this case, however, the rounded tooth shape differs from the shapes that have
been studied earlier. The analysis in the next section, using exact measurements of the
grating geometry taken from the SEM photos, will examine how this particular rounded

grating shape influences the coupling coefficient.

Very fine grating features (near or below the stated resolution of the stepper lithography
process) did not always turn out as intended. Such features tended to be ‘washed-out’

during the etching process. An example of this is the larger duty cycle grating that had
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Figure 70,
magnifications.

Figure 71.

R A e e

300

Tilted SEM view of a third-order grating with a duty cycle of 0.5 at various

SEM detail of third-order grating with a duty cycle of 0.5
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Figure 72. Top view of grating teeth for third-order gratings with increasing duty cycles

small gaps between the grating teeth. Instead of etching all the way through the grating
teeth, the teeth are shallower and sinusoidally shaped, as shown in Figure 72. This
indicates a catastrophic failure in the lithographic definition using stepper lithography at a
duty cycle somewhere between 0.5 and 0.6. For a grating with a duty cycle of 0.8 the
grating is almost completely washed out. The shallow, sinusoidal shape of the grating
teeth at duty cycles > 0.5 will provide very little coupling, and thus the laser performance

is expected to be more like an FP laser than a DFB laser for these devices.

A similar issue to the washing out of higher duty cycle gratings is seen in the phase-
shifted gratings since they also require a small gap in the grating teeth in the A/4 phase-
shifted region. This gap is below the resolution of stepper lithography, and is completely
washed out, as shown in the SEM photo of Figure 73. It is apparent that we have again
reached the limits of our stepper lithography resolution, as with the higher duty cycle
gratings. This will be less detrimental, however, than the entire gratings that were

washed out while attempting higher duty cycles. The phase-shift, while not of the desired
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Figure 73. /4 phase-shifted third-order grating

A/4 length, will still break the symmetry of the grating. The measurements of this
phase-shift feature show that it spans approximately half a period (i.e. an entire gap
between grating teeth), or a distance of approximately 300 nm. This corresponds to a
phase-shift of 0.23 A instead of the 0.25 1 that was attempted. Although this is not the

ideal case, it is still sufficient to produce a symmetry-breaking phase jump.

SEM photos of the ridge width variations reveal further fabrication imperfections that
will impact the grating strength. Measurements from these photos, shown in Figure 74,
show that the gratings intended to have Wy = 1.5 pm are instead broadened in the middle,
so that Wy ~ 1.75 um. In addition, the intended values of Wy = 2.5, 4.5, and 5 um, have
been shortened during fabrication to Wy =2.24, 4.19, and 4.69 pm, respectively. Both of
these variations will reduce the effective coupling coefficient, as demonstrated from
Figure 35 and Figure 36. While only a single picture of these dimensions was provided, it
is likely that these numbers are stable across the wafer, and that either a mask bias

correction, or a design bias, could be used in future designs to improve these dimensions.

The side view of the gratings reveals some bowing in the sidewalls of the grating,
resulting in non-uniform aspect ratios. The difference between the widest part of the gap,
seen halfway up the grating, and the narrowest part of the gap, seen at the bottom of the
gap, is 0.31 pm - 0.28 pm = 0.03 um for the grating in Figure 75. This bowing of ~10%
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Figure 74. Top view SEM photos of third-order gratings with intended Wy/Wy values of a)
1.5/2.5, b) 1.5/4.5, and 1.5/5 (um)
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Figure 75. Side views of a third-order grating with a duty cycle of 0.5

will slightly decrease the coupling, but is expected to be a significantly smaller effect
than the in-plane rounding of the grating teeth observed in the horizontal direction in
Figure 71. The top and bottom surfaces of the grating etch are both nearly flat, with a
slight tilt of ~1% with respect to each other observed in some cross-sections. Previous
etch runs showed significant etch micro-loading that caused a much larger tilt in the
bottom grating surface. Microloading is an aspect ratio dependent etch rate, and causes
features with a high aspect ratio (such as the bottom of the grating teeth, where we have
very fine features) to have more non-uniformity than features with a low aspect ratio. The
etch target was adjusted accordingly in the final fabrication run to produce the much
flatter gratings observed here. The laser chips were cleaved into device lengths of 500,
750, 1000, 1250, and 1500 microns. The laser bars were all tested with as-cleaved facets.
Figure 76 shows the top view of a 1500 micron cavity length laser. The metal contacts
show no noticeable lift-off, and the facet cleave is smooth and straight. Few of the lasers

tested showed any visible evidence of cleave damage from above. The best way to see
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Figure 76. Top view of fabricated LC-DFB lasers 1L38-1.42

the quality of the cleave, however, would be a facet inspection which was not performed

for these lasers.

7.2.2 Revised Fourier Coefficients

The fabricated gratings revealed that the rectangular grating shape, assumed in the
analysis of Chapter 5 is, in fact, rounded during the manufacturing process, as seen in
Figure 71. This grating shape is more accurately modeled with a grating tooth that is
elliptical at the grating ends. Using this model the rounded grating shape shown in
Figure 77 is defined within a grating period by four parameters, 4;, sy, i3, and the duty
cycle, . The length of an individual tooth is divided into three regions: the upper
elliptical portion of length 4, the middle straight section of length 4,, and the lower
elliptical portion of length 43;. Using (4.47) and (4.48), the Fourier coefficients of this
grating structure can be determined. The average refractive index will now be

x- dependent, and is given by,
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In the limit where 4, — 0 and 4, —> 0, n] (x) will reduce to the expression for a rectangular
grating given by (4.57). The Fourier coefficients are
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Once again, these equations reduce to those of the rectangular grating, (4.58), in the limit

when 5, —0and A, —0.

The coupling coefficient for the rounded gratings will be smaller than those of
rectangular gratings of the same duty cycle, as seen by comparison between Figure 32
and Figure 78. Similar to the triangular and sinusoidal grating shapes, the rounded
grating shape has more optical confinement in the grating region compared to rectangular
gratings due to larger ny values near the center of the mode. For a third-order grating
with Wy/Wy = 1.5/4 (um) and y = 0.5, the grating confinement is I'grating = 0.66% in the
rounded grating, compared to I'graing = 0.36% for a rectangular grating. However, this
confinement is smaller than comparable triangular or sinusoidal gratings, and the form of

the rounded grating Fourier coefficient results in a lower overall coupling coefficient.
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Figure 77. (2) Perspective view and (b) detailed tooth dimensions of rounded grating
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Figure 78. Effective coupling coefficient vs. /; for a third-order rounded grating, with &, = h;
and A, adjusted to maintain Wy/Wy = 1.5/4 pm, and a duty cycle of 0.5.

The Fourier coefficients are integrated over the grating region, influencing «,, as
previously discussed in Chapter 5. The third-order Fourier coefficients of different
grating shapes, including the rounded grating, are shown in Figure 79. This comparison
reveals that the most rapid variation from negative to positive values is for the rounded

grating case. When these functions are multiplied by the electric field, ¢,(x,y), which is

a positive real value that falls off rapidly towards the lateral edge of the grating (i.e. as x
159



—_

Z of i

<m g ¢ [---Rounded
— Sinusoidal

---Rectangular
-------- Tnangular

b e
X (pm)

Figure 79. Fourier coefficient A3(x) for rounded, sinusoidal, rectangular, and triangular
grating shapes

increases in this horizontal variation case), the quickly-varying Fourier coefficient of the
rounded grating will result in a lower integrated value than for the other grating shapes.

This lower integrated value, according to (4.38), results in a much lower «,. It is not

unexpected then to see that of all the grating shapes examined to this point, triangular,
sinusoidal, rectangular, and rounded, the rounded grating provides the weakest coupling.
This weaker than expected coupling coefficient will impact the performance of these

devices as we will see later in this Chapter.

In Figure 80, the effect of grating rounding on the longitudinal mode solutions is shown.
Figure 80 shows the variation in a) (aL)_ , b) (6L)__, ¢) NGD, and d) flatness with

grating rounding and length. From a), we see that there are minimum cavity lengths to
reduce the amount of threshold gain required. When the grating rounding is small, i.e.

h =h, — 0, and when the grating rounding is larger, i.e. more sinusoidally shaped, i.e.
h =h, - 0.5, the threshold gain is minimized. In Figure 80b, we see that the Bragg

frequency detuning decreases nearly linearly for all cavity lengths, from a maximum in
the fully rounded case to a minimum in the rectangular grating case. From Figure 80c,
we observe that the NGD increases for all cavity lengths as the grating rounding
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Figure 80. Characteristics of LC-DFB lasers with rounded gratings vs. grating rounding

parameters i,/h;, where hi;=h;, and cavity length: a) minimum threshold gain, b) Bragg deviation of
minimum threshold gain, ¢) normalized gain difference, and d) optical field flatness.

increases. In Figure 80d, the flatness, F, is best at longer cavity lengths and for
rectangular gratings with 4 =4, — 0 and rounded gratings with #, =h, - 0.5.

For future design cycles, it may be desirable to use a lateral sinusoidal grating variation
rather than attempt to fabricate a rectangular grating with perfectly sharp corners. The
fabrication process seems to favor rounded rather than square grating shapes, so the
sinusoidal shape may be easier to manufacture. In addition, it will have significantly
better coupling than the rounded gratings, and even sharp rectangular gratings with half
duty cycles.

The rounding of the grating was not the only process variation revealed by the SEM
photos. To accurately assess the grating strength of the manufactured gratings, exact
dimensions were taken from the available SEM photos. For the standard third-order
grating, the measured rounding parameters from Figure 72 are /) = 0.2 pm, 4, = 0.59 pm,

and A3 = 0.13 um. It is assumed that the value of Wy was increased during fabrication
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from 1.5 to 1.75 um. This dimension was measured from the SEM photos of Figure 74,
but was not systematically measured for all gratings. In addition, the duty cycle was
slightly increased from 0.5 to 0.53. The calculated effective coupling coefficient for this

revised grating shape is «,, =12.22-0.16 cm™. This is a significant reduction from the

expected value of «,, =26.5£0 cm™ calculated for the standard grating in Chapter 5.

7.3 Measured Laser Parameters

While there are many tests that can be used to characterize semiconductor lasers, for this
thesis we have relied on three basic measurements that provide a wealth of data on the
laser properties: IV, LI, and optical spectrum. With nearly 1500 individual fabricated
lasers, it would be difficult to perform all tests on each laser. Instead, the 750 or so
devices that have been tested were heavily weighted to the design variations that had the
best performance, such as the third-order grating structures. Only 16 representative
devices were measured for a range of temperatures, due to the time-consuming nature of

this test. The tests were performed by Kais Dridi and me at the University of Ottawa.

7.3.1 LI Characteristic

The fundamental laser measurement is the LI characteristic, or the optical output power
for a given bias current. An example of an LI measurement, showing the relevant
parameters to be extracted, is shown in Figure 81. The optical output power is negligible
until the laser bias reaches the threshold current, ;. At this point, the carrier injection
into the active region is sufficiently high for the optical gain to be greater than the optical
losses, and stimulated emission begins to dominate spontaneous emission. Above
threshold, the optical power initially increases linearly with the bias current. The
threshold current can be determined by the x-intercept of a linear fit of the LI curve just
above threshold. The slope of the linear fit is known as the slope efficiency, AP/Al, and
it is a useful measure of the efficiency of the laser diode. As the bias current increases,

the carrier density increases. This results in greater spatial hole burning, and an increase
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in local temperature within the active region. Thermal roll-off begins to occur, and the
slope of the LI characteristic begins to decrease, until finally the maximum output power,
Py, is reached. Beyond this point, the output power steadily decreases until catastrophic

failure occurs at very high bias currents.

The LI curve of a laser provides a number of useful performance measures beyond the
threshold current, slope efficiency, and maximum output power. It also provides
information on the quantum efficiency, 7, characteristic temperature, 7p, and
approximate optical loss of the laser. The‘quantum efficiency of a laser diode is a
measure of how efficiently the laser can convert electrons into photons via stimulated

emission. The external quantum efficiency, 7,, can be obtained from the slope of the LI

characteristic, AP/ Al , using [104]

_AP(gl
Ny = Al (hc)’ (7.3)
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where A is the free-space wavelength, (1.31 um in this case), while the other constants -
are g=1.6022 x 107° C, the fundamental electronic charge, 4=6.6262 x 10* J.s, Planck’s

constant, and ¢=2.99 x 10® m/s, the vacuum speed of light.

The characteristic temperature, Ty, is derived from the threshold current as measured at
different temperatures. 7Ty is a measure of the temperature-dependence of the laser. A
laser with a higher T; value has a lower dependence on temperature than a laser with a
lower T value. To obtain Ty, the threshold current vs. temperature characteristic is fitted

to the exponential relation for a semiconductor diode given by
I,=Iexp(T/T,), (7.4)

where I, is the threshold current, T is the temperature, and I, is the threshold current at 0
K. The I term can be eliminated to obtain an expression for the characteristic

temperature in terms of the change in the log of the threshold current, Aln(l,), and

change in temperature, AT [104], as

_ AT
° A]'n(lth) .

