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Summary

Wavelength tunable single-mode semiconductor lasers play an essential role in modern
optical communication systems. They are also rapidly replacing fixed-wavelength light
sources in dense wavelength-division-multiplexing (DWDM) systems, which will significantly
reduce the system size and cost. The optical communication industry demands light sources
with relatively small volume, low inventory cost and high manufacturing yield process.
Therefore, laser diodes along with high power, stable operation and narrow linewidth
should have simple fabrication process and high yield.

Up to now conventional distributed feedback (DFB) and distributed Bragg reflector (DBR)
lasers achieved great success in terms of stable operation, high power and wide tuning
range. However, these lasers require complex fabrication steps and high resolution
processing by using e-beam lithography which is time consuming and an expensive process.
Previously it was demonstrated that single-mode operation can be achieved in Fabry-Perot
lasers by introducing reflective defects (slots) at particular locations along the cavity. But in
these lasers it is extremely hard to integrate them with other photonic components in one
chip due to cleavage of both facets. This work presents cost effective and integrable a new
single-mode laser design. These lasers based on etched high order gratings (slots) on one
side of the laser cavity to provide enough reflection for lasing to occur. Therefore, no
regrowth is needed. This work describes the slotted single-mode laser platform from design
to fabrication to experimental characterization.

The thesis is organized as follows:

First, a brief explanation of WDM and coherent communications is introduced. Here it is
explained what requirements laser diodes should meet in these communication systems.
The theoretical part consists of the basics of laser characterization, the theory of the laser
linewidth and different types of wavelength tuning mechanisms. To realize single-mode
laser a grating structure is needed. To understand the theory of the gratings a brief
illustration of the scattering matrix method (SMM) and the transmission matrix method
(TMM) is described. Also the working principle of DBR laser and DFB laser is presented, and
how single-mode operation is achieved in those lasers.

Theoretical and experimental characterizations of a FP laser were carried out by

amplified spontaneous emission (ASE) using Fourier series expansion (FSE) method. From



this method different parameters are extracted to characterize the basic FP laser including a
waveguide loss.

Further, the concept of slotted single-mode laser is developed. It is demonstrated that
the single-mode operation can be achieved by etching high order surface gratings on top of
the ridge of the laser without any regrowth of additional material. These gratings or slots
can be can be done by standard photolithography. The integration of these lasers with an
semiconductor amplifier (SOA) and an electro-absorption (EA) modulator is also presented.
Fabricated devices exhibit a threshold current of around 30 mA and slope efficiency of
around 0.12 mW/mA. The laser performance is improved by applying high reflection and
antireflection coatings so the threshold current decreased to 19 mA and the slope efficiency
increased to 0.17 mW/mA. The spectral characteristics show stable single-mode operation
with side-mode suppression ratio (SMSR) around 50 dB. The linewidth is measured using the
delayed self-heterodyne (DS-H) method. The laser linewidth is measured to be around 2-4
MHz for short cavity lasers and the linewidth follows the theoretical 1/P trend. It is also
demonstrated that longer lasers exhibit a narrower linewidth and for a laser with an
effective cavity length of 450 um the minimum intrinsic linewidth is estimated to be 720
kHz.

The concept of the slotted single-mode laser is developed further by making wavelength
tunable slotted single-mode laser array. First, a 10-channel slotted laser array is presented
with channel spacing of 400 GHz. All lasers in the array have a threshold current between 19
and 21 mA. The wavelength tuning of 31 nm is achieved with SMSR more than 35 dB for all
channels. To extend the tuning range and improve the SMSR, a 12-channel slotted laser
array with non-periodically spaced slots is developed. The tuning range extended to 37 nm
which covers the full C-band. The SMSR for all channels increased up to 50 dB. The typical
linewidth for all lasers in the array is estimated to be around 2-4 MHz as for single-mode
lasers. The linewidth is improved by making the cavity length longer. For 1 mm laser, the
linewidth for all channels is less than 500 kHz. Finally, the thermal properties of slotted
lasers are presented. The thermal crosstalk effect is investigated along with the thermal
impedance of slotted lasers. This laser platform has strong potential for applications in

optical communications systems in the future.
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Chapter 1 - Introduction

The research and development in optical fiber communication systems started in 1970s
after the groundbreaking discovery in fiber-optics by Charles Kao [1] who is known as the
“father of fiber optic communications”. Before this breakthrough, glass fiber were not
considered as a good transmitter for light due to large signal loss from the light scattering at
defects in the glass. Kao realized that, by carefully purifying the glass, it is possible to
transmit the information over long distances with low loss via fibers. Accidentally, light was
used in communications in earlier days. In ancient times, reflected sunlight was used as a
part of communication network in the era of Darius the Great in 500 BC. In the 19" and
early 20! century, an optical telegraph or a heliograph was invented where visual signal
transmission was used. In 1880 Alexander Bell invented the photophone which allowed
transmitting speech via a beam of light. Interest in optical communications has rapidly
increased after the invention of the laser in 1960s. Now optical fiber communications is the
main technology in transmitting the data, voice and video information in short-distance and
long-haul communications. The demand in the transmission capacity is growing strongly
year by year.

The introduction of wavelength-division multiplexing (WDM) systems in 1990s has
significantly increased the information capacity, in which multiple signals (channels) are
transmitted through the same fiber. In WDM systems light sources of different wavelengths
are used, and the signal is modulated by an intensity modulator. The overall system is
shown in Fig. 1.1. The modulated signals are mixed into the optical fiber and sent to an
optical multiplexer (OMUX). Then the received signal is demultiplexed (ODMUX) and
separated into different wavelengths. The separated wavelengths are then directed to
corresponding detectors.

A5 Converter
O/E

Converter
E/O

L

Data
eleq

Optical fiber

Fig. 1.1 WDM schematic.



The WDM systems are divided into two categories: Coarse WDM and Dense WDM.
Coarse WDM (CDWM) systems use only a few channels with widely spaced wavelengths.
The typical wavelength spacing is about 20 nm and more. CWDM s usualiy used in cable
television networks and in metropolitan networks. Dense WDM (DWDM) systems in
contrast, use a large number of channels with closely spaced wavelengths. The wavelength
spacing is around 1.6 nm and below, which corresponds to 200 GHz channel spacing.
Modern DWDM systems have a much closer spacing of 50 GHz which makes them high level
communication systems, therefore, they are used as the basis of the Internet.

Early DWDM systems used fixed-wavelength laser diodes, which created lots of
transceivers in the system. This wasn’t reliable in terms of size and inventory cost. With the
introduction of tunable lasers, it has been possible to reduce the inventory cost and reduce
the size of the systems. The main requirements for tunable lasers are stable operation and
exact wavelength emission recommended by ITU-T standards [2]. These standardized

wavelengths are shown in Table. 1.1.

Frequency Center Frequency Center Frequency Center

(THz) wavelength (THz) wavelength (THz) wavelength
(nm) (nm) (nm)

195.9 1530.33 194.5 1541.35 1935 1552.52
195.8 1531.12 194.4 1542.14 193.0 1553.33
19547 1531.90 194.3 1542.94 192.9 1554.13
195.6 1532.68 194.2 1543.73 192.8 1554.94
1955 1533.47 194.1 1544.53 192.7 1555.75
195.4 1534.25 194.0 1545.32 192.6 1556.55
195.3 1535.04 1939 1546.12 192.5 1557.36
195:2 1535.82 193.8 1546.92 192.4 1558.17
195.1 1536.61 193.7 1547.72 19253 1558.98
195.0 1537.40 193.6 1548.51 192:2 1559.79
194.9 1538.19 19355 1549.32 192.1 1560.61
194.8 1538.98 193.4 1550:12 192.0 1561.42
194.7 153977, 19313 1550.92 192.9 1562.23
194.6 1540.56 193.2 1551372 192.8 156305

Table 1.1 DWDM wavelengths according to ITU-T standards [2].

The fastest data rate per channel in modern communication systems is 40 Gbit/s and the
next generation will be 100 Gbit/s. Current deployed optical communication systems use
on-off keying (OOK) detection or direct detection techniques. The future detection

techniques are expected to be advanced modulation techniques, where phase and



frequency modulations are used instead of intensity modulation. Thereby, these
communication systems are called coherent communication systems.

The main advantages of coherent communications is the high signal sensitivity, in other
words signals with very low intensities can be detected. In theory, only a few photons are
required to detect a one bit signal. This can be done by using heterodyne detection as
shown in Fig. 1.2. The transmitted signal is mixed with a coherent reference signal (local
oscillator) using an optical directional coupler. Then the mixed signal is detected by a
photodetector and it will contain information about the amplitude and the phase of the
signal. The main requirements for light sources are single-mode operation and low phase

noise fluctuations.

PD

Signal

Detected
signal

Local
oscillator

Fig. 1.2 Schematic diagram of optical heterodyne detection [3].

In coherent communications, the signal is modulated by amplitude, phase and frequency
changes. The most widely used technique is phase modulation or phase shift keying (PSK)
modulation where the phase of the light is used as information. Therefore, the phase noise
of a light source is critical which means that the spectral linewidth of a light source should
be narrow. Table 1.2 shows the laser linewidth requirements for various types of
modulation techniques for 40 Gbit/s link [4]. The linewidth should be below 500 kHz for

coherent communications.



Modulation format | Linewidth per laser at 40Gbit/s
QPSK 10MHz
8PSK 1.6MHz
16PSK 240kHz
Star 16QAM 1.6MHz
Square 16QAM 120kHz
Square 64QAM 1.2kHz

Table 1.2 Linewidth requirements for different modulation formats for 40 Gbit/s link [4].

By taking into account the specifications and requirements described above, the basic
requirements for a laser source in WDM and coherent communications can be summarized

as follows:

= High output power, so the signal can be detected.

=  Modulation speed should be high.

= Narrow linewidth to prevent chromatic dispersion in the fibers and to minimize
phase noise.

= Stable operation without mode hopping.

= Feasibility, simple fabrication and low cost.

The last requirements always have been important ones. Telecommunication companies
and system makers seek a tunable laser than can work in any desirable wavelength range
and with low inventory cost.

Table 1.3 shows the chronological development of tunable laser diodes over the past 20
years. Here, the most widely used lasers such as distributed Bragg reflector (DBR) and
distributed feedback (DFB) lasers are considered. Also, the so-called slotted lasers
developed in our group are included in the list.

The first wavelength tunable DBR laser was demonstrated by Tohmori and Suematsu, et
al, [5] in 1983. They demonstrated a monolithic integration of the laser part with a phase
tuning section using Butt-joint coupling. The continuous tuning of 0.4 nm was achieved. 10
years later Tohmori and Yoshikuni, et al. have modified the grating structure and
demonstrated a super-structure grating (SSG) DBR laser [6], where the structure is based on

linearly chirped gratings. Such gratings provide high reflection and a wide tuning range



which is over 100 nm including multimode regions [6]. Quasi-continuous tuning of the SSG-
DBR laser was demonstrated by Ishii et al, with the tuning range of 34 nm [7].

In the same year with the first demonstration of the SSG-DBR laser, Jayaraman et al. from
Coldren’s group first proposed the sampled grating DBR (SG-DBR) laser where conventional
gratings are divided into several interrupted grating sections [8]. A tuning range of 57 nm
with SMSR more than 30 dB was achieved in these lasers. Later on, the tuning range and the
mode stability were improved exhibiting high SMSR more than 45 dB and the linewidth
below 5 MHz [9]. Typical linewidth of the SSG-DBR and SG-DBR lasers is more than 10 MHz.
However, the group from Agilent Communications has demonstrated an SG-DBR laser
integrated with EA modulator with a narrow spectral linewidth of 2 MHz over the tuning
range of 40 nm and modulation speed of 2.5 Gbit/s [10]. Recently, the group from
University of California, Santa Barbara (UCSB) showed a linewidth reduction in the tunable
SG-DBR laser using a frequency lock technique [11]. The linewidth of the laser was improved
by a factor of 27.

The wavelength tunability of DFB lasers were developed at the same time with DBR
lasers. A continuous tuning of 2 nm was obtained in 1986 [12]. In 1995, a 6-channel DFB
laser array was demonstrated in [13]. Later the group from NEC [14], presented an 8-
channel DFB laser array combined with multi-mode interference (MMI) coupler. They
successfully demonstrated the wavelength coverage over the entire S, C and L bands. Similar
work was carried out by researchers from NTT [15], [16], [17] and Furukawa [18]. These
groups demonstrated 12-channel DFB laser arrays with a tuning range of more than 40 nm
and ultra-narrow linewidth below 200 kHz for all channels [19], [20].

The lasers presented above are based on low order gratings (with grating pitch of
about~200 nm), which means that high-resolution techniques are needed to define them
such as electron beam lithography which is an expensive and slow process. Also, lasers such
as phase-shifted DFB lasers need an additional two or more epitaxial growth steps. These
requirements will lead to high manufacturing cost. To overcome this problem, it has been
proposed to etch high order gratings (slots) on top of the laser ridge so no re-growth is
needed. It has been shown that by carefully positioning these slots along the ridge, it is
possible to obtain a tunable laser [21], [22]. These types of lasers were developed in our
group [21], [23]. Recently, we have demonstrated a slotted tunable laser with a wide tuning

range of 55 nm with SMSR more than 30 dB [23].
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9 channel slotted

P P SMSR, | Av i
’ ¢ A ’ ’ fl
Author Year i) (MW) (dB) (MHz) Type of laser Institution
Tohmori [6] 1993 | 50-100 ) >35 - SSG-DBR NTT
Jayaraman [8] | 1993 57 >35 - SG-DBR UCSsB
6 channel DFB laser AT&T
Young [13] 1995 - 3 >30 - il Bell Labs
Ishii [7] 1996 34 >10 >35 >10 SSG-DBR NTT
Mason [24] 2000 >50 2-6 >35 >10 SG-DBR Agility Com.
Kudo[25] | 2000 | 153 | >6.9 >40 2 S chaasOhilase NEC
array
| DFB |
Oohashi [26] | 2001 | 46.9 20 >40 &4 1 RO cliaunaRD B acer NTT
array
Hatakeyama 2003 515 520 i L 8 channel DFB laser NEC
[14] array
Coldren [9] 2004 >50 >20 >45 ~5 SG-DBR uUCsB
Ishii [15] 2005 | >27nm 30 45 K 8 channel DFB laser NTT
array
Ishii [16] | 2007 | 38 40 >45 g, | AARBERIRIEED tager NTT
array
Ishii [17]) | 2009 | ~40 | ~40 g l0ieE i) L2 SNEIRE TR ese NTT
array
Horikawa [18] | 2009 | ~35 ~40 San g iEee Cha";‘fr'a?lFB e
Trinity College
Byrne [21] 2009 >30 >30 >35 >10 Slotted tunable laser Dublin
Ishii [19] | 2010 | >40 ~40 SEn [iende o Sl eser NTT
array
Yu [22] 2012:| ~a8 | D >40 BRI e U
University
Kimoto [20] 2013 ~35 ~40 >40 <0.21 12 chan;::rlasFB ldser Furukawa
Trinity College
Nawrocka [23] | 2014 ~55 - >30 >10 Slotted tunable laser

Dublin

i

Trinity College

laser array

Guo [27] 2013 i ~27 >377 >50 2-4 laceransy Dublin
Lu, Abdullaev 2014 | ~31 535 A 24 10 channel slotted Trinity Cgllege

(28] laser array Dublin
Abdull ey 2014 | ~36 535 50 ~0.4 12 channel slotted Trinity College

Dublin

Table 1.3 Chronological development of different types wavelength tunable laser diodes.




In the past four years the concept of slotted single-mode laser has been developed and
experimentally demonstrated [29], [30] in our group. The main idea is to develop the lasers
with similar specifications as commercial devices, but with a simpler fabrication process and
high yield. By taking into account these requirements, it was proposed to form a tunable
laser array based on slotted single-mode lasers suitable for WDM and coherent
communications systems. The last three works in Table 1.3 are considered to be one of the
main results of this thesis.
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Chapter 2 - Semiconductor lasers

The first effort in the development of lasers was achieved by Albert Einstein in 1917 [1]
when he introduced the concept of stimulated emission. However, it took about 40 years
before stimulated emission has been demonstrated at microwave frequencies. In 1958,
Schawlow and Townes presented the concept of an optical maser [2]. A few years later, the
first laser, the ruby laser, was demonstrated by Maiman [3] in 1960. The first semiconductor
laser was realized simultaneously and separately by Hall [4], Quist [5], and Nathan [6]. These
lasers were homo-junction systems based on GaAs material. In the same year, Holonyak [7]
demonstrated the first visible laser diode on a GaP substrate. In 1960s, the laser was
considered as a “solution looking for a problem”. But today, lasers have found a variety of
applications in many fields including medicine, optical fiber communications, data storage,
printers, sensors, metrology, atomic clocks, optical information processing and many others.
The significance of lasers have been increasing since their invention and they keep opening
up new areas of applications [8]. In 2010, the 50" anniversary of the laser was celebrated
and the laser was acknowledged as a milestone invention of the mid-20" century in the

same group as the transistor and the computer.
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2.1. Fundamentals of laser diodes

Semiconductor lasers have unique properties such as compact size, high efficiency, high
speed direct modulation, long lifetime, low power consumption and low loss. Therefore,
these devices are the key components in photonics, particularly in optical communications.
In this chapter we will give the basic concepts of semiconductor laser operation. We will
introduce optical gain in semiconductors, heterostructures, spectral characteristics, the

linewidth and tunability.

2.1.1. Spontaneous and stimulated emissions

Fig. 2.1 shows the basic types of radiative transition. The solid circles are the electrons
and the open circles are the holes. The first transition is a spontaneous recombination
where an electron-hole pair recombines spontaneously to emit a photon. The emitted
photon has a random phase and direction. If the number of such emissions will be large,
then it will result in incoherent emission. An example of a device working on spontaneous
emission is the light emitting diode (LED) where photon feedback is not provided. The
second transition is the stimulated carrier generation. In this transition the electron is
initially in the lower energy level and the photon absorption will excite the electron to the
higher level in the conduction band (E.) while leaving the hole in the valence band (E,). The
third transition is the stimulated emission. Here an incident photon excites the system to
produce electron-hole recombination and at the same time a new photon is generated. The
generated photon has the same phase, frequency and direction as the incident photon.
Therefore, a large number of such processes will result in coherent emission. This process

underlies the operation of laser diodes and laser amplifiers.
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Fig. 2.1 Electronic transition between the conduction and valence bands. Solid circles correspond to filled
states (electrons). Open circles correspond to unfilled states (holes). (left) Spontaneous recombination.
(center) Stimulated carrier generation. (right) Stimulated recombination.