(7.5)

The results of a characteristic temperature calculation are shown in Figure 82, where the
natural logarithm of the threshold current has been plotted against the temperature. The
error in threshold current of +/- 1 mA is slightly smaller than the size of the points. The
data closely follows the linear fit of In(/4)=0.025T - 3.3 mA, determined with MATLAB
using the least-mean-squares (LMS) algorithm. The characteristic temperature, Ty, is the

inverse of the slope of the linearly fitted line. For this device, T = 40.05 K.
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Figure 82. Natural logarithm of threshold current vs. temperature for 1.25 mm cavity length
device L40b. Linear fit to data is shown.

To obtain the LI characteristic, the test setup shown in Figure 83 was used. The bars
were placed on a custom-made brass and aluminum sample holder that was mounted on a
thermoelectric cooler (TEC) to maintain a fixed operating temperature. There will be
some variation between the set temperature of the TEC and the actual laser temperature,
since the temperature used by the TEC controller (a Keithley 2510-AT autotuning TEC
source meter) for setting the TEC is measured at the left of the holder, while the laser is

placed at the right, approximately 5 cm away.

The sample holder was mounted above a Newport XYZ positioner. The light for the LI
measurements was measured using a wide-area detector. The wide area detector was
calibrated using a 1310 pm JDS Uniphase fixed laser source and a Newport 1830 power
detector. The source-meter used was a Keithley 2400. The tests have all been fully
automated using Labview software. Since the photodetector saturates at low output

powers, a 10 dB attenuating Newport FSQ-ND10 neutral density filter was used.
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Figure 83. Test setup for L-1 measurements. 1) wide area detector, 2) attenuating lens, 3) bar
under test.

7.3.2 Optical Spectrum

The optical spectrum will clearly indicate successful DFB, rather than FP, lasing
operation as the contrast between FP laser spectra and DFB laser spectra illustrated
earlier in Figure 1 shows. The FP spectrum is broad, with many peaks and valleys due to
the large number of Fabry-Perot modes that are supported. The ideal DFB spectrum, on
the other hand, filters out all but a single longitudinal mode, producing a very sharp,
spectrally pure peak. The peak wavelength of DFB lasing depends on the Bragg
wavelength of the grating, which is independent of the material gain peak, although there
must be some gain at the Bragg wavelength to permit lasing. In contrast, the peak
wavelength of a FP laser will tend to occur near the material gain peak. Since the
material gain is more sensitive to temperature than the Bragg wavelength of the grating,
DFB lasers will tend to have a smaller dependence of the wavelength on the temperature
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and bias current. As mentioned in Section 2.2, the temperature dependence of the peak
gain wavelength of a Ilong-wavelength InGaAsP/InP laser is approximately
dA,/dT =0.5 nm/K, while for DFB lasers, the temperature dependence of the

wavelength is dominated by the change in the Bragg wavelength, 4, , due to a change of
refractive index with temperature, which is approximately d4,/dT = 0.1 nm/K [22].

There have been DFB lasers with stable single-mode operation over temperature ranges

of > 100 K [21].

The important parameters to extract from the spectral measurements are the peak lasing
wavelength, Ap.q, and the side-mode suppression ratio (SMSR), as defined in Figure 84.
The side-mode suppression ratio is the difference between the power at the peak lasing
wavelength and the next highest peak in the spectrum. Smaller SMSR values often
indicate poor longitudinal mode discrimination, resulting in mode instability. The optical
spectrum can also be used to determine the gain spectra for FP lasers using the Hakki-
Paoli method, as will be discussed in Section 7.4. The full-width at half~maximum

(FWHM) value is also shown in Figure 84, but the smallest resolution the HP4004 optical
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Figure 84. Spectrum of 750 pm cavity length and Wy/Wy = 1.5/4.5 (pm) ridge width laser at an

applied bias of 200 mA and temperature of 298 K, demonstrating peak wavelength, FWHM, and
SMSR definitions.
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spectrum analyzer is capable of is 0.08 nm, a value that is too large to properly measure

the small width of the FWHM of the DFB spectra.

The test setup for the spectral measurements uses the same custom bar holder as the LI
(and IV) measurements. For the spectral measurements, the light is collected using a JDS
Uniphase lensed fiber and input to a Hewlett-Packard 4004 optical spectrum analyzer.
Due to the greater alignment sensitivity of the lensed fiber compared to the wide-area
detector, the fiber is mounted on a Melles-Griot piezoelectric positioner that is capable of
nanometer scale accuracy. The fiber is aligned using the piezoelectric controller before
the the optical spectrum is captured using LabView software. The spectrum for a range
of bias currents can also be captured using an automatic LabView routine to produce two-
dimensional plots such as the representative ones in Figure 85. These plots give
information on the bias-dependent stability of the DFB lasers. In Figure 85a, we see a

non-functioning DFB laser. Only the amplified spontaneous emission spectrum
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Figure 85. Examples of optical spectra for a range of bias currents. a) a damaged DFB laser,

b) a Fabry-Perot laser, c) a conditionally-stable DFB laser, d) a stable DFB laser.
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is observed, with some filtering near the Bragg wavelength showing that the grating is
still operating as expected. Figure 85b shows a Fabry-Perot laser spectrum for
comparison. Its broad spectrum becomes yet broader, and red-shifted, as the bias current
increases. Figure 85c¢ shows a conditionally stable DFB laser. In such lasers, DFB lasing
occurs, but only at particular bias currents. In these lasers, the peak wavelength of the
material gain is often too low to produce DFB lasing at the Bragg wavelength. The peak
is red-shifted as the bias current increases until it overlaps sufficiently with the Bragg
wavelength of the grating for DFB lasing to occur. Other DFB lasers showed stable DFB
lasing for all bias points, such as the one shown in Figure 85d, although more than one

longitudinal mode may occasionally be supported.

7.3.3 IV Characteristic

The current-voltage (or IV) characteristic of a laser diode provides an indication of the
electrical quality of the p-i-n junction and metal contacts. An ideal laser diode will have
all electrical carriers that are injected from the metal contacts collect in the active region,
where they can contribute to the optical gain. In reality, some carriers will be trapped in
other layers or be spread laterally into regions where the optical mode is vanishingly
small, and hence will not contribute to the gain. The IV characteristic can help reveal
how efficiently carriers are injected into the structure, but not whether all of these carriers
necessarily going to the active region. Additional tests are required to measure the
overall efficiency of a laser diode and the effects of additional carrier losses such as

lateral current spreading.

A typical laser diode IV curve is shown in Figure 86. The current flowing through the p-
i-n junction is negligible until the forward-biased turn-on voltage is reached. In the case
of Figure 86, the turn on voltage is 0.9 V. Above the turn-on voltage, the current
increases exponentially with voltage. The dynamic resistance of the laser diode is the
slope of the IV curve, R=AV/AI. The laser diode in Figure 86 has a dynamic

resistance of R <5 ohms when the bias current is > 300 mA. A typical operating region
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Figure 86. Bias current and dynamic resistance vs. voltage for 1500 pm cavity length device
L27 at a temperature of 298 K.

for this laser is from 100 to 200 mA. In this region the dynamic resistance shown in
Figure 86 varies from 12 ohms at 100 mA to 6 ohms at 200 mA. A laser diode with a
low dynamic resistance will have less heating, and more overall carriers injected into the

active region, resulting in a lower threshold current and better efficiency.

The IV characteristic is a simple measurement that requires only a source-meter. Either
the test setup for the LI characteristic, or optical spectrum, discussed above, can be used
to obtain the IV characteristic. The device is contacted with a needle probe on the upper
p-contact, while the brass holder on which the device rests forms the n-contact since it is
in contact with the metallized bottom surface of the laser. A Keithley 2400 SourceMeter

was used for these measurements.
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7.4 Fabry-Perot Lasers

There were two Fabry-Perot laser test structures defined on the mask - one with a ridge
width of 1.5 um, the other with a ridge width of 4 um. These test structures are useful in
determining the optical quality of the wafer through measurements of the gain, loss,
characteristic temperature, and efficiency. The results for the FP laser measurements are
tabulated in Table 6, and will be discussed in more detail in this section. As will be
shown, there are several simple formulas that can be used to estimate the internal and
external quantum efficiencies from the threshold current values of FP lasers of various
lengths. The optical gain spectrum can also be extracted from the below-threshold
amplified spontaneous emission spectrum, since in the DFB lasers the presence of the
grating complicates these calculations. FP test structures can also be used to help
calibrate future LAS2D calculations, and to define the extremes of the electrical
properties of the DFB lasers. Compared to the DFB lasers, the narrow ridge FP laser is
expected to have a higher dynamic resistance, and the wide ridge FP laser is expected to
have a lower dynamic resistance. The lowest resistance in general was 5.6 ohms for a
1500 um long Fabry-Perot laser with a ridge width of 4 um. There were a total of 60
Fabry-Perot test structures, with both 1.5 and 4 pm ridge widths that were fabricated and

cleaved, of these, 42 demonstrated lasing with reasonable output power.

The average threshold current densities of the Fabry-Perot lasers are plotted vs. the
inverse cavity length in Figure 87. The error bars indicate the standard deviation of the
data for each inverse cavity length. This characteristic has been fitted to a linear equation
using the least-mean-squares algorithm. There is considerable variation from the linear
fit in the threshold current density, particularly for the 1.5 um ridge width lasers, where
the norm of the residuals (i.e. the maximum deviation of the data points from the fitted
line) is 1244. In comparison, the norm of the residuals is 264 for the 4 pm ridge width
laser. The intercept of the fitted line with the J axis is the transparency current density,
Jo, an indication of the quality of the semiconductor wafer that is independent of the laser

geometry. The value of Jp is 160 +/- 200 A/ecm’ as calculated from the 1.5 pm ridge
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Cavity Ridge | Threshold Slope Maximum
length/bar | width current | efficiency | power (mW)
(pm) (mA) (mW/mA) |-
500/1 1.5 62 0.139 12.68
4 68 0.185 19.3
500/11 L5 55 0.100 5.44
4 55 0.172 16.07
4 74 0.081 5.81
500/12 L5 56 0.084 5.19
4 56 0.181 14.54
750/1 1.5 62 0.075 5.40
1.5 39 0.230 39.99
4 68 0.142 15.98
4 60 0.146 12.28
750/6 1.5 51 0.192 18.38
4 72 0.128 11.32
4 84 0.124 12.34
1000/4 1.5 44 0.198 NA
4 83 0.116 21.63
4 85 0.121 NA
1000/6 1.5 43 0.191 NA
4 82 0.110 NA
1000/12 1.5 45 0.216 46.30
4 88 0.143 17.1
1000/16 1.5 45 0.219 43.50
4 86 0.109 14.77
1250/1 4 129 0.086 12.48
1250/4 1.5 56 0.160 35.53
4 110 0.101 16.58
4 109 0.066 11.43
125077 1.5 54 0.171 46.90
1.5 61 0.161 33.60
4 104 0.103 15.63
4 102 0.064 14.90
1250/10 1.5 55 0.147 35.20
4 102 0.108 22.8
1500/3 1.5 61 0.144 38.99
1.5 107 0.071 12.93
4 116 0.070 13.40
1500/6 1.5 65 0.150 NA
4 109 0.100 NA
1500/9 1.5 61 0.151 42.00
1.5 80 0.106 19.33
4 109 0.097 23.89
4 108 0.124 21.59

Summary of Fabry-Perot laser performance.
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width characteristic, and 1300 +/- 50 A/cm® as calculated from the 4 pm ridge width
characteristic. The deviation from linearity of these measurements is likely due to self-
heating at higher threshold current densities. One way to check this, if the equipment is

available, would be to redo these measurements using pulsed current sources. The short
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Figure 87. Threshold current density vs. inverse cavity length for a) 1.5 pm ridge width, and b)

4 pm ridge width Fabry-Perot lasers, with linear fit.

‘on’ timeframe of the current pulses would reduce the impact of self-heating on the
results. Since the wider ridge width FP laser has half the current density of the 1.5 um
ridge width laser, the influence of self-heating is smaller, suggesting that the value of Jy =
1300 A/cm’ is more accurate. The deviations for longer cavity length lasers may also be

due to these lasers being cleaved from near the edge of the wafer, resulting in a shifted
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PL peak compared to other devices. This will be discussed in more detail later in this

Chapter.

The threshold currents observed are significantly higher than expected from the LAS2D
simulations of the 500 um cavity length FP lasers of Chapter 3. These simulations
predicted a threshold current of 8.3 mA for a 3 um ridge width design, while the average
experimental threshold current was 58 +/- 2 mA for the 1.5 pm ridge width lasers and 62
+/- 4 mA for the 4 pm ridge width lasers. A smaller ridge width was used for the original
LAS2D calculations, so a direct comparison would require that these simulations be
redone for a 1.5 and 4 pm ridge width laser. However, it is reasonable to suppose that
the threshold current for a 3 um ridge width would fall between the 1.5 and 4 pm ridge
width value. The maximum slope efficiency, calculated by LAS2D as 0.33 mW/mA, has
an average measured value of 0.094 mW/mA and 0.12 mW/mA for the 1.5 pm ridge
width and 4 pm ridge width lasers, respectively.