The processes described above relate to radiative transitions where the energy is
released as a photon. There is another type of transition, non-radiative process. In non-
radiative processes, the electron-hole pair recombines without emitting a photon. Instead
of this, the energy can be dissipated as heat and generate phonons or it can be given to
electron or hole in the form of kinetic energy. The latter process is called Auger
recombination. Non-radiative recombination may also occur due to imperfections and

defects in the active region of the laser.

2.1.2. Optical gain

Several conditions should be satisfied to realize laser diode [9]:

= an optical gain to provide amplification
= an optical waveguide to confine the photons
= an optical resonator to provide a feedback

The optical gain in semiconductor lasers can be achieved when the stimulated emission
in a strongly pumped region is larger than the optical losses. In semiconductor lasers, the
active region acts as a gain medium where the optical fieid propagates. If we consider a
plane wave, we can characterize the propagation of this wave in the medium through the

complex propagation constant
Bi=tleon = ko' + '), (2.1)
where k is the free-space propagation, n’ and n’’ are the real and imaginary parts of the

complex refractive index. From [10], the intensity of the plane wave varies exponentially
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CE
I = Ton’|E0|2 exp(2kon’'z), (2.2)

where E, is the amplitude of the electric field. The corresponding gain is a negative value of

the loss and can be defined as

e e 2lpnt”. (2.3)

The important property of laser diodes is that the gain is very large, which is order of
magnitude larger than any other types of lasers [11]. Therefore, diode lasers can be very
small but have high power. Additional feature of laser diodes is that the gain curve is wide
(~10 nm), which is due to optical transition between a pair of energy bands, rather than
well-defined atom-like states. Another feature is that the relationship between the gain and

the carrier density can be approximated as a linear function [12]

g =a(N — Np), (2.4)

where a is a differential gain and N, is a transparency value of the carrier density. The linear
approximation in (2.4) is invalid for quantum well lasers. The description of quantum well

lasers will be given in the following sections.

2.1.3. Heterostructures

The basic structure of the semiconductor lasers include an active region (undoped)
sandwiched between two wide-bandgap materials, one n-doped and second p-doped
forming p-n junction. Such type of structure is known as a double-heterostructure. The
concept of the double-heterostructure laser was introduced by Alferov [13] and Kroemer
[14] in 1963. The first continuous-wave (CW) operation of these lasers was demonstrated in
1970 [15], [16]. A band diagram of a forward-biased double-heterostructure is shown in Fig.
2.2. Under forward bias condition, electrons from the n-doped region and holes from the p-
doped region are injected into the active region. Due to the high-bandgap energy from the
both sides of the active region, the injected electrons and holes cannot escape the active
region. Therefore, the carriers are confined in this region and forced to recombine to

generate photons. Moreover, the active region also confines the photons because the
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refractive index of the active region is higher than the refractive indices of the carrier
confinement layers. Thus, the active layer will serve as an optical waveguide. For efficient
recombination, direct bandgap semiconductor materials should be used. Typically, these are
compound materials and well known III-V materials, including GaAs, InP, InGaAs and

InGaAsP materials.

n-type : undoped : p-type
O—> j :
00o |
©OO—— =

Fig. 2.2 Simplified band diagram of double-heterostructure under forward-bias condition. The bottom plot
shows the guided waveguide mode.

The thickness d of the active region of typical bulk material is around 100 nm. With the
development of advanced epitaxial growth techniques, such as molecular beam epitaxy
(MBE) and metal-organic vapor-phase epitaxy (MOVPE) it is possible to make the thickness
of the active region only a few nanometers (d~10 nm). This value is smaller than the de
Broglie wavelength of the carriers, which is around 15 nm. In these dimensions, a
quantization effects of the confined carriers occur and the density of states of the quantum
well lasers take a steplike behavior as shown in Fig. 2.3. Due to the small sizes of the active

region, quantum wells exhibit a low threshold current and large material gain.
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Fig. 2.3 Density of states of quantum well (solid line) and bulk semiconductor (dashed curve).

Although, the carrier confinement is very strong in quantum wells, the optical
confinement is weak due to the small thickness of the active region. To increase the optical
confinement, an additional optical waveguide around the quantum well is needed. Such
structures are called separate confinement heterostructure quantum well (SCH-QW)
structures. If the waveguide consists of a graded composition, then the corresponding
structure will be a graded refractive index SCH-QW structure (GRINSCH-QW structure).
More details about quantum well structures and physics can be found in [17], [18]. Due to
their unique optical and electronic properties, quantum well structures are used in almost

all modern laser diodes.

2.1.4. Optical resonator

As was mentioned above, to get the laser to work optical feedback is required. The
feedback is generated by placing an active medium in an optical resonator, where the light
is reflected between two mirrors. Usually in laser diodes, the feedback is provided by simply
cleaving the facets forming two parallel mirrors. In the previous section, we described
double-heterostructures where the active region acts as a dielectric waveguide due to
higher refractive index than the confinement layers. The dielectric waveguide consists of
one or more guided transverse modes, which are polarized either transverse electric (TE) or
transverse magnetic (TM). Since the active layer acts as a dielectric waveguide, these modes

can spread into the cladding layers. The strength of the mode confinement in the active
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layer is defined by the confinement factor I', which is the fraction of the mode power
confined in the active layer. If we will consider a symmetric dielectric waveguide with

thickness d, and refractive index n, as shown in Fig. 2.4, then we can define I as follows:

a/2 2
= I;‘Mf (2.5)
S5 B dx

where |Ey| is the amplitude of electric field (with assumption that TE mode is dominant).
The I factor is dependent on refractive index difference and the active layer thickness. The
wavelength dependent modal gain, is given by this I" factor and the active layer gain g, and

written as

Gefr = rge,. (2.6)
X
A
no
d/2 - -
o d n1
-d/z e 4
no

Fig. 2.4 Schematic cross-section of a dielectric waveguide with thickness d. n, is the refractive index of active
layer, and n, is refractive index of confinement layers [10].

The simplest type of a laser is a Fabry-Perot laser which typically consists of two cleaved
facets with mirror reflectivity R, and R, as depicted in Fig. 2.5. The backward-going and

forward-going waves are defined by a propagation constant  as in (2.1)

; .9
Inet = Yerr — iy (2.8)

where g,.: is the net modal gain and «a; is the optical losses.
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Fig. 2.5 Schematic view of Fabry-Perot laser with length L and mirror reflectivities R, and R;.

To satisfy a steady-state oscillation condition, the round-trip gain of the cavity must be

equal to 1 and can be expressed as

e P =1 (2.9)

where r; and r, are the amplitude reflectivities. The imaginary and real parts of equation
(2.9) give two different conditions, one is for the amplitude and the other is for the phase
condition. From the phase condition, the round-trip phase is equal to an integer multiple of
2m. This will lead to the resonance condition of the cavity and a standing wave occurs

between two mirrors. This will form a set of longitudinal modes with wavelength

2n. . .L
PRl (2.10)

)

m

and mode spacing

A

AApp = A — A1 = T
g,e

(2.11)

where ng . ¢ is the group refractive index.

The spectrum of a Fabry-Perot laser is multi-mode as it is shown in Fig. 2.6. The multi-
mode spectrum has negative consequences in long-haul fiber-optic communications due to
the dispersion in the fibers which can limit the achievable data transmission rate. For this
purpose, a single-mode laser is required. The ways to achieve a single-mode operation will

be discussed in the following sections.
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Fig. 2.6 Optical spectrum of a Fabry-Perot laser with emission peak at 1550 nm. The individual lines are the
longitudinal modes of the laser.

2.2. Laser diode characteristics

2.2.1. The rate equations

The simplest way to describe the behavior of laser diodes is to use the rate equations.
These equations express the balance of carriers and photons in the system. The rate
equations for the carrier density N and the average photon density N, in the active region

can be written as [10], [19]

dN i
@y e%eren R(N), (2.11)
a
dN,
d? =V, 9cNpn + Rsp, (2.12)

where v, is the group velocity, R(N) is the spontaneous recombination rate, g is the cavity
gain and Ry, is the spontaneous emission into the lasing mode.

For a steady-state case, carrier and photon densities do not change
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(2.13)

Fig. 2.7 shows a schematic view of the output power as a function of current and carrier
density as a function of current. The point where the output power increases linearly is
called the threshold current which can be obtained from the rate equation (2.11), assuming

that the photon density is zero

Itn = qVaR(Nep), (2.14)

where the carrier density remains constant above threshold N = Ny, and this behavior is

called gain-clamping.

Pout N

Stimulated emission

Spontaneous emission

I I

Fig. 2.7 Schematic view of (left) output power vs. current, and (right) carrier density vs. current. Below laser
threshold there is no photon emitted except spontaneously emitted photons therefore, the laser operates in
spontaneous emission mode. Above threshold, the laser output power increases linearly with the current. The
carrier density has a constant value above threshold and this effect is called gain-clamping.

The photon density above threshold will be written as

I—Ith

=— 2.15
qVaVgQior ( )

Npp

where a,,; is the total cavity loss which is the sum of mirrors loss (a,,) and internal loss
(a;). By taking into account the photon density given in (2.15), we define the optical power

from each facet as
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Above the threshold current, the laser output power increases linearly with the injection

current. The differential efficiency 4 is defined as

q dP

L 2.17
e =pyar 2Ll

where dP/dI is the slope efficiency which shows the efficiency of a laser diode and
measured in a units of mMW/mA.

The left hand side of Fig. 2.7 is usually referred as a light-current curve or L — I curve.
From this curve it is possible to determine the basic characteristics such as threshold
current, I, and slope efficiency, dP/dI. Moreover, from the L — I curve internal laser
parameters can be calculated, including the internal optical losses and the quantum
efficiency of a laser.

The L — I curve is strongly affected by the temperature and the threshold current

changes exponentially with the change of temperature

T
Iep~exp <T_o) (2.18)

where T, is the characteristic temperature which defines the temperature stability of the
device. Further explanation about the characteristic temperature and the measurement

results will be given in Chapter 5.

2.2.2. The spectral characteristics

There are two basic types of lasers, which are termed single-mode and multi-mode. We
have already demonstrated a Fabry-Perot laser operating with a multi-mode spectrum. It
was mentioned that it has a negative influence on data transmission therefore, the spectral
purity of laser diodes is crucial. In this section we will introduce single-mode operation.

A laser can be defined as a single-mode, if the ratio of the power in the strongest mode

to the power in the next weakest mode exceeds a given number [11]. The parameter that

20



determines the single-mode operation is called a side-mode suppression ratio (SMSR). The

SMSR can be calculated using rate equations [20] for steady-state condition

dN

hm
dpt =0 = RSD (/‘{m) - 2 Nphmvggc(/lm). (219)
dNpp,,.. .
Zt H_0= Rsp(Am+1) &= Nphm+1vggc(/1m+1), (2.20)

where m and m + 1 are the dominant and the second strongest modes, respectively. The

SMSR will be the ratio of these modes

N
SMSR = —2'm_ (2.21)
Np

hm+1

From the experimental measurements, the SMSR can be calculated as the difference in
the optical power of the main mode and the next strongest mode. An example of this single-
mode operation is demonstrated in Fig. 2.8. The optical power of the main mode is -10 dBm
and the optical power of the next strongest mode is around -56 dBm. Hence, the SMSR of
the given single-mode laser is around 46 dB. It should be noted that the SMSR unit is given
in dB and not in dBm. The reason is that dB is used to evaluate the ratio between two

optical powers (intensities), while dBm is used to quantify an absolute value of the power.

SMSR~46dB

'GOMMMI _

1520 1530 1540 1550 1560 1570

Wavelength (nm)

Fig. 2.8 Measured optical spectrum of a single-mode laser.
There are several ways of achieving single-mode operation such as making a laser cavity
short so the mode spacing between adjacent modes exceeds the width of the gain curve,
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thus only one mode will exist near the gain peak. Operation on a single-mode can be also
achieved by using multiple-mirror resonators [21]. Examples of achieving single-mode
operation are presented in [11]. However, the most widely used method is to use periodic
structures or gratings for mode selectivity. It should be mentioned that the lasers in this
thesis are based on high-order gratings. The detailed description of grating theory and the

examples of lasers exploiting gratings in their structures will be given in Chapter 3.

2.2.3. The laser linewidth

Schawlow-Townes linewidth

The spectral linewidth of a laser diode is an important parameter in coherent
communication systems and in the systems with high order optical modulation formats
[differential phase shifting keying (DPSK) and differential quadrature phase shift keying
(DQPSK)]. For these high speed modulation formats, the phase noise of the light must be
low. Therefore, the main requirement is a narrow laser linewidth [22], [23] which is typically
below 500 kHz.

Although, the spectral width of a single-mode laser is very narrow, the linewidth will be
still finite due to noise caused by spontaneous emission. Spontaneous emission is inherent
for all lasers due to generation of incoherent photons spontaneously which will add to the
lasing mode. These photons will have a random phase. The schematic of the situation when
a photon with a random phase is added to the field is shown in Fig. 2.9. The light generated
through the stimulated emission with phase ¢, creates an optical field. The light generated
through the spontaneous emission has a random phase of 8;, and it alters the optical field

changing its amplitude and phase.
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Fig. 2.9 Phasor model of the field showing the phase change of the optical field due to spontaneous emission.

From Fig. 2.9 the phase change Ag; is found as

A¢i = #sin(@i), (222)

where N’ is the number of photons and 6, is the random phase caused by spontaneous
emission. This is called phasor theory and it is used when a laser is operated above its
threshold.

A laser linewidth can be expressed by the well-known Schawlow-Townes formula [2]
which states, that the linewidth is inversely proportional to the photon density or output

power and can be represented as

ol hv(vg)z(ai + am)amRsp’ (2.23)
8nP
where hv is the photon energy, v, is the group velocity, P is the optical power.

However, the Schawlow-Tones linewidth is valid for below threshold operation, while
above threshold, linewidth broadening will be due to carrier density fluctuations. A change
in the carrier density will lead to a change of the refractive index, therefore, the phase will
change. This will broaden the linewidth by factor of (1 + a?) [24], where « is the termed
linewidth enhancement factor. This (1 + a?) correction factor was introduced by Henry to
the Schawlow-Townes linewidth (2.23). For the nonlinear, above threshold, regime the

expression will be modified and is written as
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hv(vg)z(a,- + ay)anR
8nP

Avgry = L1 +ad, (2.24)

which is referred to as the Schawlow-Townes-Henry linewidth.

2.3. Wavelength tuning

2.3.1. Tuning mechanisms

The wavelength tunability of a laser diode is an important property in most applications
where it is used. In this section, the main wavelength tuning mechanisms will be described.
In the following, the material about tuning mechanisms is summarized from [10].

There are three different types of electronically tuning schemes: continuous,

discontinuous and quasi-continuous tunings as shown in Fig. 2.10.

Continuous Discontinuous Quasi-continuous

£ — — —
~~

B £ iy
= — — =
5 ~ \
U |- - \
> o i
© \
5 B — -

Injection current
Fig. 2.10 Schematic diagram of (left) continuous, (center) discontinuous and (right) quasi-continuous tuning
scheme.

Continuous wavelength tuning is the ideal tuning scheme in optical-fiber
communications [20], [25]. In continuous tuning the laser wavelength is tuned smoothly in
small steps without mode changes, so that light in the same cavity mode will be emitted
throughout the entire tuning range. This means that the laser parameters will be
maintained and the laser exhibit stable single-mode operation with reasonably high SMSR
during continuous tuning. The accuracy of wavelength tuning is adjustable down to about

the spectral linewidth. However, a typical wavelength tuning range is relatively narrow (~3-
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4 nm). The maximum tuning range of only 15 nm is achievable [26]. An example of a laser
using continuous tuning is a distributed feedback (DFB) laser.

To achieve larger tuning ranges, discontinuous tuning can be used where discrete
wavelength jumps occur. In discontinuous tuning, the tuning range is determined by cavity
gain which leads to longitudinal mode jumps. This means that a larger tuning range is
possible. The tuning range is now between 50-100 nm [27].

The last tuning method is quasi-continuous tuning which is achieved by adding together
overlapped intervals of each continuously tunable regimes. The tuning range is between 30-
50 nm. The examples of quasi-continuous tuning can be observed in super-structure-grating
DBR (SSG-DBR) lasers [28] and wavelength tunable DFB laser arrays [29].

The electronic wavelength control requires the integration of additional wavelength
control or the filter into the cavity to tune the cavity roundtrip gain. In the case of tunable
DFB or DBR laser, the filter is the Bragg reflector as shown in Fig. 2.11. From the Bragg
condition A5 = 2n,¢r/A, the wavelength is dependent on grating pitch and the effective
refractive index of grating section. So the tuning of the cavity gain can be achieved by
electronic control of the refractive index n.sr, which can be done either by applying current

or voltage.

N
Mode intensity
J\/ neff(lt, Ut)
i A i
4

Fig. 2.11 The schematic of the tunable Bragg reflector.

For a single-mode DFB laser, the change in the effective refractive index of the grating

section, will lead to a wavelength variation A;,,., and this can be expressed as

A An
tune = eff' (2'25)
Ao Ngerf

where ng . ¢ is the group effective index and 4, is the Bragg wavelength. Equation (2.25) is

valid for continuous tuning. However, the continuous wavelength tuning in (2.25) is limited
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by the maximum amount of achievable effective index change. Practically, the maximum
index change is around 1%, therefore, the tuning range is limited to about 0.5-1% of the
wavelength which is the maximum 10-15 nm of wavelength tuning. Significantly larger
tuning range can be achieved in discontinuous tuning, where the tuning is achieved by mode
hops from one longitudinal mode to another, so therefore the limitation (2.25) is no longer
valid.

To sum up, the electronic wavelength control of a laser diode is dependent on the ability
to control the refractive index of the laser. The practically applicable physical effects for the
electronic refractive index control are: 1) free-carrier plasma effect [30], [31], [32], 2) the

guantum confined Stark effect (QCSE) [33], [34], and 3) temperature tuning [35], [36].

2.3.2. Physical effects for electronic wavelength tuning

In the free-carrier plasma effect the change in the refractive index is caused by the
injected electron-hole plasma into a semiconductor [10]. Two physical mechanisms will
cause the change in the refractive index. First is the polarization of the free carriers which
will reduce the refractive index proportionally to the carrier density. Second is the spectral
shift of the absorption edge of the semiconductor to the higher energies which will also
reduce the refractive index [37].The maximum refractive index change is -0.04 [37]. The
negative aspect of this effect is that, the carrier injection and recombination will cause heat
generation in the device which will lead to so-called parasitic thermal tuning which will
reduce the refractive index change. Despite the heating, the carrier injection is the most
widely used technique to achieve electronic wavelength control. The wavelength tuning of
DBR lasers rely on this effect.

In the quantum confined Stark effect the applied electric field will change the refractive
index. The principle is that a quantum well structure is placed in a reverse biased pn-
junction. The applied electric filed will reduce the bandgap energy making the band edges
inclined to each other. Thereby, the refractive index will be modified. The main advantage
of the QCSE over the free-carrier plasma is the operation in reverse bias. This will not
increase the temperature of the device. However, the refractive index changes are typically
of the order 1073 to 1072 [34], which is a relatively small effect. Therefore, QCSE is often

used for electro-absorption modulations where an electric field applied to the quantum well
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structure will cause a red-shifted optical absorption, so that the optical transmission in the
waveguide can be modulated [38]. The demonstration of this effect will be discussed in
Chapter 5.

The last effect which changes the refractive index and thereby the wavelength, is the
thermal tuning effect. The gain peak of wavelength of the active medium is dependent on
temperature and can be thermally tuned. This is due to temperature dependence of the
bandgap energy and the Fermi distribution. Typical gain peak tuning is about 0.5 nm/K for a
Fabry-Perot (FP) laser which is because the gain peak of FP laser consists of several
longitudinal modes and each of these modes are dependent on the refractive index as
shown in equation (2.10). Therefore, the temperature dependence in FP lasesr is higher
than in single-mode lasers. For single-mode lasers, the change in the temperature will
change the refractive index and hence shift the wavelength. So for single-mode DFB and
DBR lasers, the tuning rate is around 0.1 nm/K [39]. For example, a single-mode DFB laser
with tuning rate of 0.1 nm/K can obtain 6 nm of wavelength tuning over the temperature
change between 20 to 80°C. It is possible to achieve larger tuning by increasing the
temperature, however, the heat generation will increase the threshold current as shown in
eq. (2.18), decrease optical power, reduce the SMSR and broaden the linewidth at high
temperatures.

The comparison of above-described physical mechanisms for laser tuning is shown in

Table 2.1 from [10].

Parameter Plasma effect QCSE Temy e.rature
tuning
An -0.04 -0.01 0.01
r 0.5 0.2 1
Aeine -8nm -1nm +5nm
Av 100MHz >10MHz <1MHz
Heat generation large negligible very large
Technology moderate demanding simple

Table 2.1 Comparison of tuning mechanisms for semiconductor laser diodes in terms of different parameters,
where An is the refractive index change, I is the optical confinement factor, Al is the output wavelength

change, Av is the linewidth.
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There is another type of tuning related to the refractive index change, it is so-called
Vernier tuning [40], where relatively small refractive index changes will provide relatively
large wavelength changes. The principal of Vernier tuning is, the device structure consists of
two mirrors with comb-like reflection spectra, but exhibits different comb pitches,
therefore, the Vernier effect can be used to expand the tuning range. The comb-like
reflection spectra can be achieved by spatially modulated Bragg gratings such as sampled
gratings [40] or super-structure gratings [41]. Lasers such as Sample Grating Distributed
Bragg Reflector (SG-DBR) lasers exploit the Vernier tuning which provides a much wider
tuning range in comparison with, for instance, two section DBR lasers. A tuning range of 60
nm was demonstrated in [42], [43]. Wavelength tunability can also be achieved by
mechanical tuning in the case of external cavity laser diodes [44] with a widely tunable filter

(grating) in the free space part. The tuning can be obtained by simply rotating the grating.
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Chapter 3 - The gratings in laser diodes

3.1. Introduction

As we discussed in the previous chapter, laser diodes use different types of cavity
structures such as gratings or simple mirrors to achieve optical feedback. In simple Fabry-
Perot lasers, the feedback is achieved through cleaved facets. DFB and DBR lasers use
wavelength selective filters or gratings to achieve feedback and single-mode operation.
Therefore, when dealing with such cavity structures it is important to understand the
transmission and reflection from these structures.

Generally, the grating structures are composed of many layers and the problem is to
match the boundary conditions across the interfaces of these layers. Because of the large
number of layers, it is hard to solve all layers simultaneously. Instead of this, it is more
efficient to solve a boundary condition of one layer at a time. For this the transfer matrix
(TMM) and the scattering matrix (SMM) algorithms are used. In the transfer matrix method
to define the transmission and reflection coefficients, all transfer matrices are simply
multiplied. However, it is a straightforward method and it is numerically unstable when the
layer structure is large [1]. Therefore, it does not include the scattering losses. On the other
hand, the scattering matrix method is a stable and efficient algorithm which does not have
numerical instabilities [2].

This chapter organized as follows. First a brief description of scattering and transmission
matrix methods will be given. Then we will discuss wave propagation in simple layer
structures and calculate the reflection and transmission coefficients. Finally, we will
introduce the gratings, particularly distributed Bragg gratings and discuss about DBR and
DFB lasers.
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3.2. Scattering matrix and transmission matrix
theory

To analyze the reflection and transmission properties scattering theory can be used [3],
[4]. The detailed explanation of the scattering matrix method is given in Coldren and
Corzines’ book [5]. In the following we will work with normalized amplitudes, a;, because it
is convenient for complex cavity structures. The magnitude of a; is equal to the square root
of the power flow. For more convenience we choose to reference the phase to the electric

field, which is given as

E(x,y,z,t) = éE,U(x, y)el(@t=Fz), (3.1)
where € is the unit vector, E, is the field magnitude, U(x, y) is the normalized electric field
profile, w is the angular frequency, [f is a propagation constant. The normalized amplitude
can be expressed as

) 332
e 3.2)

where 7; is the mode impedance which is the ratio of the transverse electric to transverse

aj=

magnetic field magnitudes of the mode. If [|U]?dxdy = 1, then the power flow will be as
Pj+ = a]-a;, and the power flow will be in the z-direction with positive sign. If we will
consider a waveguide system, there will be two propagating modes. One propagates in the
positive z-direction and is referred as incident waves. The second propagates in the
opposite direction and is referred to as reflected waves. The net power flowing with

incident and reflected powers into the port j is defined as

P; = a;a; — b;b;. (3.3)

where a; is the normalized amplitude of the incident (input) waves and b; is the normalized
amplitude of reflected (output) waves. The scattering matrix couples these input waves a;

and output waves b; and can be expressed as
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by = Z Sija) (3.4)
]

where S;; are the scattering coefficients. From (3.4) to determine a particular S;;, all inputs

except a; must be set to zero which is,

b
Sij =— (3.5)
aj o A
ax=0k*j
The more general view of (3.5) can be written as
b= Sa, (3.6)

where b and a are column vectors and S is a matrix. For example, for a two-port junction as
shown in Fig. 3.1, the S matrix will work with two sets of inputs to generate two sets of

outputs. In this case the scattering matrix will be written as in (3.7)

b, P > (]

Fig. 3.1 Single two-port junction (scattering matrix).

bi] _ [S11 512] a;
bz] 1821 Sz [az]' B

The scattering coefficients from (3.7) have physical meanings. For example, the diagonal
coefficients S, and S, are the reflection coefficients of port 1 and 2, respectively and can
be written asr; and r,. The power reflection coefficients are just |S;;]|? and |S,,]?,
respectively. The off-diagonal coefficients are the complex (amplitude and phase) outputs at

one port due to the input at another. The magnitude squared of any of these scattering

2 ) )
, Will be the fraction of power at the port i due to the power entering port

coefficients, |S;;
j. Scattering matrices have unique properties, such as for a linear reciprocal two-port
system, the scattering matrix is symmetric S;, = S,;. For a lossless two-port system,
S11] = [S22] and [S14|% + [S41]* = 1.

The transmission matrix is another matrix which relates to the normalized amplitudes.

The transmission matrix is used to cascade networks together and multiply them using
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simple matrix multiplication. In Fig. 3.2 the demonstration of a two-port transmission matrix

is shown and it is defined as (3.8)

Aj e — A,

B — .

Fig. 3.2 Single two-port network (transmission matrix).
Al] [Tu le] [Az]
= 7’ 3-8
[5:] =[x, 722 |5 i
where A; is the forward-going (right) waves and B; is the backward-going (left) waves. From
Fig. 3.2 the relationship between T-matrix and S-matrix amplitudes is as follows: A; = a,,

B, =b,, A, =b,, B, =a,. The relationship between the T-matrix and the S-matrix

elements can be written as

1 S22
by =~ i
11 ™ 12 o
(3.9)
S11 S11522 — 512521
Ly=—, T
=g 22 S

Both the transmission and the scattering matrix methods are used to analyze different
waveguide structures and they can be both used for the structures in this thesis. However, a
detailed comparison of these two methods is given in [2]. In this work we chose to work
with the scattering matrix method due to its stable and efficient algorithm [4]. In addition,
with TMM method it is not possible to determine the scattering loss [6] which is crucial for

high order gratings.

3.2.1. The dielectric interface

First we will start with a simple structure such as dielectric interface shown in Fig. 3.3.
The system consists of two different dielectrics with refraction indices n; and n,,

respectively.
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Fig. 3.3 Interface between two dielectric interfaces.

In the case shown above two reference planes are selected at the physical interface
between two dielectrics with different refractive indices. Therefore, there is no scattering
junction between them. We can find the scattering coefficients for this system using

equation (3.5)

b, n, —n;
S11 =— =T =
i T n ny; +n, (3.10)
1lg,=
b
822 = — =—(-1),
a, a,;=0 (311)
512 = 521 = t == 1 = le. (312)

where r; and t are the reflection and transmission coefficients of incoming right (left) waves
in terms of refractive indices. The system described above is considered to be a lossless
system because there is no scattering junction between two dielectrics. Thereby, as it was
mentioned before for a lossless two-port system, the power conservation is fulfilled and the
scattering coefficients will be equal S;, = S,; as shown in equation (3.12).

After defining the scattering coefficients, we can write the scattering matrix for dielectric

interface in simple form as

s we rtl] (3.13)

For the normal incident plane waves the transmission coefficient in terms of refractive
indices can be written as follows

24nyn
g i (3.14)
ny +n,
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3.2.2. Transmission line with no discontinuities

Fig. 3.4 shows a network with a distance L with two reference planes and no

discontinuities between them. Therefore, such a system has no scattering junctions in this

transmission line.

i) ==l === == :—’ b,(L)=b;
Bl S | e— a(L)=0;
: Gl
I 1 i
0 ' Z

Fig. 3.4 Transmission line section of length L.

In this case the normalized amplitudes are expressed as a function of distance as shown

in Fig. 3.4. Since it is a waveguide with no scattering junctions in it, there is no coupling

between forward-going and backward-going waves. Therefore, S;; = S,, = 0. Using

equation (3.2) we can write the normalized amplitudes for forward-going and backward-

going waves as follows

= al(L) = al(O)e_jﬁL = ale“jﬁla’
a, = by(L) = by(0)e JBL = p,eIBL.

Using equations (3.5), (3.15) and (3.16) we will find the scattering coefficients as

12 = —b1 = b1~ = e_jBL'
aZ blejBL
b, a,eJPL .
521 :_2:_1_—: e_]BL_

a; a,

The resulting scattering matrix will be
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(3.18)
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From the result above propagation delay is the same for the forward and backward
waves. This means that mode propagation at distance L will result in a phase shift of - fL
and a gain (loss) rate B;L in any direction, assuming that § = 8 + jB;, where § is the real

part of complex propagation constant and f3; is the imaginary part.

3.2.3. Dielectric segment and the Fabry-Perot etalon

Another structure is dielectric segment which is the combination of both structures
together described above with another dielectric. Such a dielectric block is known as a
Fabry-Perot etalon which is shown in Fig. 3.5 where a dielectric slab with refractive index n,
separates the semi-infinite media with refractive indices n; and n;. The left-hand side has
the refractive index of n,, the right-hand side region hasns;. The middle section is the

dielectric block with refractive index n,.

Hﬁ f2=

m n; ns3
O w—p | — b1' az' E J o b2
b1 s | f— 01’ bzlh = az
. 3 T

Fig. 3.5 Fabry-Perot etalon.

From the figure we can divide the structure into three scattering junctions, such as two
dielectric interfaces and one transmission line. First, assuming that a, = 0, we can define

the outputs b; as following

by = —ayry + ajty,
by = ast; +ain, el
by =at,
b =a . (3.21)
Also we can express
a) = bye~IBL,
(3.22)

@ —heell
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Then we can solve the scattering coefficients

ko, @bl

Syu=—fH+t——————, (3.23)
M 1 —ryre-2bL
tyt,eIBL
S e (3.24)
1—rre 2bL
Similarly, when a; = 0, the scattering coefficients will be
21 e—2JBL
Sy2 = —Tp + ————, (3.25)
1 —rre2hL
S12 = $21. (3.26)

The common factor of 1 —rlrze‘zfm gives rise to the Fabry-Perot resonances. The
absolute square of scattering coefficients |S;;|% and |S,;|? give the amount of power

reflected through the Fabry-Perot etalon. Using equations above we will find

(r, — rzezﬁl"“)2 + 4Rsin?pL

3.27
(1 — R)? + 4Rsin?BL Gl

|511|2 =

D L oN OB
S,11% = e Gl rz?e , (3.28)
(1 — R)? + 4Rsin?BL

where R = ryrye?fil and f = S + jp;. If we will consider a symmetric (r; = ;) and lossless

(Bi = 0) Fabry-Perot cavity, then (3.27) and (3.28) will be written as

i 4Rsin?fL )
1117 (1 - R)? + 4Rsin?pL’ '
1 —R)?

(1 — R)? + 4Rsin?BL’

For a lossless case, by power conservation the power flow into the region n, is equal to

the power flow out of this region and expressed as |S;;|? + |S,1|? = 1.
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3.3. Gratings

Many modern laser diodes use gratings or distributed Bragg reflectors (DBR) for one or
both cavity mirrors. In-plane lasers use the gratings for mode selectivity and therefore for
single-mode operation. Vertical cavity lasers (VCSEL) also use gratings to achieve high
reflection. Gratings consist of a periodic structure where many small reflections will add up
in phase at the Bragg wavelength and the reflection coefficient will be high. If they do not
add in phase then the reflection will be low. This is the main principle of the DBR laser.
There are different types of gratings, such as rectangular, triangular and other shapes. The
analysis of several grating shapes can be found in [7]. Here we will discuss only rectangular
shaped gratings with equal space (A) and mark (A,) as shown in Fig. 3.6. Such gratings are
called first-order gratings. The schematic structure of rectangular gratings or DBR mirror
with the length L, for an in-plane laser is shown in Fig. 3.6. The net reflection from the
gratings is r;~2mr, where m is the grating period and 2r is the reflection per grating step.
The factor 2 is added because there are two discontinuities per grating period. In the figure
there is a variation in the refractive index in periodic structure n, and n,, respectively. In
this case we need to take into account an effective reflectivity at each discontinuity.
Therefore, the effective reflectivity from waveguide region 2 to region 1 will be

approximately

ny — My

r~

~ = — (331)
n, +ny

where 11; and 7, are the effective indices in waveguide region 1 and 2, respectively.
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Fig. 3.6 Schematic of a DBR mirror for in-plane laser with length L.

When we are dealing with DBR structure we need to define an effective cavity length
which is a distance shown in Fig. 3.7. From equations (3.14) and (3.15) in section 3.2.2, the
propagating forward-going and backward-going waves result in a phase shift of —fL..
Hence, if the reflection phase at the Bragg wavelength is zero, then the net reflection from

the grating, 1, can be expressed as

Ty = |rg|e—j(ﬁ—ﬁo)beff_ (3.32)

7 Effective mirror

Fig. 3.7 Schematic diagram of an effective cavity length of DBR reflector.

By expanding the DBR reflection phase in a Taylor series: jp = j¢o +j(B —
Bo)(0¢/3B) + ---, and equating the linear (B — B,) coefficient with the exponent in

equation (3.32), we define the effective cavity length as in (3.33)

10¢
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where (8 is the propagation constant. From equation (3.33) the effective cavity length of
DBR is defined by the phase delay of reflected light normalized by the deviation of the
propagation constant. From [5] and [8], for the special case when the structure is loss-less
and f = f,, where 3, is Bragg propagation constant, the effective cavity length can be

expressed as following

1
ler— Ztanh(KLg), (3.34)

where k is the coupling constant which is given by

mAn. . LayrAn
KLg =2mr = e — _g(T)’ (335)
n A\n
where A is the grating period, An = |n, — 1| and n = |n, + n;|/2 are the effective indices
of waveguide region 1 and 2, respectively. From equation (3.34), for small values of
kLg < 1 the effective cavity length will be

fk

Lk
Lefr = o (3.36)

and for high values of kL, > 1 which are referred as strongly reflected gratings

1
Leg = 5= (3.37)

From equation (3.37), when kL, > 1 the effective cavity length does not depend on the
length of the grating section but depends on the coupling coefficient k. This means that the
effective cavity length depends on the reflectivity at the interface of the high refractive

index and low refractive index regions of the waveguide as given in equation (3.35).

3.3.1. DBR and DFB lasers

In the previous section we discussed the gratings in particularly DBR mirrors. In this
section we will give examples of laser diodes using periodic gratings in their structure. We

will consider only in-plane lasers such as distributed Bragg reflector (DBR) laser and
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distributed feedback (DFB) laser. These lasers use gratings for spectral selectivity to form

single-mode lasers.

3.3.1.a. DBR laser

A distributed Bragg reflector (DBR) laser is formed by using a grating instead of cleaved
facets at one or both ends of the laser structure. The schematic of DBR laser with a grating
at one end is shown in Fig. 3.8. An antireflection (AR) coating is applied to suppress any

reflection from the end of the grating.

AR coating

Ll
1
1
Active region : Gratings
1
i

Q——Le_ﬁ' —_—

v

- Lpar
Fig. 3.8 Schematic diagram of DBR laser [8].

The structure has an active section and a passive section which is formed from the
grating reflectors. The active section provides gain and the gratings provide wavelength
selectivity. Because the gratings are formed along the passive waveguide section, it is
important to have a good coupling of the light from the active part of the laser to the
grating section. If there is a mismatch during the transition it will cause a coupling loss and
undesirable reflections can occur which will interfere with the reflection from the gratings.
There are several types of coupling between the active and passive sections such as the
bundle integrated guide (BIG) [9] structure, the integrated twin guide structure [10] and the
butt-joint (BJ) structure [11], [12]. Among them the butt-joint structure gives the best laser
performance.