Some discrepancy between the simulation and experimental results is to be expected,
since many of the LAS2D parameters noted in Table 2 are empirical values that must be
calibrated using experimental data. However, the large inconsistency between simulation
and experiment suggests that more than fine-tuning of the model parameters is necessary.
The marked discrepancy suggests a major source of optical loss or carrier recombination
that is not properly accounted for in the LAS2D model. The most likely candidate for
this unaccounted loss lies in the model that LAS2D uses for the metal contacts. In a
standard Fabry-Perot laser design, ridge heights are at least 1 pm in height, making the
overlap of the optical mode with the upper metal contact negligible. The grating etch
depth was limited by the manufacturing process to < 0.5 um. This results in an optical
mode that is much closer to the upper metal contact layer, and the overlap of the mode
with this layer is no longer negligible. Metal layers, as seen in Section 5.6, are very
lossy, so any overlap with these contact layers can greatly increase the overall modal loss.
LAS2D does not, by default, calculate the losses of the metal contacts, treating them only

as ohmic contact boundaries in the electrical model. The value of optical loss calculated
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in Section 5.6 including the metal layers was «, =25 cm™, while LAS2D calculated only
a,=7.5 cm™. While it is not within the scope of this thesis, when revisiting the LAS2D
model to fit these experimental results, it will be necessary to account for this loss. This
could be accomplished by either using a higher loss factor (i.e. by either changing the
‘fap’ or ‘fgain’ terms in the model, as defined in Table 2) due to the metal layer, or to
construct a metal contact layer in the LAS2D simulation with an appropriate permittivity
value. In either case, it is critical to account for the lossy metallic layers to accurately
predict the performance of these lasers. In Section 7.9, we will also discuss an alternative

LC-DFB laser design that can be used to minimize these metal contact losses.

We can provide very rough estimates of the optical losses of the FP lasers using the
external quantum efficiency values calculated for several different cavity lengths. The
inverse external quantum efficiency of the FP lasers for different cavity lengths is shown

in Figure 88 for different cavity lengths. Fabry-Perot lasers follow the relation [104]

1 1 a,
— = 1+—— L, (7.6)
n, [ In(1/R) }

where R is the facet reflectivity. If this relation is plotted as a 1/7, vs. length
characteristic, the intercept of this line with the 1/7, axis in will give the inverse internal
quantum efficiency, 1/7,, while the slope of this line is proportional to the optical loss,

a..

1

The 1/17, vs. length characteristic, shown in Figure 88a, is non-linear for the 1.5 um

ridge width laser, preventing an accurate fit to the data. It is often the case that this graph
has high scattering of the data points due to microstructural differences in the lasers, and

non-uniform injection in the longest cavity length lasers [104]. In addition, the self-
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Figure 88. Inverse external quantum efficiency vs. cavity length for a) 1.5 pm ridge width, and
b) 4 pm ridge width Fabry-Perot lasers, with linear fit (red line).

heating that occurs under continuous operation can have a detrimental effect on the

measurements, with pulsed measurements being preferred. However, these
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measurements can still be used for very rough estimations of the loss and internal
quantum efficiency. If the smallest cavity length values with the greatest self-heating
effect, are neglected, the linear fit shown in Figure 88a is obtained. This linear fit

indicates an internal efficiency of 7, = 0.357 +/- 0.14, still a highly uncertain result, even

after neglecting the most non-linear values. The 4 pm ridge width FP laser has a much

more linear 1/7, vs. length characteristic, as seen in Figure 88b. The internal efficiency
calculated using this laser is 77, = 0.254 +/- 0.07. These values indicate poor internal

quantum efficiency, in other words, relatively few carriers are being converted into

photons within the laser.

There is also a large difference in the slope of the linear fit between the two FP laser
types, with the 1.5 um ridge width laser having a significantly smaller slope of 0.0028
pm™'compared to 0.0044 pm™ for the 4 um ridge width laser. It is assumed that the

In(1/R) term is the same for both lasers, with R = 0.3. Since both FP lasers were

adjacent to each other on all of the bars, they should have nearly identical facet
reflectivities. This results in a large difference in the calculated optical loss for the two

lasers. The 1.5 pm laser had a calculated optical loss of «, = 18.0 cm’™, while the 4 pm

laser had an optical loss of &, = 37.3 cm™. This method relies on consistent lasers for

different laser cavity lengths, however, there was considerable variation between bars of
different cavity lengths. In particular, some of the longer cavity length bars were cleaved
near the edge of the wafer, resulting in poorer quality MQW active regions with
photoluminescence peaks near 1250 nm rather than 1310 nm. This may account for the
larger variation in slope efficiencies at the longer cavity lengths, particularly for the 4 um
ridge width laser. In any case, despite the wide variation in the internal loss that was
calculated, the value of 18.0 ~37.3 cm™ is significantly higher than the value determined
by LAS2D of @,=7.5 cm™ near threshold, but consistent with our calculated value of 25
cm™ for the optical loss. This lends support to the hypothesis that additional loss
mechanisms, such as the proximity of the metal contacts, are responsible for the

anomalously large threshold currents observed.
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The optical spectra for a 1 mm cavity length FP laser with a ridge width of 1.5 pm at
three different temperatures for an applied current of 70 mA is shown in Figure 89. The
optical spectrum was measured using the equipment mentioned in Section 7.3.2. These
spectra show broad and numerous peaks due to the large number of Fabry-Perot modes
supported by the laser cavity. At an applied current of 70 mA, the peak lasing
wavelength of this FP laser changes from 1310.6 nm to 1326.6 nm when the temperature
is increased from 298 to 323 K, a change of 0.65 nm/K. The red-shift in the gain peak
with increasing temperature is due to bandgap shrinkage [105]. The spectrum also
broadens as the temperature increases, as a result of the Fermi statistics of the injected

carriers. The energy of an injected carrier is related to the temperature, 7, through the

Fermi distribution

1
E =
1 (B) 1+exp[ (E-F,)/ kT |
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Figure 89. Spectrum of a) Fabry-Perot lasers with a ridge width of 1.5 pm and a cavity length

of 1 mm at a bias current of 70 mA and temperatures of 298, 313, and 323 K.
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where F), (5 is the electron (hole) quasi-Fermi level, and k3 is Boltzmann’s constant. As
the temperature increases, the carriers become more diffusely spread with energy, E.
This allows a broader range of wavelengths to experience optical gain, resulting in the

corresponding broadening of the optical spectrum in Figure 89 with higher temperatures.

The characteristic temperature of a narrow ridge Fabry-Perot laser was calculated using
LI measurements in 5 K increments from 298 K to 323 K. The 1250 pm long laser with a
ridge width of 1.5 um that was tested had a 7;=40.05 K. As a comparison, this is slightly
worse than a broad-area six QW compressively-strained InGaAsP laser analyzed by
Piprek et al. [106], which had a measured Ty = 55 K at room temperatures. The broader
area of this laser, with a stripe width of 57 um, will make it less sensitive to temperature,

and so a lower Ty compared to this laser is reasonable.

The optical gain spectrum of the epitaxial growth structure, g(1), can be determined

from the below-threshold optical spectrum of the Fabry-Perot laser structures using the
Hakki-Paoli method {107]. In this method, the modal gain is determined from the

contrast ratio of the optical intensity peaks, Inq, and valleys, I, of the amplified

spontaneous emission spectrum, using r (A1), defined as

) "

according to the relation

g(ﬂ)jl;ln)Hﬁ:1 (1.9)

r(A)+1
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In Figure 90a, the amplified spontaneous gain spectrum for two below-threshold currents,

32 and 38 mA, is shown. The magnified view of these curves reveals the individual

peaks and valleys of the gain spectrum that are used to calculate r(/l). There are some

noisy variations in the amplitude, particularly at powers below -70 dBm, near the limit of
the sensitivity of the OSA. These variations become more apparent in the calculated
modal gain spectra shown in Figure 90b, where at higher temperatures, or where the gain
peak drops, the curves are noisier. The modal gain has a peak at 1311 nm at 25 C, with a
3 dB bandwidth of 24 nm. The gain is reduced as the temperature increases, since
carriers are more spread out with energy according to Fermi statistics as the temperature
increases. The gain is red-shifted as the temperature increases due to bandgap shrinkage,
up to a gain peak of 1330 nm measured at 50 C. This shift of 0.76 nm/K demonstrates
that the temperature dependence of the FP spectrum, measured above as 0.65 nm/K for a
1 mm long laser cavity, is dominated by the temperature dependence of the modal gain.
The difference in the wavelength shift between the gain peak measurement and the lasing
peak wavelength is likely due to the change in refractive index with temperature
influencing the FP lasing modes, an effect that is not taken to account in these below-

threshold ASE measurements.
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7.5 Third-Order Grating LC-DFB Lasers

7.5.1 Overall Performance

The third-order gratings are the lowest order that can be fabricated using the 5x i-line
stepper at CPFC for a 1310 nm Bragg wavelength. Although we are pushing the limits of
stepper lithography for these gratings, SEM photos showed that these gratings can be
successfully fabricated, albeit with some rounding of sharp rectangular edges and ridge
width variations. In Section 7.2.2 we demonstrated how this grating rounding can
decrease the grating strength. This section, presenting the experimental results of the
third-order grating LC-DFB lasers, will reveal how this rounding, and other fabrication
variations, effects the LC-DFB laser performance. Since the third-order gratings were
expected to have better performance than the fourth-order gratings, most of the design
variations for the mask were for third-order gratings including the A/4 phase-shift, duty
cycle variation, dual-wavelength gratings, and LC-DFB gratings with different Bragg

wavelengths.

A total of 532 of the LC-DFB lasers with third-order gratings were tested, excluding the
dual-wavelength designs and those with shifted Bragg wavelength gratings. None of the
higher duty cycle gratings showed DFB lasing, for reasons that will be explained in more
detail below, so all of the results shown in this section are for half duty-cycle gratings.
There was little variation in resistance observed between different devices. At a bias
current of 200 mA, the average resistance measured for the third-order DFB devices was
6.4 ohms. The lowest measured resistance was 6.2 ohms for a 1250 pm long device with
ridge widths of Wy/Wy = 1.5/5 (um), while the highest resistance of 6.9 ohms was for a
500 um long device with ridge widths of Wyx/Wy = 1.5/4 (um). Of the third-order lasers
tested, 117 exhibited some DFB lasing, either stable or unstable. Out of these 117 lasers,
a total of 82 showed stable DFB lasing for all bias currents, as shown in Figure 85d, for a

total yield of stable DFB lasers of 15.4%.
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There are two principal reasons for the poor yield of the L.C-DFB lasers, both illustrated
by, the distribution of all operational DFB lasers with cavity length shown in Figure 91.
The first reason is the weakness of the gratings due to the grating rounding and variation
in the ridge width. This would explain why the shortest cavity length lasers, 500 um,
have a particularly poor yield, with only five operational devices. Many of the non-
operational 500 um cavity length lasers showed Fabry-Perot-like lasing spectra, but did
not have a sufficiently strong grating to produce DFB lasing. The second reason is that
many of the bars were cleaved near the edge of the wafer. The edge of a multi-quantum-
well wafer often shows unwanted process variations, and this wafer was no exception.
Although it is not known where on the wafer the individual bars were cleaved, many of
the bars with cavity lengths of 1250 um and 1500 um have a visibly rounded edge,
indicating that they had come from the edge of the wafer. As a result, most of these
longer cavity length lasers had gain peaks near a wavelength of 1250 nm or less, much
too far from our desired Bragg wavelength of 1310 nm for any DFB lasing to occur. This
issue was particularly prominent with the 1250 pm cavity length bars, where only a single

bar showed a gain peak of ~1300 nm. The lower gain peak resulted in virtually a zero
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Figure 91. Distribution of operational DFB lasers with cavity length.
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yield for this cavity length, and a poorer yield for the 1500 pm cavity length lasers than
might otherwise be expected. If both of these lowest and highest cavity length lasers are
excluded, the yield would be significantly higher. For instance, the yield of the third-
order grating devices on 1 mm bars was 51%, with particular design variations showing
even better individual yields. Therefore, we conclude that grating rounding and cross-
wafer non-uniformity in the material properties, particularly near the wafer perimeter, are

the major causes of the lower overall yield.

The threshold currents of the LC-DFB lasers were compared to the Fabry-Perot lasers for
the highest yield cavity length of 1 mm. The distribution of threshold currents at this
cavity length is plotted in Figure 92a along with the average threshold current of the 1
mm cavity length Fabry-Perot lasers with ridge widths of 1.5 um (indicated by marker A)
and 4 um (indicated by marker B). The average threshold current of 45 +/- 0.5 mA for
the narrow ridge width lasers is significantly smaller than the DFB threshold currents,
most of which fall into the range between 85 and 95 mA, with an average of 95 mA.
However, the wider ridge width laser is a much better comparison, since the LC-DFB
lasers have wide ridge widths that vary from 2.5 to 5 pm. The average threshold current
of the 4 um ridge width FP laser is 85 +/- 1 mA. This is an encouraging comparison, as a
significant number of LC-DFB lasers had a lower threshold current than the average FP

laser current.