If the coupling is perfect and without loss, then the gain condition will be
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Rle exp(ZQnetLa) =1, (3.38)

where R, is the power reflection from the end of the active region, Ry is the power
reflection from the grating section, L, is the length of the active region. From (3.38) the net

modal gain in the active region is
gnet 2 ! o 121 n R i . G E E

The threshold gain, g, can be found from
Fgn = apm +ap, (3.40)

where I is the product of lateral and transverse confinement factors, a;, is internal loss. In

general, the distributed mirrors are lossy and therefore, the mirror loss «,, is defined as

e aan
= .
i Lpgr 7‘1| |

where |rg| is the amplitude reflection of grating section and ry is for the mirror section.
Equation (3.41) is for the effective mirror case and the cavity length is chosen to be Lpgg as
shown in Fig. 3.8. Since the mirrors are lossy we have to define the fraction of power, F,
from each end of the laser. Using the scattering parameters we will find the fraction of

power for a single Bragg mirror at end 2 and a discrete mirror at end 1 as following

F, = i
i DSy 2\’
= )+| I(1—|rg|)
9
(3.42)
t
F, = A j

7]

(1—|rg| ) —(1—r1)

2
where |tg| power transmission through the effective mirror. The output power from the

end1is
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hv
Po1 = Nar 7(1 o/ [0 8 (3.43)

where 14, is a differential quantum efficiency which can be calculated by

=K Am
Na1 = L1l rgth- (3.44)

3.3.1.b. DFB laser

A distributed feedback (DFB) laser also uses grating mirrors, but gain is included in the
gratings. In DBR lasers the active section and the gratings are separated longitudinally. In a
DFB laser the gratings are formed along the entire cavity so the reflection occurs at each
slope of the gratings. Therefore the optical feedback is distributed over the entire gain

medium. A schematic structure of DFB laser is shown in Fig. 3.9.

Fgi AR coating

Standard DFB

Active region

Fig. 3.9 Schematic diagram of standard DFB laser.

Fig. 3.9 shows the so-called standard DFB laser with no shift in the gratings and all
periods of the gratings are the same. The active length of such structure is a quarter-
wavelength long, L, = 1/4, since we have chosen mirror reference planes as In Fig. 3.9, this
will yield a zero grating reflection phase at the Bragg wavelength. Therefore, this type of
DFB is anti-resonant at the Bragg wavelength. If we consider that the cavity is half a
wavelength long [13], [14], L, = A/2 (grating pitch period ~235 nm), the device becomes
resonant at the Bragg wavelength where the reflection phase is zero. Half-wavelength

mirror spacing corresponds to a quarter-wavelength shift between the gratings. This type of
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structure referred to as a quarter-wavelength or phase-shifted DFB laser which is shown in

Fig. 3.10.

AR coating

Phase shifted DFB

Active region

Fig. 3.10 Schematic diagram of quarter-wavelength shifted DFB laser.

The theoretical analysis of DFB laser is carried out using a transfer matrix method which
is described in [8] and [15]. The transfer matrix of forward-going and backward-going waves

of the grating section is given by [8]

A K
(cosh(yL) —]—Bsinh(yL)) —Lsinh(yL)
) 14 Y
I = ji iAB (3.45)
7sinh(yL) (cosh(yL) + —y—sinh(yL))
From (3.45) the oscillation condition can be presented as
{(AB + i
cosh(yL) +j—(wsinh(yL) =10 (3.46)
where parameter y is given by
v2=k%— (0B +jgo)> (3.47)
Equation (3.46) can be written as
yL coth(yL) = —j(ABL + jgolL). (3.48)

The solution of (3.48) gives the wavelength in terms of Af and the required gain in terms

of go. In [5] and [8] there are shown numerical solutions of equation (3.48). From the
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results, there is no propagation exactly at the Bragg wavelength ABL = 0. At this exact

Bragg wavelength ASL = 0, (3.47) will be written as

y2 =gt & ge. (3.49)

In addition, for a standard DFB laser as shown in Fig. 3.9, the results show that modes are
placed symmetrically around ASL = 0, which means that there are two modes at the same
distance from the Bragg wavelength. Therefore, such type of DFB laser cannot work as a
single-mode laser. To achieve a good single-mode operation phase-shifted DFB lasers can be
used as shown in Fig. 3.10. After using the transmission matrix method (3.45), the oscillation

condition for phase-shifted DFB laser is as following

L
y coth (ZZ—) +j(AB + jgo) = *k. (3.50)

The results from [5] and [8] show that there is a mode exactly at the Bragg wavelength
which is dominant. Therefore, such type of DFB operates as a single-mode laser.

There is another method of achieving single-mode operation by leaving one or both
facets as cleaved, rather than using AR-coatings [16]. This will destroy the unwanted
degeneracy if the gratings are not too strong (kL, < 1). However, there is a yield issue due
to the clevage. In practice, it is not possible to control the exact facet position relative to the
grating. Thus, the reflection from the cleaved facet will have a random relative phase and

the yield value will be depend on the required end loss difference [17].

3.4. Conclusion

The scattering matrix method described in this chapter will be used for our high order
gratings (slots) to calculate the transmission and reflection amplitudes. The simulated
results will be given in the following chapter. Since our structures have distributed mirrors,
the effective mirror model will also be applied to our structures. The way to determine the

effective cavity length in slotted lasers will be given in the following chapters.
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Chapter 4 - Fabry-Perot laser waveguide
measurements

4.1. Fabry-Perot laser introduction

Fabry-Perot lasers are the simplest type of semiconductor lasers and can be fabricated
easily now days. These lasers consist of two reflecting mirrors without mode selectivity and
hence those lasers support multiple longitudinal modes. Therefore, they act as multi-mode
lasers. This property is not suitable for long haul optical communication systems because of
the fiber dispersion and mode stability within the laser itself. However, the FP lasers are
ideal devices to investigate the material and device information such as internal loss, net
modal gain, linewidth enhancement factor, injection efficiency and etc. There are different
methods to find out these parameters, for instance typically the cutback method [1], which
uses the relationship between the cavity length and the slope efficiency to measure the
internal loss and injection efficiency is employed. The characterization of the Fabry-Perot
lasers can be done using the amplified spontaneous emission (ASE) spectrum when the laser
is driven below the threshold current. By measuring the gain spectra it is possible to
characterize the semiconductor lasers, semiconductor optical amplifiers and waveguide
devices. There have been several methods to measure the net modal gain from the ASE
spectrum such as the Hakki-Paoli method [2], the method by Cassady [3], Fourier transform
method [4], [5], [6] and Fourier series expansion method [7]. The Hakki-Paoli method uses
the ratio of adjacent peaks and valleys of individual Fabry-Perot resonances to calculate the
gain. However, the resolution of the measurement system may underestimate the gain if it
is not high enough [8] and it will affect the measurement accuracy. To solve this limitation,
Cassidy proposed the method which uses the ratio of the average mode intensity to the
minimum intensity instead of the ratio of peaks and valleys. Therefore it is less sensitive to
the measurement resolution. However, Cassidy’s method is sensitive to the noise of
emission spectra [9]. This will cause a problem in calculating the gain. Another method to
evaluate the gain is by the Fourier transform method. In this method, the whole ASE

spectrum is transformed from the wave number domain to the length domain which gives a
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series of reflection peaks. Then by taking the inverse Fourier transform of two such
reflection peaks and by dividing them, the gain spectrum can be obtained. The advantage of
this method is that a correction can be included if the gain spectrum is influenced by the
resolution bandwidth of the measured system [4]. However, the measured gain spectra
have the fluctuations at the edges of the gain spectrum due to a window effect [6]. To
overcome this problem, the Fourier series expansion (FSE) method can be used. It also
allows an instrument response function to be included if the response function can be
measured as in Fourier transform. FSE is more accurate at the edges from both sides of the
wavelength range. The advantage of this method is that it can work on individual
longitudinal modes of the ASE spectrum. This method was developed in our group and it has
been shown that by using this method it is possible to extract different important
parameters [10], [11]. In this chapter, we will use this Fourier series expansion method to
characterize our FP lasers. We will basically repeat the measurements described in [11].
Using this method we will extract the following parameters: the net modal gain, internal
loss, quasi-Fermi level separation, spontaneous emission factor and the linewidth
enhancement factor.

The chapter is organized as follows. First, the theoretical description of the ASE will be
given and the FSE method will be explained. From this method we will define the round-trip
gain and net modal gain. Next from the extracted net modal gain we will calculate the
internal loss and spontaneous emission factor. The last part will be calculating the linewidth

enhancement factor using the extracted round trip gain.
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4.2. Fourier series expansion method

4.2.1. Theoretical description of the ASE spectrum

In Chapter 2, we discussed that spontaneous emission is an incoherent emission where
photons generated due to spontaneous recombination of electrons and holes as shown in
Fig. 4.1. It is inherent process for all laser diodes because it is the natural way of generating
the photons. Spontaneous emission affects the linewidth as was discussed in Section 2.2.3,
and it also influences the number of longitudinal modes and the modulation response of a

laser [12]. Therefore, it is an important process in characterizing the laser diodes.

Before During After
; ke
£ :
N
Photon hv

&

Ev

Fig. 4.1 Spontaneous emission schematic.

From [7] and [13], the amplified spontaneous emission (ASE) spectrum of a Fabry-Perot

laser can be expressed by

L ey
"~ 1+ b2 —2bcos(2nesrkL)

(4.1)

where b = exp(gL) R is the round-trip gain, g is the net modal gain; L is the cavity length;

R is the power reflectivity from the end facet; k = 2/ is the wave number in vacuum.

_ Slexp(gL) — 1]
—

(4.2)

Sp

is the single pass of ASE and S is the spontaneous emission coupled into the waveguide

mode and can be expressed as
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hc
S = =T ABy, (4.3)

where his Plank constant, cis the speed of light, Ais the cross-sectional area of the
quantum well region, B, is the geometrical spontaneous emission factor, and ry,, is the total
spontaneous emission rate. In practice, the ASE spectrum can be measured using an optical
spectrum analyzer (OSA). The measured ASE spectrum will be the convolution of the
response function of the OSA f(A — A’) with the intrinsic ASE spectra I(1") of the FP laser
which is described by (4.4).

I' = f HAS =1, (4.4)

The response function of the OSA can be found by measuring the spectrum of the
external laser with the bandwidth much narrower than the resolution bandwidth of the

OSA. In this case, the measured spectrum by the OSA will be

P(1) = f PLOQY — Ag)f (A — A)dA = Pf(A — Ao), (4.5)

where P;§(A" — Ay) is the spectral line of the external laser and P; is the total power of the

spectral line. From (4.5) the response function of the OSA will be

P,(A = Ag)

Tl

(4.6)

If we will consider one longitudinal mode as shown in Fig. 4.2, the round-trip phase

¢ = 2kngsfL varies from —m to m, where the mode peak has a phase of 0.
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Fig. 4.2 Schematic diagram of one longitudinal mode.

By applying the FSE method to this longitudinal mode we will get the Fourier series

coefficient as

=y il(cp) exp(—img) g, (4.7

where I, is the m-th coefficient. The single pass of the ASE I(¢) and the round-trip gain are
the slowly varying functions of the wavelength which means that they can be approximated

as constants over the longitudinal mode range. Hence (4.7) can be calculated as follows

_S(A—-R)(1+R,exp(gl))(exp(gl) —1) 1

I, = 4.8

where m is an integer. Equations (4.8) and (4.9) are the zeroth and the first harmonics,
respectively. For a single longitudinal mode the wavelength range is very small and the

phase can be expressed as

A=

4.10
o (4.10)

¢ =—2nm
where A1 is a mode spacing. Taking wave number as the argument (4.7) can be written as

4 2mm(A — 4;)

1
e —et e 4.
L y 1(A)exp (l A7 )dl (4.11)
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It was mentioned above that the measured ASE spectra is the convolution of the
response function of the OSA and the intrinsic ASE spectra. Using the convolution theorem

in [14], the FSE coefficients from the convoluted ASE spectra will be

Irln =il (4.12)

where

e — ff(x) exp (i2m7r &) dx . (4.13)

From (4.12) and (4.13) we will get the round-trip gain of the convoluted ASE spectra from

o
ool (4.14)
Im fm+1

Using the calculated round-trip gain and by knowing the facet reflectivity and the laser

cavity length, we define the net modal gain as follows

e log(b) —log (\/RR)) (4.15)
= .

4.2.2. Internal loss and Quasi-Fermi level separation

To obtain these parameters we assume that the FP laser has no coatings and the
reflection from both facets are identical, R = R; = R,.. The power reflectivity is 0.3. The ASE
spectrum of the FP laser is given by (4.1). For the zeroth harmonics and by taking its inverse

Fourier transform (FT) we can obtain the spectrum as

el : lsp(l I R)

Iy = f 1(z) exp(ikz) = ———. (4.16)
it 1—b

By substituting the single pass ASE I, with (4.2), we will get the spontaneous emission

coupled into the waveguide mode as

Iog(1 —b)

Y= A-RErEl) -1

(4.17)
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The relationship between the spontaneous emission and the material gain is given in [15]

and can be described as follows

S ! hc/A — AF (4.18)
Im = Grenz'sp Sy kgT g :

where g,, is the material gain, AF is the quasi-Fermi level separation, kp is the Boltzmann
constant, T is the carrier temperature, n is the refractive index of the active region and 7y, is

the spontaneous emission factor. The material gain is related to the net modal gain through

g=Igm—ap, (4.19)

where [ is the optical confinement factor and «;, is the internal loss. By combining

equations (4.18) and (4.19) we will get

hc/A — AF
glA)=0C"] 8 1°: (1 —exp (ﬂm—)> —%m (4.20)

=C'q(A AF) —ay,,
where

I

i 8hAB,c?n?C

(4.21)

From equation (4.20) we see that the net modal gain is a linear function of g(4, x) as
x = AF. Therefore the quasi-Fermi level separation AF can be extracted as follows.
Scanning x within a range the AF is estimated. Then for each value of x we fit the
g(A) — q(A) curve with a line y = ax + d, where g(4) is treated as y and g(A) is treated as
x. Next we will be determining AF. The standard deviation D between the vector y and the

vector from the linear fitting y' is calculated for each variation of AF as

Xy —}’i')z

: 4.22
/Ziyiz "Zi}’{z ( )

D=
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The value corresponding to the minimum D gives the quasi-Fermi level separation AF. After

determining AF, we can find from the same linear fit the internal loss a;,,.

4.2.3. Geometrical spontaneous emission factor calculation

The geometrical spontaneous emission factor f3; is defined as the probability that a
spontaneously emitted photon is captured by the mode of interest [12]. The geometrical
spontaneous emission factor is a unit less factor. From equation (4.21) in the previous

section, we can define the geometrical spontaneous emission factor as

r
"~ 8mhAC'2¢2n2(’

B, (4.23)

where I' is optical confinement factor, A is the cross sectional area of quantum well region,
C is the coupling coefficient and C’ is the coefficient which is extracted from the linear
fitting in (4.20). To calculate B, from (4.23) we need to know what are the optical
confinement factor and the coupling coefficient. The first one can be calculated through
simulations. The former can be determined using two experiments. First, we need to
measure the total output power of the FP laser using a large area detector. Second, we
again need to measure the output power of the laser but this time by a lensed fiber which
needs to be coupled to one facet of the FP laser. The ratio of the coupled power to the total
output power when the laser is driven at high currents above threshold will give the

coupling coefficient.

4.2 .4. Linewidth enhancement factor

The linewidth enhancement factor is the ratio between the real index change and the
imaginary index change when they are affected by the carrier density. From [1] and [16] the

relationship between the gain and the imaginary index expressed as

g = 2kgn; = —. (4.24)
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It is well known that the gain changes with the change of the injected carrier density due
to the change of the refractive index at the peak energy. Because the lasing occurs around
the gain peak, these changes will produce ultra-fast frequency changes of the laser emission
during relaxation processes. This will increase the spectral linewidth of the laser modes and
the parameter which describes this enhancement is referred as the linewidth enhancement

factor a. Using (4.24) the linewidth enhancement factor can be described as follows

dn/dN 4w dn/dN 41 dn
A=————=——— = ——— (4.25)
dn;/dN A dg/dN Aq dN

where q is used to define the differential gain.

To calculate the a factor we use the method described in [17] by measuring the ASE
spectrum at two slightly different currents. From the measured ASE spectra we extract the
round-trip gain at two different current levels and then calculate the linewidth
enhancement factor. The round-trip gain of FP laser is calculated using FSE method

described above and is given as

Pt (4.26)

where I}, is the m-th order Fourier coefficient. Since the round trip gain is obtained, the
linewidth enhancement factor can be calculated by [17]
A, — Ay 2

T - Bab =) I il

where 4, , are the longitudinal modes at different currents, b, , are the round-trip gain at
these different currents, and A4 is the mode spacing. A, — A, gives the real index change
and the imaginary index change can be obtained from the net modal gain change which can

be extracted from the round-trip gain log(b,) — log (b,).
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4.3. Experimental measurements

For the measurements we used a FP laser with a typical 2-um wide ridge waveguide. The
laser cavity is 590 um. The microscope image of the FP laser is shown in Fig. 4.3. The active
region consists of five compressively strained AlGalnAs quantum wells with the gain peak
around 1550 nm. The laser has as-cleaved facets without any reflection coatings, therefore

the power reflectivity is assumed to be around 30%.

Fig. 4.3 Top view of the Fabry-Perot laser with cavity length of 590 pm.

The laser temperature was controlled through a thermoelectric cooler (TEC) and the
temperature was set at 20°C. First, the laser total output power was measured using a large
Ge detector. The measured L — I curve is shown in Fig. 4.4. The threshold current is around
19 mA with slope efficiency of 0.16 mW/mA. Then an antireflection coated lensed fiber was
used to measure the output power. This was done to measure the coupling coefficient

which is around 30 % in this case.
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Fig. 4.4 Light-current curve (L — I) of the total emitted power and fiber coupled output power of the FP laser.

We measured the ASE spectrum below threshold using the AR coated lensed fiber and an
Agilent optical spectrum analyzer which has the highest resolution of 0.06 nm. First, we
measured the ASE spectrum at an injection current of 18 mA for different OSA resolutions,
e.g. 0.06 and 0.1 nm. In Fig. 4.5 the measured ASE spectrum for different OSA resolution is
shown. It is clearly seen that when the resolution is decreased from 0.06 nm to 0.1 nm, the
longitudinal mode peak power increased by about 2 dB and the valleys increased up to 2 dB.

The spacing between the adjacent modes is around 0.85 nm.

-45 T T

——0.06nm
0.1nm

-50 | 4

Power (dBm)

i/ |
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Fig. 4.5 Measured ASE spectrum for different OSA resolution as 0.06 and 0.1 nm.

The response function of the OSA is found by measuring the spectrum of an external
tunable laser, in our case we used a HP laser with a spectral linewidth of around 150 kHz.
This linewidth is much lower than the resolution bandwidth of the OSA which is around 7.5

GHz at the highest 0.06 nm resolution. The measured response function is shown in Fig. 4.6.
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Fig. 4.6 Response functions of the OSA for different resolution settings of 0.06 and 0.1 nm.

In order to calculate the round-trip gain we need to measure the ASE spectrum of the FP
laser. We measured the ASE spectrum for different currents from 16.5 to 19 mA with a step
of 0.5 mA. A step of 0.5 mA was chosen so that the wavelength shift due to current injection
will be lower than the mode spacing. The OSA resolution was set to 0.1 nm. In Fig. 4.7 the
ASE spectrum at 18 mA is shown. The gain peak is around 1550 nm as shown in the figure.

From the measured ASE spectra we calculated the round-trip gain using the FSE method
described above. In this method we included the response function of the OSA to achieve
accurate results. In Fig. 4.8 the round-trip gain for different injected current values, e.g.

from 16.5 to 19 mA is plotted.
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Fig. 4.7 Measured ASE spectrum of FP laser operating at 1550 nm with the OSA resolution bandwidth of 0.1

nm.

1.0} —— 16.5mA

Round-trip gain
© o o
H » oo

=
N
T

0.0

"

1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 4.8 Extracted round-trip gain with the OSA response function included for different injected current
values.
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Using the extracted round-trip gain and the mirror reflectivity we can then calculate the
net modal gain by (4.15). Considering that the FP laser has identical mirrors on both sides,

(4.15) can be written as

(4.28)

log(b) — log (R)
e L

The net modal gain and the roundtrip gain are plotted in the same figure as shown in Fig.
4.9 for different current values.

10} ——16.5mA 4

30 4
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 4.9 Calculated roundtrip gain (top) and net modal gain (below) using the FSE method with the OSA
response function included at different injection current values.

As we calculated the round-trip gain and the net modal gain, the next step was to
calculate the spontaneous emission coupled into the waveguide which is described by
(4.17). The results are shown in Fig. 4.10. From this figure it is seen that the long wavelength

side of the spontaneous emission is obtained.
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Fig. 4.10 Calculated spontaneous emission coupled into the waveguide for currents from 16.5 to 19 mA.

Equation (4.20) shows the relationship between the gain and the spontaneous emission.
Based on the calculated spontaneous emission spectrum S, the spectrum of g(4,AF) at
different values of AF can be calculated and then the g(1) — q(4) curve is fitted with a line
as provided by equation (4.20). The fitting effect is evaluated by standard deviation as
calculated from (4.22). Fig. 4.11 shows the standard deviation versus different values of AF
for the current of 16.5 mA. The energy which corresponds to the minimum value of the
standard deviation gives the estimated quasi-Fermi level separation at a specific current

injection. For 16.5 mA the quasi-Fermi level separation is 0.816 eV.
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Fig. 4.11 Standard deviation from the linear fit and the original g — q curve versus different values of AF.

At this value of AF, the g — g curve and the linear fit are shown in Fig. 4.12. A very good

linear fit has been achieved with the original data as shown in the figure. As mentioned
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above from the intercept of the fitting we can determine the internal loss. The intercept

from the linear fit gives the internal loss of 17.62 cm™.
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Fig. 4.12 g — g curve and the linear fit when AF equals the estimated quasi-Fermi level separation.

We repeated the measurements above to determine the quasi-Fermi level separation
and the internal loss for different injection currents. For each injection current we scanned
the ASE spectrum. The quasi-Fermi level separation and the internal loss for different
injection currents are shown in Fig. 4.13. The quasi-Fermi level separation increases
gradually with the injection current up to 19 mA. The internal loss varies around 18 cm™ for

all different injected currents.
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Fig.4.13 Extracted quasi-Fermi level separations and internal losses for different injected current values.

From the linear fitting we extracted the coefficient C’ which is close to 600 mW ™ um™. By
using this coefficient, the geometrical spontaneous emission factor can be calculated

through equation (4.23). The optical confinement factor I is calculated to be around 5%, so
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each quantum well containing 1%. The cross-sectional area of the quantum well region is
2.5 % 0.006 X 5 = 0.075um?. The resulted geometrical spontaneous emission factor is
shown in Fig. 4.14. The geometrical spontaneous emission factor is dimensionless and it is
around 0.000174 for different injected currents. This value is typical of experimental values

for most in-plane lasers [1].
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Fig. 4.14 The geometrical spontaneous emission factor versus injected current.

The last parameter to extract is the linewidth enhancement factor. As we discussed in
section 4.1.4 we extract the LWEF from the round-trip gain for two slightly different
injection currents. The linewidth enhancement factor is calculated from the ASE spectra
recorded at 16.5 and 17 mA using equation (4.27). Fig. 4.15 shows calculated results for two
different injection currents. The dashed line is the averaged result. For the AlGalnAs

guantum well system, the LWEF is around 3 at the gain peak.
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Fig. 4.15 Calculated the linewidth enhancement factor for injection currents of 16.5 and 17 mA.
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4.4. Conclusion

In this chapter we characterized the Fabry-Perot laser with a cavity length of 590 um. For
characterization the amplified spontaneous emission spectrum was used when the FP laser
was biased below threshold current. The Fourier series expansion method was used to
obtain the parameters such as net modal gain, geometrical spontaneous emission factor,
quasi-Fermi level separation and linewidth enhancement factor. The FSE method gives high
accuracy measurements of the internal loss and the quasi-Fermi level separation. This was
done by using deconvolution process from the response function of the measurement
system which calculates the net modal gain with high accuracy even if the resolution
bandwidth of the measurement system is low. From the experiments we calculated the
internal loss of the FP laser to be around 18 cm™. Another important parameter which is
extracted by the FSE method is the linewidth enhancement factor which is important in
characterizing single mode and tunable lasers. The linewidth enhancement factor of the FP
laser in this work is around 3 at 1550 nm. The ASE spectrum is an important tool in
evaluating a laser performance. This method described here will be useful in
characterization of slotted single mode lasers and laser arrays which will be discussed in the

following chapters.
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Chapter 5 - Slotted single-mode lasers

5.1. Introduction to slotted single mode lasers

Single mode semiconductor lasers are key components in wavelength-division-
multiplexing (WDM) systems used in local area network (LAN) and in coherent
communication systems because of their stable single mode operation over a wide
temperature range. Distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers
achieved great success in terms of good performance and reliability. However, generally the
fabrication of DFB and DBR lasers requires regrowth of additional material on top of the
gratings [1], [2]. This leads to special requirements in order to preserve the grating during
the regrowth which will cause complex fabrication and lower yield. Recent advances in dry
etching technology have simplified the fabrication of DFB and DBR laser structures. For
example, laterally coupled DFB lasers (3], [4]where lateral gratings are etched on the surface
of the ridge enable a regrowth free process. Surface-grating distributed Bragg reflector (SG-
DBR) lasers also need a single growth step [5]. However, these types of lasers usually need
electron beam (e-beam) lithography to pattern the gratings. It is well known that e-beam
lithography is time consuming and quite an expensive process in comparison for instance
with standard photolithography. So it is desirable to have simple fabrication and high yield.

There is another way to achieve a single mode laser without using a regrowth process.
Single mode operation can be obtained by positioning reflective defects (features) or slots
into a conventional Fabry-Perot (FP) laser cavity [6]. These defects manipulate the FP cavity
mirror loss spectrum by enhancing one FP mode and suppressing the others and therefore
single mode emission can be achieved [7]. The authors call them discrete mode (DM) lasers.
The schematic of such a laser is shown in Fig. 5.1. The researchers achieved good single
mode operation with high side mode suppression ratio (SMSR) more than 40 dB and narrow
linewidth [8], [9]. But these types of lasers cannot be monolithically integrated with other
photonic components because of the need to cleave both facets to form the mirrors for the
fundamental FP cavity. Therefore, to be independent of cleavage of both facets it is possible

to etch multiple distributed slots into the ridge to obtain sufficient reflection for lasing.
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These are what we call slotted single mode lasers. The slots act as a distributed mirror and
produce modulation of the reflection and transmission spectra which will be dependent on
slot parameters such as slot width, depth, spacing and number. For this, the slot parameters
should be optimized which will be discussed in section 5.2.1. In this case there is no need to
cleave both facets, hence such a laser can be monolithically integrated with other photonic
components. This will be demonstrated in section 5.3.3. In this chapter, we will discuss the
design and fabrication of slotted single mode lasers. Afterwards, the basic characterization

of laser diodes and detailed linewidth characterization will be presented.

Cleaved facet

Multiple quantum
well structure

Fig. 5.1 Schematic view of discrete mode (DM) laser. DM lasers have many slots in their structure. The

schematic is a simplified version.
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5.2. Design and fabrication

5.2.1. Numerical simulations

The schematic structure of slotted single mode laser is shown in Fig. 5.2. The laser has a 2
pum wide ridge. The active layer consists of five AlGalnAs quantum wells with a
photoluminescence (PL) peak near 1530 nm. One side of the laser has uniformly distributed
multiple slots which act as a Bragg reflector of the laser. The other side consists of a straight
waveguide and to have enough reflection, the back side of the laser must be cleaved. The
front side of the laser is curved to 7 degrees from the normal of the cleaved facet, which
reduces any reflection back from the facet, hence it removes the influence of the FP cavity
and as we will see later makes the laser integrable with other photonic devices. To minimize
the threshold current and increase output power anti-reflection (AR) and high-reflection

(HR) coatings should be applied to the front and back facets, respectively.

AlGalnAs QWs

InP

Ridge height ' d, H u u u

! Transmission
Reflection |
! InP Substrate
1
1

Fig. 5.2 Top: 3-D schematic structure of single mode slotted laser. Bottom: Simplified 2-D waveguide structure,

where d; is the slot width, d,, is the slot spacing and d,, is the slot period.
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The laser reflection is dependent on slot reflectivity, so the slot parameters such as slot
width, depth, period and number which are depicted in the bottom of Fig. 5.2 should be
optimized. To achieve this we used the 2D scattering matrix method (SMM) [10] described
in Chapter 3. For generality, a multiple slot structure was chosen and the structure was
broken down into N uniform sections. Then 2D SMM method was used to calculate
reflection and transmission of a group of slots. Initially 20 slots were taken with uniform
period to analyze how the slot width and spacing will affect the reflection and transmission.
Three slot depths of 1.0 um, 1.35 um and 1.6 um from shallow to deep were considered. In

the simulation the slot width and slot spacing are defined as

(2p + 1)Ap
= - - Syl
ds ri {5:1)
2 1)A
W:(q+ )B’ (5‘2)
4n,,

where p and q are integers, Ag is Bragg wavelength, ng and n,, are effective index of slot
region and waveguide region. The Bragg wavelength was set to 1550 nm. We defined the
slot width to be around 1 pm which makes it suitable for standard photolithography for
patterning the slots. By defining slot width and slot depth we calculated amplitude
reflection which is given in Fig. 5.3. The red color shows high reflection peaks and the blue
color shows low reflection peaks. The idea is to find high reflection peaks as a function of
slot width and spacing for different slot depths. The contour plot shows that slot width and
spacing have a strong effect on the reflection. It is seen that when slot width is around 1.1
um there are high reflection peaks for all three different depths. The deeper slots need a
larger spacing to maximize the reflection and for example for a slot depth 1.35 um with slot
width 1.1 um the slot spacing will be around 7.87 um which makes the slot section act as a

very high order surface grating (37th order). The grating order m was calculated by:

i
i LB

S (5.3)
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where d,, is the slot period which is depicted in Fig. 5.2 and it is set to be 8.96 um in our

design, n.y is the average effective refractive index in the waveguide structure which is 3.2.
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Fig. 5.3 Contour plot of simulated amplitude reflection versus slot width and spacing for 20 slots with the slot

depth of (a) 1.0, (b) 1.35, (c) 1.6 um.

The next step was to determine the slot number. It is obvious that by increasing the slot
number a high reflection can be achieved but the transmission will decrease due to the
losses from each slot. Because we are dealing with high-order gratings (37" order), a
radiation loss occurs. When a guided wave propagates through the grating structure, there
will exist a coupling between propagating guided wave and an exact the same
contradirectional wave. If the mark and period of the gratings are equal, then the coupling
between these two waves will be strong. However, if the mark and period of the gratings
will be unequal (high-order gratings), the propagating guided waves will interact with
nonguided waves, which somewhat radiate away. It will lead to a radiation loss of the
guided waves. So there will be a tradeoff between getting enough reflection and having a
good transmission. In Fig. 5.4 the calculated amplitude reflection and transmission of the
group of slots versus the slot number is shown. The reflection for deep slots saturates with
slot number increase because of the large scattering loss. So for slot depth 1.6 um the
reflection saturates when the slot number is 10 but the transmission continuous to drop
while slot number increases. For shallow slots, i.e the slot depth of 1.0 um, the reflection is
weak hence a large number of slots is needed to provide enough reflection for lasing. This

will lead to a long laser cavity which results in high threshold. For the slot depth of 1.35 um,
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24 slots give an amplitude reflection of around 0.43 and a transmission of 0.4 as shown in

Fig. 5.4.
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Fig. 5.4 Calculated amplitude reflection and transmission as a function of slot number for slot depth of 1.35

pm.

To achieve good single mode operation with high SMSR it is also required to have
relatively narrow reflection spectrum. In Fig. 5.5 the 3-dB bandwidth of the reflection
spectrum as a function of slot number for different slot depths is shown. It is clearly seen
that for a slot depth of 1.6 um the reflection spectrum is broad and is around 4 nm. This will
lead to a poor SMSR. For a slot depth of 1.35 um and when the slot number is between 20
and 30, the reflection bandwidth is below 3 nm which will cover two to three longitudinal

modes of a standard FP laser with cavity length around 300 pm.
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Fig. 5.5 Calculated bandwidth of reflection peaks from a group of slots with the slot depth 1.0, 1.35 and 1.6 pm

versus the slot number.
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By taking into account the analysis above, the slots are optimized with slot number of 24

and slot depth of 1.35 um. This optimization gives high enough reflection and narrow

reflection bandwidth while also resulting in a short cavity length which leads to a lower laser

threshold.

5.2.2. Fabrication process

The epitaxial structure of the laser is based on a standard 1550 nm LD design. We used

standard commercial wafer (IQE Ltd, UK). The active region of the laser consists of five

AlGalnAs quantum wells with photoluminescence peak (PL) centered at 1530 nm. Above it

are a 1.6 um-thick p-doped InP layer, a 50 nm-thick p-doped InGaAsP layer, and a 200 nm-

thick InGaAs contact layer. The full wafer stack layer of the material is given in Table 5.1.

Layerl  Material  [Group[Repeat/Mole Fraction (x)[Mole Fraction (y)/Strain (ppm)| PL (nm) [Thickness (um)] Dopant [Type CV Level (cm-)
16| Gain(x)As 0530 0 0.2000 | Zinc P > 150E19
15 | Gain(x)As(y)P 0710 0620 0f 1300 +/-50 0.0500 | Zinc p > 300E18
14 |InP 0.1000 { Zinc P > 1 50E18
13 [InP 1.5000 | Zinc P = 100E18
12| Galn(x)As{y)P 0.850 0.330 0{ 1100 +-20 0.0200 | Zinc R = 100E18
11 {InP 0.0500 | Zinc P =7.00E17
10 | [Al(x)Gain(y)As 0.900 0530 0 0.0600 | Zinc P =4 00E17
9 | [Ax)Gajin{y)As 0.720 to 0.900 0530 0 00600 | Undoped | UD
8 | [Al(x)Ga]in(y)As 0440 0490 -3000| 1100 +/-20 0.0100 |Undoped | UD
7 |[Ax)Ga]iny)As | 1 5 0240 0710 12000 1530 0.0060 | Undoped | UD
6 |[A(x)Gajin(y)As | 1 5 0440 0490 -3000| 1100 +/-20 0.0100 |Undoped | UD
5 |[A(x)Galin(y)As 0.900t0 0.720 0.530 0 0.0600 | Undoped | UD
4 [[AMGa]in(y)As 0900 0530 0 0.0600 | Silicon N = 100E18
3_|[Al(x)Ga]in{y)As 0.860 to 0.900 0.530 0 0.0100 | Silicon N = 100E18
2 [InP 0.5000 | Silicon N = 100E18
1 |InP 0.3000 | Silicon N = 3.00E18
SUBSTRATE

Table 5.1 The wafer structure specifications of a standard 1550 nm LD design.

For the first fabrication run e-beam lithography was used to pattern the slots. Then two

steps of inductively coupled plasma (ICP) based dry etching with Cl,/N, gas combination

were used to form the ridge and the slots as shown in Fig. 5.6.
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Second ICP etching

First ICP etching

Slot patterning
(e-beam lithography)

Fig. 5.6 Schematic of fabrication process.

First a silicon nitride (SiN) layer was deposited using a plasma enhanced chemical vapor
deposition process (PECVD). Then slots and the alignment marks were defined using e-beam
lithography. After the SiN layer was etched using hard dry etch process, a silicon dioxide
(Si0,) was deposited to protect the slot area during the dry etching process. The next step
was an ICP dry etching process. First the target etch depth was 0.5 um (+/-30 nm) to form
the ridge and the slots. Then the SiO; layer was selectively removed to start the second dry
etching process to etch the ridge. The ridge was etched to a depth of 1.85 um (+/-30 nm).
The slot was about 0.5 um shallower than the ridge as was determined by this two step dry
etching process. After completing the dry etching process, the ridge was passivated by
depositing an SiO, contact layer by PECVD. Then, the ridge was p-metal deposited and the
metal was lift off. Finally, the laser bars were cleaved and mounted on carriers. The
microscope images of the slotted lasers are shown in Fig. 5.7. The image on left hand side of
Fig. 5.7 is a laser bar with 7 lasers in it. The last laser is a Fabry-Perot laser. The lasers are

mounted on a Si carrier. The image on right hand side of Fig. 5.7 represents a single laser.
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In Fig. 5.8 (left) and (right) are depicted SEM images of fabricated devices with the ridge
and single slot, respectively. There are some issues with fabrication as shown in these
images. There is some residue left on InP walls beside the slots which might affect to the

loss from the slots. However, the four corners of etched slot are quite sharp as shown in Fig.

5.8 (right).
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Fig. 5.8 SEM image of (left) ridge and group of slots; (right) a single slot.

We designed lasers with different cavity length, i.e. 550, 650 and 750 um for detailed
characterization. So for the 650 um laser, the laser consists of a long section without slots
which is 235 um, the 215 um slotted section and the 200 um long curved and angled front

section. The penetration length of the laser is defined through:

Lyen = (N —1)d,/2, (5.4)
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N is a slot number which is 24, d,, is a slot period which is in our case 8.96 um. From this we
defined a penetration length to be 103 um. The penetration length is needed to find out
what is the effective cavity length of our laser. The effective cavity length is the length
without slots plus penetration length and this is shown in Fig. 5.9. From the above
calculations, the effective length, L. is around 340 um for a laser with total cavity length
of 650 um. Therefore the bandwidth of the reflection peak covers 3 longitudinal modes of

the laser to obtain single mode operation.