The slope efficiencies of 1 mm cavity length FP and LC-DFB lasers are compared in
Figure 92b. The narrow ridge FP laser (indicated by marker A), with an average
efficiency of 0.205 mW/mA, has nearly double the efficiency of the wide ridge FP laser
(indicated by marker B) with an average efficiency of 0.12 mW/mA. Most of the DFB
lasers have efficiencies in the 0.095 — 0.105 mW/mA range, with an average of 0.096
mW/mA. The additional grating loss is the main reason for the somewhat poorer
efficiency of these lasers compared to complementary Fabry-Perot designs, and these

results show reasonable agreement with the expected results from our quasi-static three-
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dimensional model shown in Figure 66. With only a 20% poorer average slope
efficiency, and 12% higher average threshold current, compared to the wide ridge Fabry-
Perot laser, the penalty for the additional grating loss is very modest, particularly for the
benefit of having a high side-mode suppression ratio. The SMSR values are excellent for
the operational DFB lasers, as shown in Figure 93. Nearly all have greater than 40 or
even 50 dB of SMSR, even without any additional facet coatings to produce an AR/HR

laser cavity.

Overall, the LC-DFB lasers performed well, with an average threshold of 95 mA
compared to 85 mA for a 4 um ridge width FP laser. The threshold currents are higher
than expected from the LAS2D simulations due to additional losses, likely because of the
proximity of the optical mode to the metal contacts. The LC-DFB lasers had a lower than
expected yield due to cross-wafer non-uniformities and rounding of the grating teeth
resulting in a weaker grating. The operational lasers demonstrated excellent side-mode

suppression ratios of > 50 dB, a value better than many commercially-available DFB
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Figure 93. Distribution of side-mode suppression ratio of operational LC-DFB lasers with
third-order gratings
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lasers. In the rest of this section, the performance of specific third-order grating variants
will be examined, beginning with the standard grating structure used as a baseline for the

other grating variations.

7.5.2 Results for Standard Grating Devices

The standard third-order grating is designed with a narrow ridge width of 1.5 pm and a
wide ridge width of 4 um. It is placed at three different locations on the stepper tile
(devices L1, L23, and L45), so there will be a standard grating structure on every cleaved
bar. There are a total of 93 standard grating structure lasers that were fabricated. 16 out
of the 93 devices showed DFB lasing, for a yield of 17%.

The effects of the weaker than expected grating are apparent from the fact that there was
no DFB lasing observed for the shortest cavity length (500 um) bars. While the LI curves
of the shorter cavity length bars do show that they are lasing, it is apparent from the
measured optical spectrum that the gratings are not strong enough to produce DFB lasing
characteristics. For cavity lengths greater than 750 um, DFB lasing is clearly observed,
with most operational standard grating devices having cavity lengths of 1 mm. The best
lasers showed SMSR values of > 50 dB. The average threshold current of the operational
devices with a cavity length of 1 mm was 102 +/- 8 mA, 20% higher than the 4 pm ridge
width FP laser. Figure 94, showing the LI characteristic and optical spectrum of a 1 mm
long standard grating devices, demonstrates the potential of these devices. Not only does
this laser have an SMSR = 52 dB, but it also has a threshold current of only 84 mA, lower

than the average FP laser.
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for a 1 mm cavity length at 7=25°C

7.5.3 Results for A/4 Phase-Shifted Grating Devices

As with the standard grating structure (devices L1, L23, and L45), a A/4 phase-shifted
grating is present on every laser bar (devices L6,L24, and 1.44). The phase-shifted
gratings that were fabricated are not precisely A/4 phase-shifted, as seen earlier in Figure
73, but this phase-shift should still have the desired effect. While we found in our
theoretical investigation that, in general, higher order phase-shifted gratings will perform
worse than unshifted higher order gratings, in this special case of a third-order grating

with a duty cycle of 0.5, the longitudinal mode discrimination should be better for the
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phase-shifted grating, as seen in Figure 58. However, as noted above, the rounded
grating has resulted in a weaker grating with an imaginary component even at a duty
cycle of 0.5, blurring the differences between the phase-shifted and unshifted gratings in

the fabricated lasers. Using the coupling coefficients calculated for the standard grating,

the longitudinal mode solutions are (aL) = 2.7, (L) =-4.1, and NGD=0.25.

When a phase-shift is added, the longitudinal mode solutions are («L) =2.8, (L) =

-5.9, and NGD = 0.1. The phase-shifted gratings are thus expected to have slightly worse

performance than the standard grating for this case.

The standard grating lasers had a better yield than the phase-shifted grating lasers. At the
1 mm cavity length, there were seven working standard grating devices, compared to
three working phase-shifted devices. The performance of the standard grating lasers was
also superior, with an average threshold current of 102 +/- 8 mA and an average SMSR
of 47.3 +/- 2.4 dB compared to an average threshold current of 116 +/- 6 mA and an
average SMSR of 40.7 +/- 2.1 dB for the phase-shifted lasers. These results confirm the
expected poorer performance for these gratings, a result that has also been observed by
researchers working on similar lasers at Tampere University in Finland [108]. This is in
contrast to standard first-order gratings that have better performance, in particular higher

SMSR values, when a phase-shift is added.

7.5.4 Impact of Duty Cycle Variation

The duty cycle variations for the third-order gratings were pushing the limits of the
stepper lithography resolution. The standard grating had a duty cycle of 0.5, with an
expected grating tooth gap of ~300 nm. The higher duty cycles that were attempted, 0.6,
0.7 and 0.8, had grating tooth gaps of 240, 180, and 120 nm, respectively. As Figure 72
shows, the fabrication of the gratings with duty cycles > 0.5 was unsuccessful. The
smaller grating spacing of the higher duty cycle gratings has been washed out, and
instead a sinusoidal pattern with a very weak grating strength emerges. The result of

these very weak gratings is that none of the higher duty cycle gratings showed DFB
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lasing characteristics. A sample spectrum, shown in Figure 95, demonstrates that these
lasers are more like Fabry-Perot than DFB lasers. Instead of a single strong DFB lasing
peak, there is conditionally-stable DFB lasing in the range of 200-250 mA, with a
maximum SMSR of 27 dB, considerably poorer than the SMSR > 50 dB observed for the
half duty-cycle grating devices. A more precise fabrication method than i-line stepper
lithography will be required to create the narrow spacing between the grating teeth

required for 1310 nm gratings with duty cycles > 0.5.

7.5.5 Impact of Ridge Width Variations

The mask layout included 13 variations on the ridge width including the standard design,
with narrow ridge widths ranging from 1.5 to 2.5 um and wide ridge widths ranging from
2.5 to S um. Of all the variations on the mask, those of different ridge widths had the
best single-mode DFB lasing yield, and had excellent characteristics including the highest
SMSR of 53.6 dB for a 750 pm long laser with ridge widths of Wy/Wy = 1.5/4.5 (um).
There are 37 instances of the devices labeled from L7 to L15, with Wy = 1.5 and 2.0 pm
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(see Table 5 in Section 7.1), and 30 instances of the devices labeled from 116 to L18,
with Wy = 2.5 ym. These are divided roughly equally between the different cavity
lengths. Most of these devices were tested since they had the best yields.

The distribution of operational lasers at a cavity length of 1 mm for different ridge widths
is shown in Figure 96 for a) Wy = 1.5 pm, b) Wy = 2.0 pm, and ¢) Wy = 2.5 pm. The
largest number of operational devices was for the standard grating design where Wy/Wy
= 1.5/4 (um). This does not indicate a higher yield for this design, since there were at
least twice as many lasers with the standard grating that were fabricated compared to the
other designs, with twelve devices tested at a 1 mm cavity length. The best yielding
design was for Wa/Wyw = 1.5/3.5 (um), with five operational designs out of the six
devices tested at this 1 mm cavity length. Although all ridge width variations had some
operational lasers, the poorest designs had only a single operational device at this cavity
length. These designs were those with ridge widths of Wy/Wy = 1.5/2.5, 1.5/5, 2/4.5, 2/5,
2.5/4, and 2.5/4.5 (um). From Figure 72a, we see that the Wy/Wy = 1.5/2.5 grating is
nearly washed out, which will result in a weaker grating and poorer yield. The lasers with
the widest narrow ridge width of Wy = 2.5 um had very poor yields. This could be due
to the lower coupling coefficient with wider narrow ridge widths that was predicted in
Figure 35. Since our coupling coefficient is already degraded due to rounding of the
grating, the additional widening of the narrow ridge width is likely to weaken the grating
too much for DFB lasing to occur. At the Wy =1.5 and 2.0 um ridge widths, the widest
ridge widths have the poorest yield. Although we predict from Figure 36 gradually
improving coupling coefficients as the wide ridge width increases, this may be
counteracted by increased diffusion of carriers into the teeth of the grating as the wide
ridge width increases. These carriers contribute to a larger lateral leakage current,
reducing the injection efficiency and decreasing the amount of gain that is possible for

lasing operation.
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The average threshold currents of the different ridge widths are shown in Figure 97a.
The cavity length of all the lasers is | mm. There are too few operational lasers with Wy
=2 and 2.5 um to confidently predict trends, but the lasers with Wy = 1.5 um show that
the threshold current grows larger as the wide ridge width increases. This supports the
hypothesis that there are additional carrier losses at wider ridge widths due to diffusion
into the wider grating teeth. This trend is confirmed in the plot of the average slope
efficiency vs. wide ridge width plot for the same lasers shown in Figure 97b. In this plot,
the Wy = 1.5 and 2.0 um lasers have generally reduced slope efficiency as the wide ridge
width increases. The Wy = 2.5 um lasers, however, have an opposite characteristic. The
results for these lasers are less reliable, however, since only 1-2 lasers were operational at
this narrow ridge width. The uncertainties in the measurements, and the small number of
operational lasers at ridge widths of 2 and 2.5 pm make any conclusions comparing the
performance of different narrow ridge width gratings doubtful, but it should be noted that
the Wy = 2 pum narrow ridge width lasers showed lower threshold currents and higher
slope efficiencies, in general, than the other two narrow ridge widths. At this cavity
length of 1 mm, one of the best designs in terms of slope efficiency and threshold current
is the Way/Wy = 2/4 (um) design, with an average threshold current of 86 +/- 3 mA and an
average slope efficiency of 0.104 +/- 0.005 mW/mA. In addition, this design had a good
yield, with four of the six tested lasers with this ridge width at a cavity length of 1 mm
demonstrating stable DFB behaviour (and one of the inoperational devices near the edge
of a damaged bar). At this narrow ridge width, we have a balance between a strong

grating and good electrical injection.

In our earlier, purely optical, analysis of the grating for different ridge widths in Section
5.4, we would expect that the threshold current would decrease as the narrow ridge width
decreased and the wide ridge width increased. It is likely that electrical effects, such as
larger current spreading at wider ridge widths, have played a role in the deviation from
the expected results observed in Figure 97. It should also be emphasized that the grating
calculations in the earlier chapters assumed sharp, rectangular gratings. The rounded

gratings that were actually fabricated will likely have somewhat different trends
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compared to the rectangular gratings. Only SEM photographs of a few gratings with
ridge width variations were taken, as shown in Figure 74, so there could be significant
deviations for the other gratings as well. In particular, the high contrast (low Wy and high
Ww) gratings may not have been defined properly, or experienced even more grating

rounding than for the standard design.

7.5.6 Results for Dual-Wavelength Devices

The dual-wavelength designs feature wavelength spacings from 0.2 to 5 nm. There were
a total of 210 dual-wavelength devices of all cavity lengths that were fabricated, though
only approximately 40 of these have been tested. Many of the dual-wavelength designs
showed multi-mode spectral characteristics, and only a few showed DFB lasing. Sixteen
devices showed good dual-wavelength operation at particular bias currents, but the
spectral spacing did not match the designed spacing. Instead, the wavelengths were
separated by 1.9 — 5 nm. The power is not balanced at both lasing wavelengths, but
instead one lasing peak tends to be dominant, often being 30 dB higher than the other. A
typical example is shown in Figure 98, for a 1 mm long device with an intended
wavelength spacing of 0.2 nm. The spacing between the two peaks is instead 3.5 nm,

from 1309.3 to 1312.8 nm, and the power imbalance between the two peaks is 27 dB.
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Figure 98. Typical dual-wavelength spectrum, 1mm device L20 for a) a range of bias currents,

and indicated by the yellow line, b) at I, = 155 mA.
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The best dual-wavelength result, shown in Figure 99, is for a 1 mm long device with an
intended wavelength separation of 0.25 nm. The actual wavelength separation is 3.7 nm,
from 1310.1 to 1313.8 nm, and the power imbalance between the two peaks at a bias
current of 156 mA is only 1.7 dB. The wavelength separation, however, is still too large
for typical RF applications. Wavelength separations of 0.2 nm would provide a 40 GHz
frequency separation, while the separation here of 3.7 nm corresponds to a frequency
separation of 640 GHz. Even the smallest wavelength separation of 1.9 nm corresponds
to a frequency separation of 330.3 GHz. The dual-wavelength lasers attempted on this
mask had period differences of 0.1 — 2.2 nm, so it is not unexpected that they would not
all work when fabricated with stepper lithography, which as an uncertainty of 15 nm in
the grating period. It was hoped that the variations in the individual grating periods
would average out to the desired separation on either side of the grating over the length of
the laser cavity. However, the inherent process variations may be too large, or the cavity
lengths too short, to average out the Bragg wavelength differences on either side of
grating in this way. A more thorough analysis of this would be useful for future design
iterations.  Nevertheless, the demonstration of some dual-wavelength lasing is

encouraging, and could be greatly improved with more precise fabrication techniques.