RN B N

InP Substrate

Reflection

Left

Fig. 5.9 2D schematic of the waveguide with slots.

5.3. Basic characterization

5.3.1. Power-current and current-voltage characteristics
The fabricated lasers were tested under continuous wave (CW) operation at room

temperature. The measurement setup to measure power-current (L —I)and voltage-

current (V —I) curves is shown in Fig. 5.10.
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Fig. 5.10 Experimental setup for laser characterization.

The slotted laser is placed on a copper heat sink and the temperature of the chip was
controlled by a thermoelectric cooling (TEC) controller. The temperature was set to 25°C.
The slotted laser was driven by a Keithley 2400-C current source meter. Then the light was
coupled to an antireflection coated lensed fiber. The lensed fiber has a focal spot which has
a Gaussian profile and has a diameter (1/e”) of 5 um. Afterwards, the light was split into two
paths by a beam splitter. 90% goes to an optical spectrum analyzer (OSA) to analyze the
spectrum of the laser. The OSA resolution was set at 0.06 nm with sensitivity of -80 dBm.
10% of the light goes to a photodetector to monitor the coupling power. Finally, the data
was collected by Lab View software.

The most common characteristics of the laser diode is the (L — I) curve to determine the
laser total output power and threshold current. To measure the total output power we used
a calibrated large area (5 mm X 5 mm) Ge detector. First as-cleaved lasers or in other words
lasers without coating were measured. The total cavity length is 650 um and the slot width
is 0.9 um in the first laser. The measured L — I and V — I curves are shown in Fig. 5.11. The
laser exhibits a threshold current (/i) of about 32 mA corresponding to threshold current
density (J;) of 2.5 kA/cm’. The output power of the laser was 8 mW at 100 mA
corresponding to slope efficiency of around 0.12 mW/mA. The voltage drop is around 1.5 V

at 100 mA.
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Fig. 5.11 Measured light-current (L — I) and current-voltage (V — I) curves at 25°C under CW condition.

To achieve better performance in terms of threshold current and output power, high
reflection (HR) and antireflection (AR) coated films were applied to the back and front
facets, respectively. In Fig. 5.12 the L — I curve for the laser with coatings is depicted. As
seen in the graph, the threshold current decreased to 19 mA and output power at 100 mA
increased up to almost 15 mW. The slope efficiency is around 0.17 mW/mA. It is clear that
reflection coatings improve the performance. However, for comparison the L — I curve of
Fabry-Perot laser (dots), which was fabricated on the same chip is plotted in the same
figure. The threshold current of FP laser is around 22 mA. The slope efficiency of the slotted
laser is reduced to around half of the FP laser. This was due to the loss caused by the etched
slots. By measuring the amplified spontaneous emission (ASE) of the FP laser we calculated
the net modal gain spectrum by the Fourier series expansion (FSE) method [11] which is
given in Chapter 4. From the calculations we found the internal loss to be 22 cm’. Also

some fabrication issues mentioned in section 5.2.2 caused the reduction in slope efficiency.
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Fig. 5.12 Measured L — I curves for HR and AR coated slotted laser (solid line) and FP laser fabricated on the

same chip (dotted line).

The L — I curve of laser diodes is usually linear, however, there can occur some
nonlinearities or kinks due to the parasitic series resistance, current leakage or overheating
of the material gain. To find this, derivatives of L — [ and V — I curves can be used. Fig. 5.13
(left) shows L — I curve and its derivative dL/dl curve as a function of injection current for
a slotted laser with AR and HR coatings. From the figure we don’t see any major kinks and
dL/dI curve remains stable above threshold regime. However, there is a slight decrease at
high currents but it is because of excessive heat generation. In Fig. 5.14 (right) the V — I
curve and IdV /dIl curve as a function of injection current is shown. This derivative
determines the series resistance of a laser diode. In other words, it shows the quality of a
metal contact of a laser diode. In our case the resistance is around 9.5 Ohms. Also, from
IdV /dI curve we can define a threshold current. In the Fig. 5.13 (right) we see a kink at

injection current of 19 mA. This kink shows the threshold current of the slotted laser.
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Fig. 5.13 (left) Measured L — I curve and dL/dI curve vs. injection current, for HR and AR coated slotted laser.
(right) Measured V — I curve and IdV /dlI curve vs. injection current for the same laser.

5.3.2. Spectral characteristics

To measure the output spectrum of the laser we used an Agilent 86140B optical
spectrum analyzer with resolution of 0.06 nm and sensitivity of -80 dBm. Fig. 5.14 shows
lasing wavelength for the slotted laser with HR and AR coatings. The peak is around 1550
nm at 38 mA which is twice of threshold current (lt;~19 mA). The side mode suppression

ratio (SMSR) is around 51 dB at this current value.

T T 1

¥ T
(/] 8 Laser current at 38mA

Power (dBm)
8

_70 1 1 | 1 1
1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

Fig. 5.14 Measured output spectrum of slotted laser with HR and AR coatings at 38 mA.

82

IdV/dl (V)



From the measured spectrum we can define what the effective cavity length of the laser.

The effective cavity length can be expressed through equation:

A5

A = ———,
2ngLegs

(5.5)

where A4 is mode spacing, A, is PL peak, ngis a group refractive index of an active
waveguide. Fig. 5.15 shows mode spacing of the laser which is around 1.2 nm. The laser
peak is 1549.24 nm. By applying these numbers to the equation above, we found the

effective cavity length, L., to be around 315 um.
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Fig. 5.15 Mode spacing of slotted laser at 38 mA.

One of the important laser characteristics is the tunability of the laser. There are two
parameters which cause the center wavelength of the laser to shift. They are the drive
current and temperature change. The former one is often used for wavelength tuning of
single mode lasers. Changes in temperature affect the bandgap of the semiconductor laser
hence the peak wavelength of the gain will be affected as well. To check the tunability of
our laser we changed the temperature of the chip using the TEC. Fig 5.16 (left) shows the
laser output spectrum over a temperature range from 10 to 50°C. The laser current was set
at 130 mA to increase the SMSR. From the figure it is seen that the laser can work over a
wide temperature range without mode hopping and stable single mode operation with

SMSR more than 50 dB. The laser wavelength can be tuned over 4 nm in a 40°C temperature
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variation as shown in Fig. 5.16 (right). Also in the figure we see linear behavior with tuning

range of around 0.1 nm/°C which is typical for telecom lasers.
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Fig. 5.16 (left) Measured output spectrum of slotted laser at 130 mA over a temperature range from 10 to

50°C. (right) Wavelength tuning versus temperature change of the laser.

5.3.3. Slot width characterization

The fabrication tolerances of the slot parameters are simulated in [12]. From the
simulations it was found that slot depth has a large influence on reflection and hence on
threshold current and output power of the laser. To overcome this problem a proper
etching stop layer should be included during the fabrication to control the slot depth. The
proper etching stop layer includes a combination of dry etching and wet etching processes.
This is not present in the IQE standard material that we use. Another slot parameter which
can be caused by fabrication inaccuracy is slot width. For the simulations different slot width
were considered with variation of +0.1 um. From the simulations a variation of slot width

(0.1 um) doesn’t affect to the threshold current as shown in Fig. 5.17.
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Fig. 5.17 Simulated threshold current versus slot width.

To check this, the lasers with different slot width were fabricated, e.g. 0.9, 1.0, 1.1, 1.2
and 1.3 pm. The lasers have the same effective cavity length, L., of around 350 um. Other
slot parameters such as slot depth, period and number are the same as well. As predicted
from the simulations, the slot width doesn’t affect the laser threshold current as shown in
Fig. 5.18. The threshold current for all lasers remains around 32 mA. However, the slope
efficiency changes a lot. This is because the reflection changes with the slot width as it was
demonstrated from the simulations in Fig. 5.3 which affects the power. Therefore, it will
lead to a big change in the slope efficiency even though, the threshold doesn’t change
much.
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Fig. 5.18 (left) Measured L-I curves for lasers with different slot width from 0.9 to 1.3 um. (right) Threshold
current as a function of slot width.

From the experiments it was found that the slot width doesn’t affect to the spectrum of
the laser either. The lasers were driven at 100 mA at room temperature. The results are

shown in Fig. 5.19. The figure shows laser peak and the SMSR as function of slot width. It is
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clearly seen that the laser wavelength peak doesn’t change at all and remains around 1546
nm. The SMSR also doesn’t change and for all lasers the SMSR is around 50 dB at 100 mA.

This means that lasers exhibit stable single mode operation.
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Fig. 5.19 Wavelength peak and SMSR as function of slot width.

The characterization presented above shows that these lasers can be fabricated by a
standard photolithography process to pattern the slots. This will be advantageous in terms

of time, ease of fabrication and cost.

5.3.4. Monolithically integration of slotted laser with SOA and
EA modulator

The ability to integrate semiconductor lasers with other photonics components in one
chip is a crucial advantage in terms of size, packaging and cost. In addition, integration of
semiconductor lasers and other photonic components on the same chip reduces high fiber-
to-fiber coupling losses which occur in discrete components. In the slotted lasers one facet
is not cleaved and hence it is possible to integrate it with amplifiers and modulators. We
demonstrated that by monolithically integrating the slotted laser with a semiconductor
optical amplifier (SOA). It was done also to boost the output power due to the losses from
the slots discussed above. In Fig. 5.20 the schematic structure of the laser integrated with
0

the SOA is shown. The laser structure is the same as in section 5.2.1. The SOA is angled to 7

from the normal of the facet to eliminate any back reflection. The length of the SOA section
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is around 190 um. An isolation slot is added to electrically isolate the SOA section from the
laser section to reduce the threshold current while increasing output power. Finally, an AR

coated film was applied to the front section.

Fig. 5.20 The schematic structure of the laser integrated with an SOA on the same chip.

To measure the total output power from the laser we kept the laser current at a constant
value of 130 mA and changed the SOA current as demonstrated in Fig. 5.21. The output
power was more than 45 mW at an SOA current injection of 70 mA which means the total

current injection into the system is 200 mA in this case.
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Fig. 5.21 The laser output power as a function of SOA current.
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The SOA didn’t influence the spectrum of the laser. As it was designed the SOA should
only increase the output power and not affect to the lasing wavelength. This is achieved due
to applied AR coating in the end of the SOA which suppresses the cavity resonances.
Essentially, an SOA is a laser diode with a Fabry-Perot type cavity where amplification is
achieved by electrically pumping the active region. However, to get only the amplification
the FP resonances must be suppressed to remove the laser effect and usually it is done by
applying AR coating to the end of the facet.

In Fig. 5.22, the laser spectra for the SOA unbiased and biased at 50 mA current is shown.
It is seen that the SOA doesn’t affect to the laser wavelength but only changes the
amplitude of the spectrum. There is a small change in the wavelength (~0.15 nm) which is
caused due to temperature rise when SOA is turned on. We also see no clear FP resonance
ripples in the laser spectrum when SOA is biased which proves that the angled output with

the AR coating is efficient to reduce the reflection from the facet.
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Fig. 5.22 Measured output spectrum of the slotted laser with SOA unbiased and biased at 50 mA. The laser

current was set at 130 mA.

The temperature tuning of the laser with SOA turned on was also recorded as shown in
Fig. 5.23. The laser current was set as previous at 130 mA, the SOA was set at 50 mA and the
temperature of the chip was changed from to 10 to 50°C. Again the laser shows stable single
mode operation without mode hops with a slight wavelength shift of 0.15 nm due to the

temperature rise when SOA is biased.
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Fig. 5.23 Measured output spectrum of the slotted laser over a temperature range from 10 to 50°C with SOA

biased at 50 mA.

The electro-absorption (EA) modulator is a semiconductor device to control the laser
intensity by applying an electric voltage. The main advantages of EA modulator are low
voltage operation, high bandwidth, less wavelength chirp and easy integration with CW
lasers. A lot of work in different types of integration schemes such as Butt-joint etching [13],
selective area growth (SAG) [14] and nonplanar epitaxy [15] have been published, however
such methods need complicated growth process and fabrication. In terms of simple
fabrication and low cost, the identical active layer (IAL) [16], [17] method can be used to
monolithically integrate a CW laser with an EA modulator. Its principle is based on the
qguantum confined Stark effect (QCSE) which was given in Section 2.3.2. In QCSE the
quantum well is placed between a reverse biased pn-junction, so that the applied electric
field influences the refractive index [16]. In this method the laser and modulator will have
the same quantum well active region.

The schematic structure of the slotted single mode laser integrated with an EA modulator
is shown in Fig. 5.24. The epitaxial structure of the laser is the same as was mentioned
above in section 5.2.1. The slotted laser and EA have the same quantum well layer which
consists of AlGalnAs multiple quantum wells. The laser length is around 600 um and EA
length is around 200 um. An angled (10°) deep etched slot was introduced between the
laser and modulator for the electrical isolation. The typical isolation resistance was
measured to be around 100 kQ. The microscope image of the real device is shown in Fig.

5.25.
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Fig. 5.24 The schematic image of slotted laser monolithically integrated with EA modulator.

Fig. 5.25 Microscope image of slotted laser integrated with electro absorption (EA) modulator.

For integration with the EA modulator, the laser wavelength needs to be red shifted from
the gain peak. To obtain this the slot parameters should be optimized. For a group of slots
with uniform slot period of 9 um, the calculated free spectral range is about 37 nm which
means there are three reflection peaks in the wavelength range between 1500 and 1600 nm
as shown in Fig. 5.26. We need to suppress the side peaks to shift the laser wavelength to
the longer wavelength. To obtain this we introduced three different slot periods (8.5, 9.9,
11.4 um) as shown in Fig. 5.26 (left), where nearly no overlap between the side peaks exists.
Fig. 5.26 (right) shows the calculated reflection spectrum from such a group of slots, where

the central reflection peak dominates and side modes are suppressed.
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Fig. 5.26 (left) Calculated reflection spectrum from group of 24 slots with the slot periods of 8.5, 9.9 and 11.4

um. (right) with three above slot periods.

Fig. 5.27 shows the calculated reflection spectrum with the gain under a current density
of 2300 A/cm”. It is seen that at longer wavelength, the gain is lower which results in low
reflection hence in a higher threshold. For the trade-off between low threshold and high
extinction ratio of the EA modulator, the laser wavelength is designed to be around 1570

nm.
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Fig. 5.27 Calculated red shift reflection spectrum.

First, the output spectrum from the EA modulator facet was measured which is shown in
Fig. 5.28. The laser current was set at 100 mA and the modulation voltage was set to 0 V.

From the figure it is seen that stable single mode emission with a lasing wavelength at 1569
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nm which is around 20 nm of a red shift from the gain peak. The SMSR is over 50 dB at 100

mA of injection current.
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Fig. 5.28 Measured output spectrum from the EA facet at 0 V.

Fig. 5.29 shows the spectrum from EA facet for various EA modulator reverse bias
voltage. There is no peak change for different reverse bias voltages which is good. The SMSR

remains over 50 dB at 200 mA of laser injection current.
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Fig. 5.29 Measured output spectrum for different EA reverse bias voltage. Laser diode set at 200 mA.

The normalized output power versus reverse bias of EA modulator is shown in Fig. 5.30.
An extinction ratio of around 10 dB was obtained when the modulator bias was -2.2 V. A 20
dB extinction would be required from a commercial device, so there is still more work to be

done on the integrated laser-EA modulator.
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Fig. 5.30 The normalized output power versus the reverse bias of EA modulator.

5.4. Linewidth measurements

5.4.1. Free space setup

There are different methods to measure laser linewidth such as homodyne, heterodyne
and delayed self-heterodyne methods. For the linewidth characterization of the slotted
lasers the delayed self-heterodyne (DS-H) method was used [18]. The advantage of this
technique is there is no need to use a reference laser (local oscillator) in comparison with
heterodyne methods. Instead of this a large optical delay is needed. The experimental setup

of the DS-H method is depicted in Fig. 5.31.
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Fig. 5.31 Delayed self-heterodyne technique for linewidth characterization.

The concept of this technique is that light from the laser is split into two paths. One part
goes through a 12 km long optical fiber which corresponds to 60 ps optical delay. Another
part passes through a phase modulator to shift the signal to 2 GHz to see the whole
spectrum. Polarization controllers maintain the beam polarization. Then the two combined
beams are sent to a fast photodetector and the linewidth spectrum is recorded by an
electrical spectrum analyzer (ESA). The optical delay serves as a local oscillator in
heterodyne detection, making the two combined beams appear as they were from two
separate sources. The fast photodetector detects the mixed optical signal and converts it to
an electrical signal which is recorded by the ESA. If the optical delay time is larger than the
coherence time of the laser, then the spectrum detected by the ESA will be the spectrum of
the laser, but at lower frequencies. Therefore, we use a phase modulator to shift the signal
to higher frequencies to increase the measurement accuracy. Because we are dealing with
unpackaged devices it is very important to have sufficiently high isolation to avoid any back
reflections to the laser cavity. For this we added to the DS-H setup two antireflection coated

collimation lenses and a 60 dB optical isolator to minimize any back reflection.
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5.4.2. Linewidth characterization

For the linewidth characterization a laser with cavity length of 750 um was used. The
effective cavity length of this laser is around 450 um. From Fig. 5.31 the threshold current is
around 31 mA and the side mode suppression ratio is around 50 dB at 64 mA which is twice

the threshold current.
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Fig. 5.32 (left) L — I — V curve for slotted with effective cavity length of 450 um. (right) Output spectrum of
slotted laser at 64 mA.

Fig. 5.33 shows the electrical spectrum of slotted laser at 130 mA recorded by electrical
spectrum analyzer (ESA). The resolution bandwidth of the ESA was set at 30 kHz. Blue dots
represent original data and red line is Voigt fitting which is a convolution of Lorentz and
Gaussian profiles [20]. The spectrum is well fitted with a Voigt function. The Lorentzian or

intrinsic linewidth of the laser is found to be around 840 kHz at 130 mA.
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Fig. 5.33 Measured spectrum in (left) linear and (right) log scales of slotted single mode laser fitted by Voigt
fitting.