7.5.7 Temperature Dependence

The temperature dependence of the lasers was determined from two experimentally

measured parameters: the shift of the gain peak with temperature, and the characteristic
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Figure 99. Best dual-wavelength spectrum, 1mm device L22 for a) a range of bias currents, and
indicated by the yellow line, b) at I, =156 mA.
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temperature, defined in Section 7.3.1. The DFB lasing spectrum is shown in Figure 100
for a range of temperatures measured for a 1 mm device with Wy/Wy = 2/3.5 (um) at a
bias current of 200 mA. The red-shift in the lasing peak was only 0.06 nm/K, much less
than the 0.65 nm/K measured for the Fabry-Perot devices. In DFB lasers, the wavelength
is dependent on the properties of the Bragg grating, rather than simply the material/modal
gain, as with FP lasers. Since Bragg wavelength shifts are primarily due to refractive
index changes with temperature, they are much less than the shift in material gain
wavelength with temperature. This produces the much smaller temperature dependence

of the lasing wavelength, as discussed earlier in Section 7.3.2.

Characteristic temperatures were measured for a wide range of cavity and ridge width
sizes; the results are summarized in Table 7. The DFB lasers had an average
characteristic temperature, 7, of 303.2 K, with values ranging from a low of 300.3 for a
750 um long laser to a high off 309.2 for a 1000 um laser. This agrees with the Fabry-
Perot laser results, with a measured T, = 313 K for a 1250 um device. This indicates that
the LC-DFB lasers do not have a significantly greater threshold current sensitivity to

temperature compared to FP lasers.
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Figure 100. Spectrum of a 1 mm cavity length device 1.12 at a bias current of 200 mA and
temperatures of 298, 308, and 323 K.
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Cavity Length (pm) | Wy/Wy (pm) | To (K)
500 1.5/2.5 302.9
1.5/2.5 303.6
1.5/2.5 28.69
1.5/3 301.7
1.5/3 300.5
1.5/3.5 300.3
70 1.5/4.5 303.4
1.5/5 302.4
2/3.5 307.1
2/4 305.1
2/3.5 301.8
1000 1.5/4.5 308.3
1.5/2.5 301.6
2/4.5 309.2
Fabry-Perot 313
120 2.5/4.5 300.2
Table 7. Characteristic temperature summary

In conclusion, the LC-DFB lasers have a similar temperature dependence of the threshold
current as FP lasers, but a significantly lower lasing wavelength sensitivity. The LC-
DFB lasers do not depend on the modal gain sensitivity to temperature, but instead the
refractive index sensitivity to temperature, which is comparatively lower. This makes
these lasers ideal for stable operation over a range of operating temperatures, or possibly

uncooled operation.

7.5.8 Bragg Wavelength

The distribution of peak wavelengths at the maximum SMSR bias current for the

operational DFB lasers is shown in Figure 101. This distribution indicates a wavelength
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range of approximately 10-13 nm for these DFB lasers. There is a definite bias towards
wavelengths longer than the the Bragg wavelength of 1310 nm. There are a few factors
that contribute to this longer wavelength. First, the Bragg frequency detuning was found
to be negative in the rounded grating solutions of Figure 80, meaning the actual lasing
wavelength will be red-shifted compared to the Bragg wavelength. The scale of the
detuning is small, however, and accounts for ~ 0.2 nm of red-shift. More likely is that at
these high SMSR values, the laser is sufficiently forward-biased that there is some
temperature elevation, resulting in a temperature dependent shift in the refractive index,
and hence the lasing wavelength. A difference in the effective refractive index of 3.24
+/- 0.007 is enough to produce changes in the Bragg wavelength of 1310 +/- 2.9 nm.
This change in the refractive index of ~0.2% is well within the uncertainties of our

calculations of the effective refractive index in Chapter 3.
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7.6 Fourth-Order Grating LC-DFB Lasers

The fourth-order gratings exhibited poor DFB characteristics, such as the example shown
in Figure 102. A very faint streak reveals some feedback near 1315 nm, but it is far too
weak to produce a DFB characteristic. Instead, a Fabry-Perot spectral characteristic is
observed, with hopping between a few broad peaks at different bias currents. This
spectrum also demonstrates lasing peaks near 1300 nm rather than 1310 nm, an example
of the cross-wafer non-uniformity in the gain peak. However, none of the fourth-order
LC-DFB lasers exhibited good DFB spectral characteristics, and the most likely reason is
that the gratings were too weak. A useful exercise would be to take SEM photos of the
fourth-order gratings to provide a clue as to what went wrong with these lasers. The
larger grating spacing should have made the fabrication easier, and the simulations of
Chapter 5 indicated that fourth-order gratings should have comparable coupling

coefficients. It is possible that the fourth-order design is more sensitive to fabrication
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Figure 102. Representative sample of the spectrum of a fourth-order grating LC-DFB laser - 1
mm bar 4, Wy/Wy = 2.5/4.5 (um).
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variances, such as grating rounding, than the third-order designs, or that the longitudinal
mode occurs at higher wavelengths (1315 nm and above) compared to the third-order

grating lasers.

7.7 Extraction of Modified Coupled-Mode Coefficients

The most challenging data analysis task is the extraction of the modified coupled-mode
coefficients from the experimental data. The extraction of these coefficients will provide
experimental data for comparison with the two-dimensional simulations outlined in this
thesis. Due to the time-consuming nature of this data extraction, it was done for only the
standard grating. In particular, we wish to show how well the rounded grating
coefficients calculated in Figure 78 agree with the experimental data. The generally
accepted method of extracting these coefficients is to use the below-threshold
spontaneous emission spectrum. We will use a variation of this technique using the
Green’s function method described by Wenzel [79] specifically for gain- or loss-coupled
lasers with complex coupling coefficients. Green’s functions were described earlier in

this thesis in Section 4.1.4.

To implement this model, we first express the modified coupled-mode equations for a

laser below threshold at an optical wavelength of A in the matrix equation
E,(z)¥(z)=F,(z) (7.10)

where the matrix operator E,(z) is formulated from the modified coupled-mode equations
as

Zi(-a-jo-jg)  i(k+s)
E,(2)=|“ 5 : (7.11)
i +8) (e jo- k)
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¥(z) are the longitudinally-varying field amplitudes,

4 {B (Z)}, (7.12)

and F, is the vector of Langevin noise functions that model the randomly distributed

spontaneous emission events

ﬂ+
F,=|"%|. 7.13
A o

The Langevin noise functions, f;”~ are random variables that have an ensemble average

of zero:

(f@)=0 v (7.14)
and a cross-correlation over wavelength and distance, z, of

(fi(2): £ (2")) =2D, (2)8(z-2")8(A-4"), (7.15)

where D, is a diffusion coefficient, and J is the Dirac delta function.

The diffusion coefficient, D,(z), is obtained from the gain coefficient, g, and

spontaneous emission factor, n,,, using the relation

D,(2) =%€ g(4.2)n, (4,z2). (7.16)
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To evaluate the diffusion coefficients, the spontaneous emission spectrum is assumed to
take the form of a Lorentzian with a full width at half maximum of A4, and a center
wavelength of A . This Lorentzian, and hence the spontaneous emission spectrum, is

assumed to be invariant along the laser cavity. Since the MQW active region, from
which most of the spontaneous emission in this wavelength range will be emitted, is

invariant along the laser cavity, this assumption should be valid. The coefficient, D,,

thus reduces to:

(a4, /2) | 717

o
Dl: sp_ 2 2
£ A (A4, ) +(4,-4)

where f;, is a term governing the degree of spontaneous emission.

Equation (7.10) can be solved using Green’s functions, yielding a ¥ of the form:

(7.18)

_ <G1.,1 (z,2").F, (z')>j|
¥ [<G2,1 (z,2"),F, (z'))

where G,,, , (z,z") are the wavelength-dependent Green’s functions, and the inner product

is defined as

L
(G.F)=[[G"(2)F (2)+G (2) F*(z) ] . (7.19)
0
The Green’s function vectors of (7.18) are given by

G (Z,Z') = [gl(z)”l (2,2 )jl } (7.20)

gl_(z),z (Za ¥4 ')
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where g, ,(z,z') are the individual Green’s functions in the forward (positive) and

backward (negative) directions. These functions satisfy the inhomogeneous coupled

wave equation with a & source term

E,(2)G,,(z.2)= {5 (ZO_Z,)}, (7.21)

and

E,(z)G,,(z2")= {5(2_2')}. (7.22)

0

The Green’s functions can be calculated by solving the homogeneous coupled wave

equation,
E,G,,(z0)=0 (7.23)
subject to the inhomogeneous boundary condition at z =0 [79]

£5.1(0,0)~1,8,,(0,0)=1, (7.24)

where ry is the reflectivity of the facet at z=0. Once g; has been calculated, it can be

used to obtain the power spectral density at the z=0 facet through the relation

53 (07)=(1-Ir ){J[

2 B 2
+| £2,(0.2)| :|2Dﬂdz}. (7.25)

Note that we neglect the term for gain-coupled lasers that is present in Wenzel’s original

formulation since it is not required here.
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The form of E, permits the self-coupling terms, (—a— Jjo— j;’u), to be simplified in

terms of polynomial functions with respect to the wavelength. The two imaginary terms
are combined, and are considered to be inversely proportional to the wavelength and
proportional to a group index ng. The spectrum of « , the gain/loss term, is considered to
be approximately parabolic. Our measurement of the gain spectrum of a FP laser in
Figure 90 shows the parabolic form of this spectrum. The self-coupling terms thus

reduce to

j(-a=jé-j&s) :%{ng (z)[%—l}m(z)}

Jé{gp (2)-g.(2)[2-4, (Z)T}

(7.26)

where 4, is the reference wavelength, An is the refractive index variation, g, is the peak
value of the imaginary part of the self-coupling term at a wavelength 4, and g. is the

curvature of the wavelength dependence of this term. The fitting terms are thus changed

from the modified coupling coefficients to those outlined in (7.26): n,,An, g,,g,,and
A,. These terms can be used to obtain the self-coupling term, but not the exact values of
a, 6,and ¢ ,. The real part of £, will have an identical effect on the spectrum as the
& term, and the imaginary part of £, will have an identical effect on the spectrum as the

a term, so they cannot be separated using this method. Similarly, the effective coupling

coefficient can be extracted, but not the individual x, and ¢, terms. In other words,

this method is able to extract the real and imaginary parts of the self-coupling and cross-
coupling terms, but not the individual components of the real and imaginary portions of

these terms.

A fitting procedure with the N-point logarithmic below-threshold spontaneous emission

spectrum, S(4)=S, (0‘ ) , is used to minimize the error function, &*(p)
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o’ (p)=%;(log3 (4-p)-logS(4)) (7.27)

where S(A4;,p) are the theoretical values, S(4,) are the experimental values, and p is the

vector of the parameters that must be fitted. There were ten parameters that were fitted in
the final implementation of this algorithm. Obviously, an ten-dimensional constrained
nonlinear optimization problem is not trivial. To reduce the solution time, the spectrum
was roughly optimized manually to provide a good starting point for the fitting
algorithm. The simplex algorithm was used to obtain the best fit, the details of which can
be found in [109]. This algorithm is not constrained, so the results require careful
analysis to ensure that they are physical (e.g. no negative facet reflectivities, etc.).
Despite the good initial fit, it was still a lengthy calculation to find the best fit solution,

requiring approximately 7000 function evaluations.