The basic linewidth characterization is the linewidth dependence on output power. The
well known Schawlow-Townes formula modified by Henry [19], expresses the linewidth as
being inversely proportional to output power. In Fig. 5.34 this behavior was verified; the
linewidth of slotted laser was measured between 60 to 180 mA using an ultra low noise
current source at room temperature. It is clearly seen that a dramatic decrease of linewidth
occurs by increasing the number of carriers injected into the system. The blue dots
represent the intrinsic linewidth of the laser and red dots correspond to the full width at
half maximum (FWHM). The lowest intrinsic linewidth of the laser is around 720 kHz at 170
mA. As found in [20], a Gaussian profile comes from the technical noise and as seen in the
figure at high currents the Gaussian contribution is greater than the intrinsic Lorentzian

linewidth, hence the total linewidth or FWHM gets larger again at high currents.
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Fig. 5.34 Lorentzian linewidth and FWHM as a function of injection current.
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Fig. 5.35 shows conventional linewidth dependence on inverse output power which was

obtained by converting input current to output power using Fig. 5.32 (left) shown above.
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Fig. 5.35 Linewidth dependence on inverse output power.

The linewidth dependence on temperature was also measured. The laser was set at 130
mA and the laser chip temperature was changed using TEC. The TEC temperature was
changed from 10 to 70°C. Fig. 5.36 shows the Lorentzian linewidth as a function of
temperature. Results show that temperature has a negligible influence on linewidth within
temperature range from 10 to 60°C and remains around 1 MHz. However, at higher
temperatures, the laser power drops and affects the laser linewidth. So for 70°C the laser
linewidth broadens up to 2 MHz. Moreover, because the measurements were done with
unpackaged devices at high temperature this leads to poor heat dissipation which in turn

gives rise to increased spontaneous emission and to broadening of the linewidth.
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Fig. 5.36 Linewidth dependence on laser temperature from 10 to 70°C.
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The next step of the linewidth characterization was to check how slot parameters will
affect to laser linewidth. For this, lasers with different slot width were chosen, i.e 0.9, 1.0,
1.1, 1.2 and 1.3 um. For these lasers the effective cavity length, L. were about 350 um.
These variations in slots were done due to the likely fabrication inaccuracy if standard
photolithography were used. From the simulations in [12] and from the experimental results
shown in section 5.3.2, a variation of slot width (+0.1 um) doesn’t influence the threshoid

current as shown in Fig. 5.37.
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Fig. 5.37 Measured threshold current versus slot width.

From the experiments we see that the slot width does not affect the linewidth strongly as
shown in Fig. 5.38 which is the linewidth dependence on injection current for lasers with
different slot width. From the figure the overall trend is the same as the current increased,
the linewidth for different lasers varies between 1.5 to 3 MHz at highest current. Also, we
can clearly see the connection between the variations in linewidth and the variations in
slope efficiencies observed earlier in Fig. 5.18 (left). It was mentioned that the slot width
variation will change the reflection (see Fig. 5.3), therefore, the power will be affected.
However, we need to have a large set of lasers with different slot widths and depth to

obtain a clear picture of the effects of slot parameters on the linewidth.
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Fig. 5.38 Linewidth as a function of injection current for lasers with different slot width from 0.9 to 1.3 um.

It is well known that the spectral linewidth is inversely proportional to laser cavity length.
When the cavity length increases, the threshold carrier density decreases as shown in
equation (2.11). This will reduce the spontaneous emission rate Ry, and the linewidth
enhancement factor a. Hence, the linewidth will decrease as described in equation (2.24).
Therefore, by making the laser longer it is possible to achieve narrower linewidth [21], [22],
[23]. To check this initially we took three different lasers with different effective cavity
lengths, i.e 250, 350 and 450 um. The slot width for all of these lasers is 1.0 um. The lasers
were set at a room temperature of 20°C. The linewidth dependence on injection current for
different cavity length is shown in Fig. 5.39. As was predicted the longer the cavity length
the narrower is the linewidth. The lowest linewidth was 720 kHz at 170 mA for the laser

with the effective cavity length of 450 um.
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Fig. 5.39 The linewidth versus injection current for different effective cavity length lasers.
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Considering the results above we can predict what the effective cavity length should be
to achieve a laser linewidth below 0.5 MHz which is the main requirement in coherent
communications. Fig. 5.40 shows the spectral linewidth at 150 mA of injection current for
lasers with different cavity length. The extrapolation in Fig. 5.40 indicates that a laser with

effective cavity length of only 550 um is required to reach the point below 0.5 MHz.
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Fig. 5.40 The Lorentzian linewidth dependence on effective cavity length of the slotted laser.

5.5. Conclusion

In this chapter the design and performance of slotted single mode lasers are presented.
The presented devices use high order gratings or slots etched on top of the ridge waveguide
structure to achieve optical feedback. Through etching the slots as deep as possible but not
through the active region it is possible to remove the fundamental FP cavity and make lasers
totally dependent on slots. In this way lasers are based on single epitaxial growth steps or in
other words re-growth free fabrication steps and can be integrated with other photonic
components.

The fabricated lasers exhibit a threshold current of 32 mA with slope efficiency of 0.11
mW/mA. To improve the laser performance in terms of the threshold current and output
power, an anti-reflection and high-reflection coatings were applied to the front and back
facets, respectively. The threshold current decreased to 19 mA and slope efficiency

increased to 0.17 mW/mA. The SMSR more than 50 dB was achieved when the laser is

100



biased at twice the threshold current and it remains stable during the temperature tuning
over the range from 10 to 50°C. The fabrication tolerances of the slot width are also
investigated. It was found that the slot width does not affect much at SMSR and the
threshold current.

Because the lasers totally dependent on slots and don’t need to cleave the both facets,
these lasers can be integrated with other photonic components in one chip. We have
demonstrated that these lasers can be monolithically integrated with an SOA and an EA
modulator. The integrated devices have output power more than 45 mW and DC extinction
ratio around 10 dB.

The spectral linewidth has been characterized in detail and it was found that for short
cavity length lasers it varies between 1 and 2 MHz. However, for long cavity lasers a
linewidth of below 1 MHz has been achieved. It is also predicted that by increasing the
effective cavity length, we can reach the industry standard of 500 kHz linewidth for
coherent communications.

Overall, the key advantage of these lasers is the simple fabrication technology with
straightforward method. The laser structure needs only a single wafer growth during the
entire fabrication process and can be fabricated by standard photolithography which is
beneficial in terms of cost and time. In addition, the ability to integrate these lasers with
SOA, EA modulators and passive optical circuits like beam splitters/combiners make such a
iaser platform to have a strong potential to become a light source in WDM and coherent

communication systems.
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Chapter 6 - Wavelength tunable laser
array based on slotted single-mode lasers

6.1. Introduction to laser array

Widely wavelength tunable lasers are the major components in the wavelength-division
multiplexing (WDM) systems and the main light source in optical add-drop multiplexing
(OADM) nodes. So far, different types of wavelength tunable light sources, including
sampled grating DBR (SGDBR) lasers [1], grating-coupled sampled reflector (GCSR) laser [2],
external cavity lasers (ECL) [3] [4], tunable vertical-cavity surface-emitting (VCSEL) lasers [5]
and distributed feedback laser (DFB) laser arrays have been developed [6] [7] [8]. The most
successful lasers in terms of tuning range and narrow linewidth from this list are external
cavity lasers, DBR lasers and DFB laser arrays. All of these laser structures provide
wavelength tuning of more than 35 nm and low linewidth which is required in WDM
systems.

The ECL can achieve a wide tuning range using a widely tunable filter in a free space part
of the laser cavity. Generally, the cavity length of an ECL is long and might be several
millimeters which in turn makes the laser linewidth very narrow [4]. However, the ECLs
need hybrid integration and consist of many optical parts which make the laser complex in
fabrication and in operation.

Monolithic widely tunable DBR lasers also have wide tuning ranges which can be
achieved by changing the refractive index and/or temperature. Generally, the refractive
index is changed by a carrier plasma effect induced by current injection. The most well
known example of such lasers is a sampled-grating DBR (SG-DBR) laser. The tuning in these
lasers is achieved by the Vernier effect which was discussed in Section 2.3.2. The structure
consists of two mirrors which are sampled gratings with comb-like reflection spectra. By
tuning the current in both mirrors, a set of overlapped reflection peaks will line up and a
wide tuning range can be achieved. The tuning time in SG-DBR lasers is only a few
nanoseconds [9]. However, such lasers suffer from complicated tuning mechanisms which

require the control of three or more current injection. In addition, most of DBR lasers have
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the linewidth in order of MHz which is too broad for coherent communications. However,
new methods to reduce the linewidth below 500 kHz have been developed [10] [11].

Another way to obtain a widely tunable laser is to make a DFB laser array. Single mode
DFB lasers are well known of their excellent performance, mode stability and reliability in
terms of free mode hopping during temperature tuning. Although, the tuning time is much
slower than in DBR lasers, the mode stability and the narrow linewidth make these lasers
very attractive in commercial optical networks. Also, the tuning mechanism is simpler than
in ECL and SG-DBR lasers because it needs only a temperature change to tune the
wavelength. Many DFB laser arrays have been researched (See Table 1.3). The researchers
from NTT company developed a 12-channel DFB laser array coupled with MMI coupler and
integrated with an SOA. A wavelength tuning range of 40 nm and output power more than
40 mW was reported in [8], [12]. The linewidth of these lasers has been improved and
recently they have demonstrated tunable DFB laser array with ultra-narrow spectral
linewidth below 160 kHz for all channels [13]. Also they have demonstrated tunable DFB
laser array integrated with Mach-Zehnder (MZM) and EA modulators for high speed
applications [14], [15]. However, DFB lasers still require the re-growth of additional material
on top of the gratings and need e-beam lithography to define the low order gratings. The
disadvantages of complex fabrication are discussed in previous chapters and it was
mentioned that it leads to time consuming, low yield and high cost process.

In a previous chapter we discussed how single mode operation is achieved by etching
high order surface gratings on top of the ridge, which solves the issue with the re-growth
process. By carefully optimizing the slot parameters we achieved stable single mode
operation with high side-mode suppression ratio (SMSR). Lasers with a longer cavity length
showed a linewidth around 500 kHz which makes these lasers suitable in coherent
communications. By taking into account these results, we formed tunable laser array based
on slotted single mode lasers. The advantage of such laser platforms is the re-growth free
process, potential to use standard photolithography instead of e-beam and high yield. In this
chapter, the design and characterization of two different tunable laser arrays will be
discussed. First, a 10- channel laser array with periodic slot spacing and second a 12-channel
laser array with non-periodic slot spacing will be presented. Also, the thermal impedance of

such structures will be discussed at the end of the chapter.
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6.2. 10 channel laser array

The schematic structure of the slotted single mode laser array is shown in Fig. 6.1. There
are 10 single mode lasers in the array. Each laser of the array has a standard 2 um-wide
surface ridge waveguide structure. The laser epitaxial structure is the same as in section
5.2.2 which is based on standard 1550 nm laser diode design. The active region consists of
five AlGalnAs quantum wells. Above it are a 1.6 um thick p-doped InP layer, a 50 nm-thick p-
doped InGaAsP layer and a 200 nm-thick InGaAs contact layer. One side of each laser has
multiple unifromly distributed slots which act as an active DBR reflector of the laser and
provide sufficient reflection for lasing. The other side reflection is provided by the cleaved
facet. Because of this, there is a single mode issue caused by the uncertanity of the cleaving
position. To remove this problem, each laser is divided into two sections and electrically
isolated by the last slot as shown in Fig. 6.1. By changing the current of the back section it is
possible to change the position of the longitudinal mode and move it to the reflection peak,
and this will lead to single mode operation with high SMSR. This property will be

demonstrated in the experimental results.

Fig. 6.1 3D schematic structure of tunable slotted single mode laser array. Each laser in the array consists of
laser section integrated with SOA. The front and back facets are coated with AR and HR coatings, respectively.
The last device is a FP laser on the same sub-mount for comparison.
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Each laser in the array is monolithically integrated with an SOA to increase the output
power. The SOA is angled to 7° with respect to the waveguide to reduce the reflection from
the front facet. To further improve the laser performance in terms of increasing the output
power and reducing the threshold current, antireflection (AR) and highreflection (HR)
coatings were applied to the front and back facets, respectively.

For each laser in the array, the slot parameters such as slot width, depth and number are
optimized. For optimization, the 2D scattering matrix method was used which was discussed
in Chapter 3. The slot width is set to be around 1.1 um, the slot depth is the same as for
single mode lasers at 1.35 um. Such a slot depth can provide around 1% amplitude
reflection and 97% amplitude transmission for a single slot. Therefore, reflection from a
single slot is weak and a group of slots is needed to provide sufficient reflection. The
number of slots is optimized to be 24 which will maximize the reflection and minimize the
bandwidth of reflection peaks and keep the cavity length relatively short to minimize the
threshold. Such a group of slots will provide a narrow bandwidth of reflection spectrum to
achieve good single mode emission. The laser array is designed to cover the full C-band

which is between 1530 and 1565 nm as shown schematically in Fig. 6.2.
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—
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1530nm C-band 1565nm

Fig. 6.2 Schematic spectra of C-band with channel spacing of 400 GHz.

We designed the laser array to have a frequency spacing of 400 GHz (3.2 nm) which is
specified by ITU-T standards (ITU-T: International Telecommunication Union,
Telecommunication Standardization Sector) [16]. This was achieved by changing the slot

period according to:
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where d,, is the slot period, Ag is the Bragg wavelength, n.sr is the average effective
refractive index in waveguide structure and m is grating order which is 37. Considering a
37" order grating, the slot periods of the individual lasers in the laser array are designed as
8.897, 8917, 8.936, 8.954, 8.973, 8.992, 9.011, 9.030, 9.049 and 9.067 um which
correspond to lasing wavelengths as 1539, 1542.2, 1545.4, 1548.6, 1551.8, 1555, 1558.2,
1561.4, 1564.6 and 1567.8 nm with a channel spacing of 3.2 nm which is equivalent to 400
GHz.

For the fabrication process, the same method was used as was discussed in section 5.2.2.
Two steps of ICP based dry etching process with Cl,/N, gas combinations to form the ridge
and the slots. E-beam lithography was used to pattern the slots. The total length of each
laser in the array is around 400 pum plus a 190 um long curved front SOA section. The back
section is about 185 pum long and the front slotted section is about 205 um long. After
fabrication the ridge was passivated and metal contacted (the electrode metal covered the
slots area except for the isolation slots), the laser array bars were coated with HR and AR
films. Finally, the laser arrays were cleaved into individual bars and mounted on AIN carriers
for testing. Fig. 6.3 shows a microscope image of 10-channel laser array based on slots. It is

a top side image. Fig. 6.4 shows one laser from the array with a periodic slot spacing.

Fig. 6.3 Top side microscope image of 10-channel laser array based on slots. The numbers from 1 to 10
indicate the laser number. Each laser in the array has a cavity length of 400 um and curved SOA section of 190
pm.
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Fig. 6.4 Top side microscope image of two slotted lasers (left) and zoomed image of distributed slots with
periodic slot spacing.

6.2.1. Basic characterization

The mounted devices were measured under CW condition. The temperature of the chip
was controlled by a thermo-electrical cooler (TEC) and was set at 20°C. First, a typical light-
current (L — I) characterization was measured to define the threshold current and output
power. For this we electrically connected two sections of the laser, i.e. the front and back
sections to give the same injection current. The SOA section was left unbiased to remove
the influence of the FP cavity. Fig. 6.5 shows the measured L — I curve for all 10-channels in
the laser array. The threshold current for all lasers varies between 19 and 21 mA. It is clearly
seen that the HR coating produces high reflection which results in such a low threshold
current. The slope efficiency is about 0.17 mW/mA and it increases from the blue region to
the red region. So for the lasers on the blue side the slope efficiency is around 0.15 mW/mA
and for the red side it is around 0.17 mW/mA. The FP laser L — I curve is also depicted in
Fig. 6.5 for comparison. The output power for all lasers is more than 16 mW at 140 mA

injection current.
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Fig. 6.5 (Left) Measured light-current (L-I) curve for all 10-channel laser and the Fabry-Perot (FP) laser on the
same chip at 20°C under CW condition. (Right) Enhanced view of the region around threshold current.

The power can be further increased using semiconductor optical amplifier (SOA). The
current was set at 130 mA for each laser in the array and the current of SOA was changed.
Fig. 6.6 shows the measured output power as a function of SOA injection current. An output
power of more than 35 mW for all channels has been obtained at SOA injection current of
70 mA. For comparison, most of the DFB laser arrays have the output power more than 15-
16 mW at an injection current more than 100 mA with slope efficiency of more than 0.2
mW/mA [17]. The power can be further increased using an SOA. In [8] and [18] the DFB
laser arrays integrated with an SOA have demonstrated the output power of more than 40

mW.
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Fig. 6.6 Measured output power vs. SOA injection current.
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6.2.2. Optical spectrum

To measure the optical spectrum of the laser array, a lensed fiber was used and an
optical spectrum analyzer (OSA). The OSA resolution was set to its highest value of 0.06 nm.
The sensitivity of the OSA was set to -80 dBm. From Fig. 6.5 some kinks in L — I curve are
observed. The longitudinal modes of some lasers such as 2 and 9 do not coincide well with
reflection peak for these channel lasers, therefore resulting in mode hopping between the
neighboured longitudinal modes as shown by the kinks from the L — I curves. In our laser
platform, we still need to cleave the back facet and this causes an uncertainty of cleaving
position. To overcome this issue we separated the laser into two sections to adjust the back
section current to obtain high SMSR. By changing the current of the back section and
keeping the front section current constant it is possible to tune the position of the
longitudinal mode to coincide with the relfection peak and hence to increase the SMSR. An
example of such tuning is shown in Fig. 6.7 for laser 2. It was found that when we keep front
current at 75 mA and give a current of 50 mA to the back section, the SMSR reached 54 dB

resulting in stable single mode operation.
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Fig. 6.7 Measured output spectrum versus back section current for the laser 2. The front section was biased at
75 mA and the back section 70 mA (left) and 50 mA (right), respectively.
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The same re-tuning was used with other lasers that exhibited mode hopping. Fig. 6.8
shows the measured spectrum for laser 9. The front section of the laser was kept at 75 mA

and the back section was set at 90 mA. The SMSR increased up to 57 dB.
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Fig. 6.8 Measured output spectrum versus back section current for the laser 9. The front section was biased at
75 mA and the back section 70 mA (left) and 90 mA (right), respectively.