The spectrum to be fitted came from a 1 mm long standard-grating LC-DFB laser with
ridge widths of Wy/Wy = 1.5/4 (um). The threshold current of this laser is 83 mA, and
the spectrum was taken at a bias current of 70 mA to ensure that only the amplified

spontaneous emission spectrum was measured. The best fit solution for this laser is

Parameter name -+ Value:
Right facet reflectivity, Ro 0.3
Left facet reflectivity, Ry 0.3
Right facet phase, @ -0.87 rad.
Left facet phase, o1 -0.68 rad.
Effective coupling coefficient, K.s 12.5/1.38 cm’
Length, L 1 mm
Gain peak, g, -17.5 cm™
Curvature of gain wavelength, g, 0.013 cm™ nm’
Gain peak wavelength, 4, 1312 nm
Gain reference wavelength, 4y 1312.4 nm
Group index, 1, 3.78
Index change, An 1.31x10°
Spontaneous emission strength, fo, 7.955x 107
Spontaneous emission linewidth, Ak, 50 nm
Spontaneous emission centre wavelength, Agp 1312 nm
Table 8. Fitted parameters to amplified spontaneous emission spectrum
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summarized in Table 8, with the fitted parameters in bold.

The fitted spectrum for this laser is shown in Figure 103, and it agrees reasonably well
with the measured data points, with a maximum deviation of 26% and an average
deviation of 7.5%. The parameter of most interest is the effective coupling coefficient,

which according to the fitted results is &, =12.521.38 +/- 1.4.20.05 cm™. The complex
nature of «,; is also confirmed, underscoring the need for the extended Streifer model of

these higher order LC-DFB lasers. We compare this value with that of the rounded
grating, calculated in Section 7.2.2, to ensure a more accurate comparison of the
experimental data with the actual fabricated grating coupling coefficients. If we compare
this to the calculated value of the standard grating in Figure 72 of 12.2/~0.16 cm™, we
see excellent agreement in the magnitudes, but not in the phase of the coupling
coefficient. The difference in the coupling coefficient can be explained by the variations

in the rounded grating parameters. As shown in Figure 78, the phase of x_; can vary

considerably depending on the exact amount of grating rounding. For example, a rough
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Figure 103. Measured and fitted amplified spontaneous emission spectrum of 1 mm cavity
length laser with Wy/Wy, = 1.5/4 (um) ridge widths at 7=298 K and I, = 70 mA.
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first-pass approximation of the parameters that match the measured coupling coefficient
are Wy = 1.68 um, y=0.48, h; = 0.17 pm, 4,=0.54 pm, and A3 = 0.25 pm. These fitting
parameters actually match quite well with the SEM photo of the standard grating taken in
Figure 71, rather than the standard grating pictured in Figure 72, as the overlay of the
SEM photo and the theoretical grating with the parameters given above in Figure 104
demonstrates. The effective coupling coefficient calculated for this rounded grating is
K =12.3/1.41 cm’, a difference of 2% from the measured coupling coefficient, well
within the tolerance of this measurement. This measurement of the coupling coefficient

provides validation for the theoretical calculations of the coupling coefficient that have

been performed in this thesis.

7.8 Performance Comparison

The 1 mm long LC-DFB lasers had average threshold currents of 95 mA and efficiencies
0of 0.096 mW/mA. The best design of a third-order grating with Wy /Wy = 2/4 (um) had a
threshold current of 85 mA and a slope efficiency of 0.104 mW/mA. These threshold
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Figure 104, Comparison of standard third-order grating SEM photo and a rounded grating,
outlined in yellow, with /,=0.17 pm, h; = 0.54 pm, h;=0.25 pm, and y=0.48. Scale on axes is in pm.
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currents are higher than most other designs reported in Table 1, however, the threshold
currents could easily be improved with some reworking of the design, as will be
described below. The side-mode suppression ratio of the LC-DFB lasers of > 50 dB is
exceptionally good, outperforming all designs but that of Reid et al. [S0]. In fact, these
side-mode suppression ratios are better than a range of commercially available 1310 nm
DFB lasers, including designs such as the NEC NDL7673P laser with an SMSR of 30
dB, the Ortel/Emcore 1611A-104-10 with an SMSR of 35 dB, and the Agere D372-
20AS, including isolator, with an SMSR of 40 dB. This favorable performance on the
first fabrication run, and the fact that the threshold currents can likely be reduced in

future designs, indicate that these lasers could potentially be commercially feasible.

7.9 Improved Design

The additional losses measured for all of the lasers due to the metal contact losses suggest
that the laser geometry must be improved. Figure 105 is the most obvious solution to
minimize these additional losses. The shallow etch that is required for the fabrication of

the gratings is kept while the central ridge in this design is increased in height so that the

p-contact

y n-contact
s X Lasing
mode
Figure 105. Improved LC-DFB laser design to reduce metal contact losses
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distance between the metal contact and the optical mode permits minimal mode overlap.
This design could be checked using the simulation techniques described in this thesis for
the optical properties, and LAS2D simulations could be used to ensure good electrical
properties. However, it would require an additional etch step to fabricate that will
complicate the manufacturing of the laser. The higher central ridge may also interfere
with the deposition of the silica mask over the gratings. Ultimately, these factors would

have to be quantified to determine whether or not this improved design is feasible.
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CHAPTER 8 - CONCLUSIONS

This thesis has described the detailed design considerations, experimental results, and
applications of a distributed feedback laser with a higher order laterally-coupled grating.
An extension of Streifer’s modified coupled-mode theory to two dimensions enabled a
comprehensive analysis of the impact of the grating properties on the LC-DFB laser
performance. This model has provided fundamental design insights, allowing a better
understanding of how the laser parameters affect the device operation. These design
insights can provide a guide for the optimization of advanced designs using any
fabrication and material constraints. The successful fabrication of LC-DFB lasers with
higher order gratings using stepper lithography was also demonstrated. The lasers had
excellent yields for a first fabrication attempt, and the performance was quite good given
the range of fabrication variations. With some further maturation of the design these LC-
DFB lasers could have commercial potential, perhaps integrated with other optoelectronic
devices. Extraction of the effective coupling coefficient for the standard grating design
showed good agreement with the expected theoretical results. In the appendices, a the
mask design, and an example of a 4x4 optical switch that could be monolithically

integrated with these lasers, are described.

8.1 Modeling Summary

The epitaxial growth structure of this laser was first modeled and optimized using
LAS2D simulation software. The grating properties were then described by extending a
modified coupled-mode analysis to a two-dimensional cross-section. This was applied to
the LC-DFB laser to obtain modified coupled-mode coefficients for different ridge
geometries. The effective coupling coefficient often differs substantially in both
magnitude and phase compared to the simple coupling coefficient, proving the need for

this extended treatment.
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The effective coupling coefficient, x,,, depends significantly on duty cycle as shown in
Figure 28, with N maxima occurring in the lKeﬂ| vs. y characteristic, and N-1 phase

jumps occurring in the ¢(Keﬂ) vs. y characteristic for a grating of order N. Larger duty

cycles generally produce stronger gratings. It is often useful to have a higher order

grating with a large duty cycle rather than a lower order grating for a given minimum

manufacturing resolution, since this can provide higher x_, values according to Figure

30. The grating coupling can be strengthened by using a smaller Wy or wider Wy, but
these values must also be determined with the electrical properties of the laser in mind.
The grating height produces periodic resonances in the partial wave terms as shown in

Figure 32, producing a corresponding resonance in the magnitude and phase x,,. These
resonances also occur in the x,, vs. ridge width characteristics, shown in Figure 35 for

the narrow ridge width and Figure 36 for the wide ridge width, but are not as pronounced.
In Section 5.5, we showed how the use of different grating shapes can produce coupling
coefficients as strong, or stronger, as a rectangular grating, particularly at higher grating

orders, and may be simpler to fabricate. Longitudinal modeling demonstrated that the

minimum normalized threshold gain, (L) , closely follows the «,; characteristic.

For a given grating geometry, there will be a cavity length that produces the smallest
minimum threshold gain. This cavity length balances the increased coupling of a longer
cavity length with a lower waveguide loss of a shorter length. There will also be
particular duty cycles to be avoided where the Bragg detuning changes abruptly and the

lasing mode wavelength will not be as stable. The normalized gain difference, or NGD,
will increase with ¢( rceff). Extending the analysis to a quasi-3D model more accurately
shows the longitudinal characteristics of the laser. This model matches well with
previously published experimental results, but was too time-consuming to apply to the

numerous grating variations considered here. To extract the coupling coefficients from

the optical spectrum, a Green’s function approach, outlined in Section 7.7, was used.

212



This model was used with a 10-dimensional simplex algorithm to find the best fit of the

model parameters to the experimental data.

Appendix B describes further modeling that was performed for a quantum well
intermixed SOA-based 4x4 optical switch that could potentially be integrated with the
LC-DFB lasers described here. In particular, the amount of blueshift in the absorption
spectrum with different quantum well compositions, strains, and thicknesses was
calculated using Fick’s model for diffusion and Chuang’s strain model. In addition, a
compact 1x4 MMI design for use in this switch is described, and modeled using the
beam-propagation method. The proposed 4x4 non-blocking switch layout has a footprint
of only 5.3 mm x 3.4 mm, and has an estimated insertion loss of 22.8 dB. This loss

would be compensated by the SOA regions of the switch.

8.2 Experimental Summary

SEM photos of the fabricated gratings showed that they were within 15 nm of the target
period, with smooth and vertical sidewalls. The SEM photos also showed rounding of
the rectangular grating teeth. Analysis of this rounding revealed that it resulted in a
significant drop in the magnitude of the calculated coupling coefficient from 26 cm™ to
12 cm™ for the standard third-order grating design. IV measurements of the lasers
showed good metal contacts, with resistances of < 5 ohms for bias currents of up to 300

mA.

The Fabry-Perot lasers were useful test structures, providing basic information on the
quality of the MQW wafer. The threshold currents of these lasers was much higher than
those calculated using LAS2D. While LAS2D estimated threshold currents of 8.5 mA
for the 500 um long laser with a 4 pm wide ridge, the average measured threshold current
was 62 +/- 4 mA, with a lowest measured value of 55 mA. The value of J, was

determined from the threshold currents of these lasers to be 1240-1380 A/cm’, large
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values that are consistent with the additional loss. Using a rough estimation of the optical
loss from the external quantum efficiency, the internal modal loss was found to be 18.0 —
37.3 cm”. This is much larger than the value of 7.5 cm™ calculated by LAS2D,
suggesting that a significant source of loss is neglected by LAS2D. A likely source of the
additional losses is an excessive overlap of the optical mode with the metal contact
layers. Our simulations in Chapter 5 that included this effect calculated a loss of 25 cm™,
providing additional proof that the metal contact layers are the dominant source of the
additional loss. Fabrication constraints prevented etching the ridge any deeper than 0.4
um, though ridge depths of 1-1.5 um are more typical for FP lasers. This additional loss
must be considered in any future improvements to this design. One suggestion to avoid
this is to simply do a two-step etch, one for a higher central ridge, and one for the grating
region, as shown in Figure 105. The gain spectrum of a 1 mm long 1.5 pm ridge width
FP laser, calculated using the Hakki-Paoli method, shows a gain peak at a wavelength of
1311 nm at a temperature of 298 K, with a 3 dB bandwidth of 24 nm. The gain is red-
shifted as the temperature increases, up to a gain peak of 1330 nm measured at 323 K.

This represents a shift with temperature of 0.76 nm/K for the material gain.

The fabricated lasers with third-order gratings and longer cavity lengths all demonstrated
DFB lasing, with SMSR values of up to 54 dB. The reduced coupling coefficient due to
grating rounding is likely the reason why we failed to observe DFB lasing for the 500 pm
cavity length lasers, with kL = 0.6. The fourth-order gratings did not show DFB lasing.
It would be useful to obtain SEM photos of the fourth-order gratings to help determine
the cause of their failure. The operational third-order DFB lasers were heavily weighted
to the 1 mm cavity length, with 51% of the lasers at this cavity length showing single-
mode operation. This is much higher than the overall DFB yield of 15% for third-order
lasers of all cavity lengths, and an extremely good yield for a first attempt at a
semiconductor chip design. This is due to two main reasons: 1) the weak grating
preventing DFB lasing at shorter cavity lengths, and 2) the longer cavity length bars
having been cleaved near the wafer edge where, due to cross-wafer non-uniformities, the

PL peak of the quantum well active region is closer to 1250 nm than 1310 nm.
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The functional third-order DFB lasers showed average threshold currents ranging from
80 — 129 mA for the 1 mm long laser cavity length, and average slope efficiencies from
0.078 — 0.117 mW/mA. The best overall design had a cavity length of 1 mm and ridge
widths of Wy/Wy = 2/4 (um), with a threshold current of 86 +/- 3 mA and a slope
efficiency of 0.104 +/- 0.005 mW/mA. This is comparable to the average threshold
current of 84 +/- 1 mA for the 4 pum ridge width. Despite the additional source of loss
due to the higher order grating, this design shows threshold currents comparable to the
Fabry-Perot design. The slope efficiency of the best DFB laser design is still less than for
both the FP lasers, with 0.2 mW/mA for the 1.5 um ridge width and 0.12 mW/mA for the
4 pm ridge width.

The LC-DFB lasers had a low temperature dependence, as expected, with a spectral shift
of the lasing peak of 0.06 nm/K compared to 0.65 nm/K for the Fabry-Perot device
measured. The average T for the measured DFB lasers was 303.2 K, with values ranging
from a minimum of 300.3 for a 750 um long laser to a maximum of 308.3 K for a 1 mm
laser. The characteristic temperatures were all smaller, but not significantly, than the

single FP laser which had 7, =313 K.

The final, and most complicated analysis, was the extraction of the modified coupled
mode coefficients from the amplified spontaneous emission spectrum. This required a
ten-dimensional non-linear fitting procedure using the simplex algorithm. The
unconstrained fit was accurate to within an average deviation of 7.5%, giving a

Kz =125/1.38 +/- 1.420.05 cm™. This showed a significant deviation in phase
compared to an expected theoretical value of x,, =12.22-0.16 em™ calculated from the

SEM photo of Figure 72, but a rough calculation showed that this experimental value
agrees well with a grating closely matching the standard grating shown in Figure 71 that

has a calculated x, =12.3£1.41. Within the observed fabrication variations, this

measurement of the effective coupling coefficient showed good agreement with our

theoretical analysis.
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In conclusion, this thesis has presented a complete, self-consistent model of LC-DFB
lasers, including suggested optimal design parameters, mask design, laser fabrication, test
and measurement, and analysis of the experimental results. This comprehensive portrait
of these lasers has revealed many positive qualities that should provide encouragement

for those who will continue research on this laser.

8.3 Future Work

I have been fortunate to have a thesis topic that has provided a wealth of interesting
results. Like all good thesis topics, it has also offers abundant opportunities for future
work, including both new applications and theoretical investigations. The grating shape
analysis of Chapter 5 has suggested a counter-intuitive method of improving the grating
strength by using other shapes such as triangular, sinusoidal or trapezoidal. It is still an
open question whether these different shapes could be easily and reliably manufactured.
However, the unintentional rounding of the grating teeth that was observed in the
fabricated gratings seems to suggest that curved grating teeth can be manufactured,
perhaps by using sub-resolution mask features. A full investigation of different grating
shapes, perhaps using e-beam lithography for more accurate patterning, would provide
experimental validation of the theoretical predictions made here. It would also be
helpful to simulate the impact that variations in the grating period will have on the

performance of the laser.

The high threshold currents observed in the fabricated lasers suggest that the lossy metal
contact layers are too close to the optical mode. These losses could be mitigated by
increasing the height of the central ridge, while keeping the adjacent grating layers at a
height convenient for manufacturing, as shown by Figure 105. If this geometry is to be
used, it should be modeled using the simulation tools developed in this thesis. In

addition, the losses could be reduced by using some of the low threshold gain grating
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geometries demonstrated in Chapter 5, particularly larger duty cycles. Unfortunately the
larger duty cycle gratings could not be successfully fabricated since we were pushing the
limits of the stepper lithography resolution. The laser design could also be readily
adapted to other wavelengths. Of particular interest is the telecommunications C-band
around 1550 nm, where there is minimal loss in a standard optical fiber. Using larger
Bragg wavelengths would allow longer grating periods to be used, easing the fabrication

tolerances.

These laterally-coupled gratings are also not limited to laser applications. In addition, the
gratings could be used in photonic integrated circuits as wavelength filters, or to reflect
light at particular points. These gratings could also be used to provide a high degree of
optical isolation where desired on a photonic circult. Bragg gratings have numerous uses
in photonic systems, and any of these could be developed using these laterally-coupled

gratings.

Packaging the LC-DFB laser wbuld allow it to be tested in a fiber-optic communication
system. Packaging optoelectronic components is not a trivial problem, and numerous
compromises between cost and performance must be made. A properly designed
package must not only protect the laser chip from the environment, but also provide
thermal heat sinking, allow stable and efficient coupling to an output fiber, and provide
the proper electrical connections for DC, or high-speed RF current if needed. The
package may also include monitoring of the laser output using a built-in photodiode.
Particularly for high-speed operation, minimizing the parasitic capacitances and
inductances of the laser package is critical and requires extensive modeling of these
effects. A spot size converter would improve the efficiency of coupling from the optical
waveguide mode to a more circular fiber optic mode. Placing the laser chip on a carrier,
and then wire-bonding the electrical leads is a standard practice that would improve the

robustness, and hence the lifetime, of the laser.
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The LC-DFB laser design holds promise as a dual-wavelength source for the generation
of microwave signals. In this fabrication run, dual-wavelength sources were included on
the LC-DFB mask, but did not perform well. Fabricating precise grating periods out of
either side of the ridge using e-beam lithography may be necessary to improve the results
of the dual-wavelength gratings. There has been very little theoretical work on dual-
wavelength LC-DFB designs up until now, and proper modeling of the dual-wavelength

lasers would be a useful next step.
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APPENDIX A - AUTOMATED MASK LAYOUT WITH DW-2000

The mask layout for the LC-DFB lasers described in this thesis was created using an
automated layout algorithm implemented with DW-2000 software. Rather than creating
a layout algorithm that only places the exact elements needed for a particular mask, this
algorithm uses ‘p-cells’ to allow the dimensions of similar devices in the layout to be

quickly and easily changed without requiring a complete rewrite of the mask script.

The idea behind the use of p-cells is to avoid rigidly coding individual device dimensions
(in our case, a laser), instead using a general layout function to create an instance of each
device given arbitrary input parameters. For instance, rather than encoding separately
LC-DFB lasers with grating periods of 300, 400, 500 and 600 nm, a general code is
written that will create a laser for any given grating period. Instead of rewriting, or copy
and pasting the code for a specific laser repeatedly, the code is called with a single

parameter, in this case the period, varying for each device.

The layout described in Chapter 7 used four different types of p-cells to create all of the
LC-DFB design variations: a standard LC-DFB laser, a FP laser, a dual-wavelength laser,
and a phase-shifted DFB laser. This is a somewhat arbitrary choice, as it was possible to
create every design variation on the mask using a single, all-purpose p-cell. The more
modular approach used here, however, made it simpler to encode the mask and to
eliminate unnecessary code for future masks. For example, future masks are unlikely to
include lasers with phase-shifted gratings, since these devices exhibited poorer
performance. The parameters used for the standard DFB p-cell are shown in Table 9, the

parameter names are defined in a diagram of a standard p-cell shown in Figure 106.
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Parameter name | Default Value
(nm)
WRidgeW 4
NRidgeW L.5
Period 0.608
Duty cycle 0.5
LaserLen 2000
TrenchW 20
MetalW 200
OutlineW 400

Table 9. Standard DFB laser p-cell parameters

Metal W RideeW
e eV

LaserLen

Period

\ TrenchW

Cleave mark

OutlneW

Figure 106. Standard p-cell with grating detail
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APPENDIX B — APPLICATION TO OPTICAL SWITCHING

One of the motivations for the LC-DFB laser is that it can be readily integrated with other
photonic components. This Appendix describes one such example of an integrated
optical device, a 4x4 non-blocking optical switch. This monolithically-integrated switch
can be readily combined with the lasers described above to produce a multifunctional
photonic integrated circuit. For instance, the lasers could act as sources for the add ports
of a reconfigurable add-drop multiplexer (ROADM) module. This chapter begins with a
brief introduction to monolithically-integrated optical switches and using quantum well
intermixing (QWI) as a monolithic integration method. The motivation for pursuing 4x4
SOA-based switches is described. Next, QWI is discussed in more detail, and a
simulation of intermixing in strained quantum wells is outlined. Particular emphasis is
placed on intermixing of tensile-strained quantum wells, as the SOA-based switch will
use tensile strain in the multi-quantum well active region to reduce the polarization
dependent gain. The use of tensile strain will also introduce TE and TM polarization to
the laser, complicating the analysis above. The reconsideration of the laser model to
include TM polarization is beyond the scope of this thesis. It is also possible to use
compressively-strained quantum wells to implement the switch. This may be the
preferred option if the laser is integrated on the same chip, since the polarization of the
generated light will be overwhelmingly TE, eliminating the need for low PDL switching
using tensile-strained quantum wells. The next section of this Appendix features the
design of a 1x4 MMI splitter/combiner that is a critical part of the overall 4x4 optical
switch. This device has low insertion loss, excellent output uniformity, and a compact

size. Finally, in the final section, the overall 4x4 integrated switch design is presented.

B.1 Introduction

The development of next-generation fiber-optic networks will require fast and flexible

routing of high-volume traffic through many optical channels. High-speed multiple-
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channel optical switches are a necessary enabler. Numerous approaches have been
proposed, including using Mach-Zehnders [110], total-internal reflection [111], and ring
resonators [112]. Switches based on semiconductor optical amplifiers (SOAs) offer
minimal insertion loss due to gain compensation in forward-bias, have low crosstalk due
to high attenuation in reverse-bias, and can switch at high speeds due to the nanometer-

scale switching time of SOAs [113], [114].

SOA-based switches can be realized in disparate monolithic integration modalities, such
vertical coupling [115], selective-area regrowth [116], or quantum well intermixing
(QWD [117]. We implement a 4x4 optical switch using QWI, a process that has
demonstrated good results for other monolithically-integrated devices such as lasers
[118], [119]. Various implementations of QWI exist, including ion-implantation [120],
impurity-free vacancy disordering [121], sputtered silica-induced intermixing [122],
pulsed laser irradiation induced intermixing [123], and inductively-coupled plasma-
enhancement [124]. We use the inductively-coupled plasma process, but our design it is

not restricted by it.

Most earlier work has focused on 2x2 switches, for example, the SOA-based optical
switches fabricated using QWI in [117]. Integrated 4x4 SOA switches with a low
polarization dependence and insertion loss have been demonstrated using regrown
passive waveguides [116]. Using integrated 4x4 switches as building blocks for large-
scale ROADMs in place of 2x2 switches reduces alignment issues and the number of
assembly steps in manufacturing. It also potentially reduces the number of separate

temperature control devices that may be required.

We will use a non-blocking tree architecture, shown in Figure 107, for our integrated 4x4
switch. It requires eight 1x4 splitters, eight 1x4 combiners, and 16 SOAs. This 4x4
architecture has an intrinsically higher splitting/combining loss (12 dB, or 6 dB for each
1x4 splitting/combining operation) than a 2x2 switch (6 dB, or 3 dB for each 1x2

splitting/combining operation). However, if we wish to implement a 4x4 switch using
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Figure 107. Tree architecture for a non-blocking 4x4 SOA switch

2x2 building blocks, a nonblocking configuration such as a Clos network [125] requires 6
discrete 2x2 switches, with three 2x2 switches in each path, for total splitting/combining
losses of 18 dB per channel. The fully integrated switch can provide lower losses without
even considering the additional coupling losses that would occur between discrete
switching elements. To keep the integrated switch loss to a minimum, it is necessary to
keep excess losses as low as possible. To realize such low excess losses for our non-
blocking integrated 4x4 switch, we report the detailed design of our multi-quantum well

(MQW) active region and our 1x4 splitters/combiners.
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B.2 Quantum Well Intermixing

The fabrication of quantum wells requires thin layers of different material compositions
to be deposited on a substrate. The natural response of adjacent materials with a
concentration gradient is to have the materials flow into each other, i.e. intermix, from the
layers of high concentration to layers of low concentration. The basic mathematical
formulation of this diffusion of materials is known as Fick’s laws. At low temperatures
the crystal lattice of InP quantum wells is stable and negligible intermixing occurs. Only
at very high temperatures, typically around 600°C depending on the exact epitaxial layer
structure and growth technique used [126] does natural intermixing occur in as-grown
InP-InGaAsP wells. The goal of QWI techniques is to modify the quantum wells in the
desired passive sections such that these regions will begin to intermix at temperatures
lower than the as-grown quantum wells. The wafer is then annealed at this lower
temperature, causing intermixing in the passive regions and leaving the rest of the
quantum wells unaffected. This intermixing causes a blue-shift in the absorption
spectrum of the quantum wells that greatly reduces optical loss in the passive regions.
The tailoring of multiple bandgaps can thus be achieved with the same nominal MQW
epitaxial growth structure. To best realize polarization independence in SOA regions,
tensile-strained quantum well active regions are needed. However, to achieve the same
transition energies, these require larger quantum well thicknesses than do unstrained
quantum wells. Since thicker quantum wells do not intermix as easily, our analysis
below considers the impact of tensile strain on the blue-shifting induced by the quantum

well intermixing process.

B.2.1 Theory

The in-plane strain, ¢, of an interdiffused In;Ga,As,P,, quantum well grown along the
z-axis is given at each point by the local lattice constants using (3.7). This in turn can be
used to determine the local bandgap shifts according to (3.10), (3.11), and (3.14), as

described earlier in Section 3.1.
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The bandgap shifts and strains depend in turn on the local composition of the intermixed
quantum well. The diffusion of atoms from the intermixing process can be modeled by a

one-dimensional diffusion equation, also known as Fick’s first law:

J= —Da—c, (B.1)
0z
where J is the atomic flux, D is the diffusion coefficient, and C is the atomic

concentration. The concentration at any given time, assuming mass balance and a

constant diffusion coefficient, is described by Fick’s second law as

oC . o°C

—=D——. B.2

ot oz* ®.2)
A reasonable approximation to a quantum well embedded in barrier material is given by a

layer of negligible thickness with initial atomic species concentration C, and surrounded

by infinitely thick layers. In this case, solving (B.2) reveals that the diffusant

concentration takes the familiar Gaussian profile in time:

2

G, z
exp| — . (B.3
2NnDt p[ 4Dt) )

C(z,t)=

For a material of finite thickness %, the solution to (B.2) is given in term of the error

function, erf, as

c(z,t)=%(erf(h/22;z)+e;f(h/22[zn, (B.4)

where the degree of diffusion is characterized by the interdiffusion length
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L,=~Dr. (B.5)

In general, the diffusion lengths of the semiconductor group III and V species that

comprise the sub-lattices are different, L, ;, # L,,. An additional parameter, known as

the interdiffusion ratio, %, is needed to fully characterize diffusion:

(B.6)

The faster diffusion of group V materials in In;Ga,As,P;., results in £ > 1, with typical
values being 1.5 < k < 2. A value of k = 1.7 has been experimentally demonstrated
[127],[128], and will be used here. To determine blueshift, the concentration of the group

IIT and V elements after interdiffusion, C,,y, , is first calculated separately at each point, z,

as

C -C Lyy!2+z Loy 2=z
c _c Lo T B | O +erf| Z——1||, B
) BII(V) 2 7 2L, oy 4 2L, mary &7

and C

where the initial concentrations in QW and barrier (B) are C .0V >

oW, (V)

respectively, for the species in either group III or group V.

The bandgap of the In;..Ga,As P, material at each location is calculated from (3.15),
while the strain and effective masses of electrons and light- and heavy-holes are
determined at each location through interpolation. The strain and bandgap are used to
determine the local band edge shifts. An example of the band profile for a diffusion
length of 0.8 nm is shown in Figure 108 for a 13 nm thick quantum well with 0.5%

tensile strain.
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Quantum well conformation being known, the one-dimensional Schrodinger’s equation
(3.1) may be solved for the conduction and valence bands energy levels. The finite
square well approximation used in Section 3.1 is no longer valid, so the answer must be
found using a numerical differential equation solver. We find the numerical solution
using finite-element analysis with COMSOL software [85]. As before, the differences
between the conduction band and the light- and heavy-hole energy levels provide the
transition energies of the intermixed quantum well. The blue-shift due to the intermixing
process can be calculated by comparison with the as-grown (unintermixed, square)
quantum wells. Since we are using tensile strain, the light-hole valence band is shifted
upwards, so the conduction band to light-hole valence band transition has the lowest
energy and is therefore dominant, as shown earlier in Figure 10. The conduction band to
light-hole valence band transition provides a more balanced gain for both TE and TM
polarizations, so the polarization-dependent gain (PDG) of tensile-strained quantum wells

is reduced compared to unstrained or compressively-strained quantum wells.

B.2.2 Quantum Well Intermixing Analysis Results

In this analysis, all quantum wells were embedded in 12 nm thick Ing ¢3Gag.07AS0.15P0.85

barrier material that is lightly (~0.01%) compressively strained. Quantum wells of
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Figure 108. Conduction band and light-hole valence band of 0.5% tensile-strained 13 nm

InGaAs quantum well in 0.01% compressive-strained InGaAsP barrier material. Solid lines are for
the unintermixed quantum well, dashed lines are for the quantum well intermixed with a group ITI
diffusion length of 0.8 nm and k=1.7.
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specific tensile strain were achieved by varying the quaternary concentrations while
adjusting the quantum well thickness to maintain a constant conduction band to light hole
transition energy of 0.81 eV (1530.7 nm) in the unintermixed quantum well. The greater
the tensile strain, the thicker the quantum well needed to maintain a transition energy of
0.81 eV in the unintermixed quantum well. The MQW active region is embedded in a
double heterostructure whose growth structure is given in Table 10. This p-i-n SCH
structure has been chosen to provide good electrical and optical confinement in the SOA
regions. The doping is minimal to reduce the intervalence band absorption in the passive
waveguide regions after the intermixing process. To provide horizontal confinement, a 4

pm wide ridge waveguide is used.

The quantum well thicknesses required for 0.3%, 0.5%, and 0.7% tensile-strained
quantum wells were 11.2, 12.2, and 13.8 nm, respectively. As shown in Figure 109, when
thicker quantum wells are intermixed, they have smaller blue-shifts for the same
diffusion length value than thinner, less strained quantum well structures. These data

were obtained from the finite-element solution of Schrédinger’s equation as noted above.

Layer Material | Thickness Doping
| | m) (cm-3)
11 —P cap InGaAs 0.1 Zn:1x1019
10-P cap Gao,lglno_glAS()A]P()jg 0.02 Zn: 1 x1018
9 —Ridge InP 0.6 Zn: 3 x1017
7 — Upper clad Gayg 31Ing 69AS0.66P0.34 0.2 Zn:1x1017
6 — Barrier Gag 35 0.012 Undoped
(repeat 4) Ing 65AS0.77P0.23
5 — QW (repeat Gag.sq4 Ing 46AS 0.0122 Undoped
5)
4 — Barrier Gap 35 0.012 Undoped
Ing 65As0.77P0.23

3 —Lowerclad 2 | Gag31Ingg9AsgesPo.34 0.2 Si: 1x 1017
2—Lowerclad 1 InP 0.04 Si: 5x 1017
1 — Buffer InP 2 Si: 1x1018
0 — Substrate InP 130 Si: 4x 1018

Table 10.
SOA switch

Epitaxial growth structure for a quantum-well intermixed
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Figure 109. Blue-shift of conduction band to light-hole band transition energy vs. group II

diffusion length for quantum wells with an unintermixed transition energy of 0.81 eV and tensile
strains of 0.3, 0.5 and 0.7%. k=1.7 in this calculations.

The blueshift is expected to saturate beyond diffusion lengths of 1 nm as the neighboring
quantum wells in the MQW stack begin to diffuse into each other.

For our intended intermixing of 0.3% tensile-strained quantum wells, we thus reasonably
anticipate blueshifts approaching 44 meV. Such blueshifts are less than the 100 meV or
more that have been demonstrated for other quantum well compositions [129].
Compared to the results of [130] where a 60 meV blueshift resulted in a passive
waveguide loss of 2.98 cm™ our waveguide losses will be larger. Selecting a 0.5%
tensile-strained quantum well will give a better polarization dependent gain than 0.3%
tensile-strained quantum wells, but its maximum blueshift is less than that of the lower
strained system. This smaller blueshift will result in higher waveguide losses that should

be determined experimentally.

B.3 1x4 Integrated Optical Splitter/Combiner

The coupler/splitter is a critical component of our 4x4 switch design. In the non-blocking
tree configuration used here, a total of eight 1x4 MMI couplers and splitters are used,
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with two in each input/output path. The couplers and splitters must have a low insertion
loss, low wavelength and polarization sensitivity, and good fabrication tolerance. While
Y-branch and total internal reflection splitters/combiners have shown promise [131], the
excellent performance and fabrication tolerance of multimode interference (MMI)
devices have made them a popular choice for monolithically-integrated

splitter/combiners, and they are the technology that will be used here.

The length of the multimode interference region for a 1xN splitter is determined, using an

effective index method analysis according to [132], as

3L,
L =(4N). (B.8)

L. is the beat length of the two lowest-order modes of the MMI region, whose

4

propagation constants are B, and f,. It can be estimated as

;-7 _4n W

~ , B.9
" ﬂl _130 310 ( )

where n, is the effective ridge refractive index and 2, is the free-space wavelength; W,
is an effective width given by

20
W, =W, +(ﬁ)(i’c_-) (n}—n )'”2, (B.10)

y/ n

s

where W, is the actual waveguide width and n, is the effective refractive index of the

cladding. We wish to separate the output waveguides of the MMI splitter/coupler by 50
pm to ensure minimal interference between neighboring waveguides, and to have
sufficient isolation between adjacent SOA contacts. The effective width of the MMI
region determines the spacing of the output waveguides. The beat length has a quadratic

dependence on W,, so the length of the MMI scales rapidly as the spacing required
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between output waveguides increases. For an output spacing between the four output
waveguides of 10 pm, an MMI width of at least W), = 40 pm is required, leading to a
total MMI length of 954 um. To reach the 50 pm waveguide separation using the
weakly-guided ridge waveguides would require a set of four long bends. In particular,
the uppermost and lowermost waveguides would have to bend nearly 100 pm to achieve
the required separation. BPM simulations of this waveguide have shown that a 100 um
waveguide bend requires a length of 1500 pni to avoid extensive losses. With the addition

of such a bend the total device length would be nearly 2500 pm.

A more spatially compact 1x4 splitter/combiner is obtainable using two-stage cascade of
1x2 MMI splitters, as shown in Figure 110. Each 1x2 MMI splitter requires an MMI
section with a length of 147 pm. The first MMI splitter provides two waveguides, whose
separation from each other is governed by their fourth-order polynomial layouts. At an
optimal distance, a second MMI splitter terminates each waveguide at the same tilt angle.
Note that, due to the optimized position of the second MMI the two inner waveguides are
already separated by about 40 pm when they leave the second splitting stage. The
layouts of the resulting four waveguides are then further optimized to yield the desired
waveguide separations over with the shortest possible length. The total 1x4 MMI
splitter/combiner length, after separating all four waveguides by 50 pm, is 1600 um. Due
to these considerations, using two cascaded 1x2 MMI splitters rather than a single 1x4

MMI splitter improved the compactness of the design by approximately 900 pm.

The 1x4 splitter was simulated via the beam-propagation method using OptiBPM 6.1
software [133]. The two-dimensional simulation was performed using the effective index
method to approximate the waveguide of Table 10 in the lateral direction. The BPM
simulation used the (1,1) Padé approximation with perfectly-matched layer boundary
conditions. The step size used was 0.05 um in the z-direction, and 0.04 um in the x-
direction. The splitter/combiner had an excess loss of only 1.53 dB for TE polarized light
and 1.54 dB for TM, with an output uniformity of < 0.01 dB. The contour plot of the

optical field in the splitter, shown in Figure 111, shows minimal scattering, with most
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Figure 110. Size comparison of 1x4 MMI splitter using cascaded 1x2 splitters (top), and a single
1x4 splitter (bottom).
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Figure 111. 1 x 4 multimode interference coupler/splitter. a) Layout of coupler/splitter, b)
beam-propagation method simulation of splitter with 2 dB contours from 0 to 30 dB.
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of the stray light along the central axis.

B.4 Overall Design

The overall layout of the switch is shown in Figure 112. The nonblocking tree
architecture requires 16 SOAs and 8 1x4 MMI splitters/combiners. The SOAs are in two
blocks of 8, each SOA being 1 mm long and separated by 50 um from its neighbor. To
improve compactness, total internal reflection turning mirrors are created by placing a 45
degree angle etch at appropriate waveguide bends. The excess mirror loss was
minimized using two-dimensional finite-element simulations, shown in the inset of
Figure 112. However, fabrication limitations, such as surface roughness, will add further
losses to the TIR mirrors, and experimental results will be required to fully estimate the
losses of the mirror design. Previous TIR mirrors have proven to be capable of 1 dB or

less of excess loss [134]. The total footprint of this design is 5.33 mm x 3.44 mm.

Lo vty bssrabye iy 1m1|Ilnl1111n111|||[||x|11||||||15,33mm
e T 1x4 MMI
11 Hii Ol _soa
- i 5
- 12 i |
I = i T 02 .
x N TIR mirror
C R a0 Surface: Elecivic 116, 7 companent (v/m] -
- I3 N
X 03
"4 4
3.44 mm
Figure 112, Layout of 4x4 non-blocking SOA switch architecture with finite-element simulation

of TIR mirror (insert).
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The total on-chip losses of the 4x4 optical switch can now be estimated. The loss per
path will be due to waveguide losses, splitter/combiner losses, scattering at the turning
mirrors, and fiber coupling losses. The longest path in the 4x4 splitter, as shown in
Figure 4, is 3 mm in length. We use an estimated modal loss of 6 cm™ for the intermixed
waveguides, assuming that for these quantum wells of 38 meV blueshift, the loss will be
at least double the 2.98 cm™ loss observed when the blueshift was 60 meV [130]. This
results in an estimated 1.8 dB total waveguide loss. The turning mirrors are each
assessed a 1.5 dB loss, incorporating an estimated loss due to fabrication imperfections
such as surface roughness. Since each path includes two turning mirrors, this will result
in 3 dB of turning mirror loss. The splitters/combiners will add 12 dB of loss since there
will be one 1x4 splitter and one 4x1 combiner in each path. In addition, each
splitter/combiner, as demonstrated in Section 2, introduces 1.5 dB of excess loss, for a
total of 3 dB. The combined contribution of all these losses, with approximately 3 dB of
fiber coupling loss, is a total loss of 22.8 dB. This total loss is to be compensated by the
gain in the SOA region of the device.
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