By using the back section tuning demonstrated above the output spectra for all 10-
channels in the array is shown in Fig. 6.9. The total current of each laser was set at 130 mA
with SOA unbiased. From the figure stable single mode performance is observed with SMSR
more than 50 dB for all channels. The lasing wavelengths were 1537.18, 1540.02, 1542.69,
1545.76, 1548.95, 1551.93, 1555.18, 1558.04, 1560.43 and 1563.11 nm. The wavelengths
are shifted to the blue side of around 3 nm from the design. This might be due to fabrication
tolerances. As was mentioned above, the wavelength is dependent on slot period therefore,
fabrication inaccuracy may lead to wavelength shift. The channel spacing is different from
the design as well and among all 10-channels it is within the range from 2.39 nm to 3.25 nm.
This is due to the back section tuning which changed the position of some channels.
Considering a temperature tuning slope of about 0.1 nm/°C, a temperature change of 32.5°C
would be needed to make a wavelength tuning of 3.25 nm for each laser to cover the
channel spacing. This will allow the laser to work over a wide wavelength range

continuously.
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Fig. 6.9 Measured output spectrum for all 10 channels with a total drive current of 130 mA with SOA unbiased
at 20°C.

To check the wavelength tuning behaviour of the laser array we kept the driving current
as in the previous case at 130 mA with the SOA section unbiased. Then we changed the chip
temperature through changing the temperature of the laser using the TEC. Fig. 6.10 shows

the output spectra over a temperature range from 10 to 45°C with a step of 5°C.
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Fig. 6.10 Measured output spectra over the temperature range from 10 to 45°C.

The wavelength tuning characteristics of each laser in the array is shown in Fig. 6.11. The
slotted single mode laser array can cover a wavelength range of about 31 nm from 1535 to

1565.8 nm over a 42°C (3°C to 45°C) temperature range.
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Fig. 6.11 Wavelength tuning characteristics of 10-channel slotted laser array.

The measured SMSR of the laser array for all channels as a function of lasing wavelength
during the temperature tuning is shown in Fig. 6.12. An SMSR of more than 35 dB was

achieved for all channels.
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Fig. 6.12 The SMSR vs. wavelength for all channels.

The drop of the SMSR from 50 dB to 35 dB for the channels on the shorter wavelength
side is caused not by competition from the modes adjacent to the lasing mode but from the
mode which is one free spectral range (FSR) longer, where the FSR is determined by the slot
period to be about 40 nm as shown in Fig. 6.13. Fig. 6.13 shows the output spectrum for a
laser at 150 mA and it is clearly seen there is another mode at 1576 nm which is 40 nm away
from the lasing wavelength. To suppress these undesirable modes non-periodically spaced
slots should be used as was discussed in section 5.3.3. The laser array with different slot

periods will be discussed below in section 6.3.
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Fig. 6.13 The measured output spectrum of laser 1 at the short wavelength side of the array at 150 mA.

6.2.3. The linewidth

The linewidth of the laser array was measured using the method described in section 5.4.
The delayed self-heterodyne technique was used for measurements. First, the central
channel was measured, channel 6 which has a lasing wavelength around 1550 nm. The
cavity length is about 400 um. We repeated the measurements described in section 5.4.2,
the linewidth dependence on output power. Device 6 was driven by an ultra-low noise
current source from 50 to 150 mA at room temperature of 20°C. The SOA section was
unbiased. The linewidth dependence on injection current is shown in Fig. 6.14. The
behaviour is similar to what we observed in single mode lasers, the linewidth is inversely

proportional to the power.
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Fig. 6.14 The linewidth as a function of injection current for channel 6.

At high currents we see a slight increase in linewidth due to heat generation which
causes an increase in spontaneous emission hence the linewidth become broad. The lowest
linewidth of 1.4 MHz was obtained at 120 mA injection current.

Next, the linewidth of all channels of the laser array were measured according to the
measurements above. Each laser in the array was driven using the ultra-low noise current
source. Fig. 6.15 shows the linewidth versus current for all 10 channels. The cavity length of
each laser is around 400 um. The figure shows that all lasers have the same trend; the
linewidth becomes lower by injecting more carriers in the system. It is also clearly seen that
the lasers in the shorter wavelength have a higher linewidth. This is due to high mode

competition in that region caused by FSR which was demonstrated before.
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Fig. 6.15 The linewidth of 10-channel laser array vs. injection current.
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The linewdith for all 10 channels is between 1.5 and 3 MHz at high currents as shown in Fig.

6.16. In this figure the lasers are driven at current about 150 mA.
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Fig. 6.16 The linewidth for all channels at 150 mA of injection current at 20°C. SOA is unbiased.

6.3. 12-channel laser array

In Fig. 6.12 we saw the drop in the SMSR for lasers in the shorter wavelength range. This
was caused because of the mode which is one FSR longer, where the FSR of our grating is
about 40 nm. To suppress these reflection peaks further, we used three different slot
periods as we used for the laser integrated with an EA modulator discussed in section 5.3.3.
The slot periods for example, for the central channel 1550 nm (dev 6) are 8.51, 9.96 and

11.4 um. The microscope image of these slots is shown in Fig. 6.17.

Fig. 6.17 The microscope image of non-periodically spaced slots for device 6.
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For other channels the slot periods are those as shown in Table 6.1.

Devices Slot periods (um)
il 8.51 9.84 114
2 8.51 9.86 114
3 8.51 9.9 114
4 8.51 9:92 11.4
5 8:511 9.94 114
6 8551 9.96 11.4
v 8151 9.98 114
8 sl 10 114
9 8.51 10.02 114
10 8.51 10.04 114
11 851 10.06 114
12 851! 10.08 11.4

Table 6.1 Three different slot periods for different devices in the 12-channel laser array.

It was mentioned above that our goal is to cover the full C-band which is 35 nm of
wavelength tuning. The 10-channel laser array achieved a range of 31 nm and so we added
an additional two channels to extend the tuning range. Overall the laser structure is the
same as it was for the 10-channel laser array. The fabrication steps are similar to those
discussed in section 5.2.2. Each laser in the array consists of laser section and integrated
SOA section. The cavity length of each laser is around 400 um. The wavelength tuning range
is extended as we expected as shown in Fig. 6.18. Each laser in the array was set at 100 mA
and the temperature of the chip was changed to obtain wavelength tuning. It can be seen
that a wavelength quasi-continuous tuning range of about 36 nm is obtained over the 35
degree temperature range. The tuning range covers the wavelength from 1532 to 1568 nm.

The total output spectrum is shown in Fig. 6.19.
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Fig. 6.18 The quasi-continuous wavelength tuning of 12-channel slotted laser array at driving current of 100
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Fig. 6.19 The measured output spectrum of all 96 channels.

The SMSR for all channels during temperature change remains more than 50 dB as shown
in Fig. 6.20. It is clearly seen that an improvement in SMSR in comparison with the 10-
channel laser array has occurred. Non-periodically spaced slots indeed suppress the
undesirable modes caused by the FSR period and the SMSR for lasers at the shorter

wavelength is increased.
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Fig. 6.20 Measured SMSR vs. wavelength for all 96 channels.

The measured L — I curve shows the threshold current to be from 25 to 31 mA for all
lasers at room temperature. The slope efficiency is around 0.06 mW/mA. This is shown in
Fig. 6.21. The threshold current is higher and the slope efficiency is much lower than in
previous run of lasers, however this is due to a fabrication process problem. The wafer has
been damaged during the thinning process. We have calculated the waveguide loss using
FSE method described in previous chapters. The estimated loss was 28 cm™* which is higher

than our previous run where the waveguide loss was 22 cm?
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Fig. 6.21 Measured light-current (L — I) curve of 12-channel laser array.
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6.3.1. The linewidth characterization

The linewidth of the laser array with non-periodically spaced slots is similar to the laser
with the equally spaced slots. The linewidth remains around 3 MHz for all channels at high

currents as shown in Fig. 6.22. These lasers have cavity length of around 400 pm.
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Fig. 6.22 The linewidth as a function of injected current for a laser array with different slot periods with cavity
length of 400 um.

In this run we characterized lasers with a longer cavity length, e.g. 700 um and 1000 um
to see how the linewidth might be improved. The lasers with different cavity length are
shown in Fig. 6.23. We kept the length of the slotted region the same and extended only the

non-slotted part.

Slotted laser SOA Slotted laser length

400pm

700pum

1000pm

Fig. 6.23 The microscope image of individual lasers with different cavity lengths of 400, 700 and 1000 um.

121



First, the 700 um laser array was characterized. The threshold current for all lasers is

around 30 mA as shown in Fig. 6.24.
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Fig. 6.24 Measured light-current (L — I) curve for a 12-channel laser array with cavity length of 700 um at
room temperature under CW condition.

The SMSR for all lasers is around 45 dB which is bit lower than in 400 um lasers because
in the longer lasers the mode spacing is smaller than in shorter lasers and hence the
adjacent modes are positioned closer to the lasing peak. This means that the adjacent
modes will rise with the main lasing wavelength, resulting in mode competition and hence
lower SMSR as shown in Fig. 6.25. The front and back sections of the lasers were connected
and biased together with a total current of 100 mA. The mode spacing for the laser with 700
um cavity length is 0.61 nm. All lasers show stable single mode operation during
temperature tuning. The wavelength tuning of 37 nm was obtained over a temperature

range from 10 to 45°C.
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Fig. 6.25 Measured SMSR vs. wavelength for the 12-channel laser array with a cavity length of 700 um.

We measured the linewidth for 700 um as a function of the laser diode current. The
current is given through the low noise current source. The SOA section is unbiased and the
temperature of the chip was set to 20°C. Fig. 6.26 shows the linewidth as a function of
injection current for 700 um and 400 um lasers in the same graph. As was mentioned and
demonstrated in the previous chapter, as the cavity length increases, the linewidth
decreases. The linewidth for 700 um laser is around 700 kHz for all 12 channels at 190 mA
injection current. It is also seen that periodic change in linewidth in the longer lasers is
smaller in comparison with shorter lasers. This can be explained due to external feedback
from the end of the SOA section. Although, the SOA section is angled to 7° from the normal
of the facet, there is still some fraction of light that will be reflected back to the cavity and
influence the linewidth variation. The external feedback influence on linewidth variation has
been reported for DFB laser arrays [19], [20]. It has been demonstrated that the external
feedback is inversely proportional to the laser cavity length [19]. Therefore, longer lasers
decrease the linewidth variation. Fig. 6.27 shows the summary linewidth for all channels at

high currents (around 180 mA) for lasers with effective cavity length of 400 um and 700 pm.
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Fig. 6.26 Measured linewidth as a function of injection current for laser arrays with cavity length of 400 pm
and 700 pm.
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Fig. 6.27 The measured linewidth for different channels of laser array at 190 mA for lasers with effective cavity
length of 400 um and 700 um.

It was mentioned above the lasers with longer cavity length have adjacent modes closer
to the lasing mode and hence this will affect the SMSR. The laser array with cavity length of
1000 pum has an SMSR for all channels of around 40 dB as shown in Fig. 6.28. The mode
spacing in 1000 um lasers is now just 0.39 nm. The linewidth for all channels is less than 500

kHz at 190 mA as demonstrated in Fig. 6.29. The tuning range is around 36 nm over 30°C of

temperature tuning.
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Fig. 6.28 Measured SMSR as a function of wavelength for laser array with cavity length of 1000 pm.
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Fig. 6.29 Measured linewidth as a function of injection current for laser arrays with cavity length of 1000 pm.

Considering the results presented above Fig. 6.30 and Fig. 6.31 show the comparison in
SMSR and linewidth of all three different cavity lengths. Fig. 6.30 clearly shows that the
SMSR is lower as cavity length gets longer. So for lasers with 400 um cavity length the SMSR
is more than 50 dB, for 700 um the SMSR is around 45 dB and for 1000 um the SMSR is
around 40 dB. In case of the linewidth the situation is reversed. The linewidth gets narrower
with the cavity length as shown in Fig. 6.31 and reaches a value below 500 kHz for 1000 um
lasers. However, there are some negative sides of long lasers. A very long laser cavity will
result in high laser threshold current and low SMSR. Therefore, there is a trade-off between
reducing the linewidth and keeping low threshold current with high enough SMSR. In

section 5.4.2 we have shown the linewidth variation for different slot widths. The overall
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trend was the same for different slot widths but the values were different. We are now
studying how the slot parameters along with the cavity length will affect the linewidth. In
particularly, how the slot depth will change the linewidth. We have already demonstrated a
model that characterizes the linewidth as a function of slot depth [21]. For an ideal case, a
laser cavity length must be 1.5 mm long. The linewidth of the laser decreases nonlinearly as
the slot depth increases due to increase in reflection coefficient and reaches a value below
400 kHz. We believe that by optimizing the slot parameters in terms of width and depth, we

can design the slotted laser with a predetermined narrow linewidth.
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Fig. 6.30 Measured SMSR as a function of wavelength for different cavity lengths, e.g. 400 um, 700 pm and
1000 um.
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Fig. 6.31 Measured linewidth for different channels of the laser array at 190 mA for lasers with cavity length of
400 pm, 700 pm and 1000 pm.

6.4. Thermal crosstalk

The high-speed and high-accuracy wavelength switching of tunable lasers are important
features in DWDM systems. High-speed wavelength switching is achieved in SGDBR lasers
and super structure grating (SSG) DBR lasers where wavelength tuning can be obtained by
current injection [1] [22]. However, such lasers suffer from undesirable slow frequency shift
caused by thermal drift which resulted from heating due to the current injection. On the
other hand, stable wavelength tuning with high accuracy can be obtained in tunable laser
arrays without any mode hopping although the switching is now being dominated by
thermal effects. Nevertheless, in a closely spaced laser array thermal crosstalk between the
lasers can still be an issue. Generally, the output wavelength of a selected laser in the laser
array is not affected by the neighboring laser since in general one laser operates at a time.
However, once another laser is activated, the heat generated by the adjacent laser will drift
to the selected laser and hence will de-tune the laser. This effect is also called localized

heating impact. In terms of packaging and size of the chip, the lasers in the laser array
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should be spaced close to each other, thus localized heating impact will be higher. In the
present array, our devices are very far apart (310 um). With the localized heating impact
there is an issue with thermal properties of the material. It is well known that poor thermal
management can lead to low laser efficiency. Poor heat dissipation at high currents will
result in low output power and poor laser performance. According to this the thermal
properties of materials should be investigated and managed. The thermal conductivity of
InP material is not high as compared to Si [23]. Hence the thermal resistance in InP materials
will be higher which will prevent efficient heat dissipation. So in this section we will discuss
the thermal properties of our InP-based tunable laser array. First, the overall the
temperature characteristics will be given. Then the effect of localized heating impact or
thermal crosstalk and the last test will be the increase in the active region temperature as a
function of input power, or the thermal impedance.

The first step in thermal characterization of the laser array is to measure the overall

characteristic temperature. The characteristic temperature can be described through (6.2),

I =ie e (6.2)

where T is the laser temperature and T, is the characteristic temperature. It is seen that the
threshold current of the laser will increase exponentially with the temperature. To define T,
we measured the L — I curve at different temperatures. We chose the central channel in
the 10-channel laser array, device 5. The temperature was changed between 15 to 65°C
using the TEC. Fig. 6.32 shows L — I curve at different temperatures. The threshold current
at 15°C and 65°C is around 16 mA and 33 mA, respectively. According to this measurements
and equation (6.2), we found T, to be around 69.4 K. In [24], it is stated that for good near-
infrared (-850 um) GaAs/AlGaAs DH lasers, the observed T, is around 120 K. For quantum-
well GaAs/AlGaAs the values are between 150 and 180 K. And for 1.33-1.55 um InGaAsP/InP
lasers Ty is around 50 to 70 K. Such low T, is explained due to Auger recombination and
current leakage [24]. Thereby, the characteristic temperature of our lasers is quite good
even though, we have used standard commercial wafer without any optimization in terms

of thermal aspect. Table 6.2 shows the thermal conductivity for each layer of our wafer.
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Fig. 6.32 Measured L — I curve for device 5 at temperatures between 15 to 65°C.

Thermal . :
Material Conductivity Sp‘j]c/'ﬁc l}(Ieat Thicknexs
InGaAs 5 300 0.2
InGaAs0.62P 6.735 300 0.05
InGaAs0.33P 23.2025 300 0.02
InP 68 310 0.8 (N); 1.65 (P)
P-Contact-Metal 208.34 178.24 0.425
N-Contact-Metal 317 129 0.675
Si02 4 1.4 1000 0.3
Solder 20 2180 10
AIN 175 600 620
MQW 5 380 0.34

Table 6.2 Thermal specifications of the standard commercial IQE wafer.

The second step in thermal characterization is the thermal crosstalk effect. The thermal
crosstalk between the devices is measured by measuring the change in characteristics of
particular device with change in current through the neighboring devices. In our case we
chose device 5 as the particular device and changed the current in neighboring lasers. The
light from device 5 was collected through a lensed fiber and the spectrum was recorded

using an OSA. The schematic view of the 10-channel laser array is again shown in Fig. 6.33.
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Fig. 6.33 3-D schematic structure of slotted 10-channel laser array.

Fig. 6.34 shows the change in output spectrum of device 5 as the current in device 4
varied. The lasing peak of device 5 is at 1546.89 nm and the current in device 4 was varied
from 0 to 100 mA with step of 20 mA. The chip temperature was set at 20°C. It is clearly
seen that when neighbouring laser is turned “on” the wavelength of device 5 is red shifted
due to the heat generation. There is no thermal or electrical isolation between the lasers
therefore the heat from the neighboring lasers will drift to device 5 and shift the wavelength
peak to the longer side. So when device 4 is set at 100 mA the wavelength of device 5 is red

shifted by 0.43 nm along with a slight decrease in the SMSR.
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Fig. 6.34 Measured output spectrum of device 5 with the effect of neighbouring device 4.

The next step was to see how other neighboring lasers will affect device 5. The distance

between the devices is around 310 um as depicted in Fig. 6.35.
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310um s b

Fig. 6.35 The microscope image (top view) of three devices.

In Table 6.3 the distances of different devices from device 5 is shown.

Device Distance (um)
il 1240

930

620

310

310

620

930

1240

10 1560

OO |IN|O[H|WIN

Table 6.3 Distances of neighboring lasers from device 5.

According to Table 6.3 the closest lasers to device 5 should have a bigger thermal
crosstalk effect in comparison with the devices which are far away. We measured how other
devices affect device 5 when they are turned on. The wavelength shift of device 5 is shown
in Fig. 6.36. The x axis represents different channels with specific wavelength. The y axis
represents wavelength peak change of device 5. So when device 1 (4, = 1536 nm) is
turned on (driven at 100 mA), the wavelength peak of device 5 is shifted by 0.3 nm. As
mentioned above the lasing peak of device 5 is at 1546.89 nm hence the lasing peak of

device 5 is 1547.19 nm when device 1 is turned on. It can be seen from the figure that the

131



closest lasers have the greater impact on device 5, so device 4 and device 6 produce a
wavelength shift of 0.43 nm. This might be due to different thermal properties along the
laser array. However when the lasers in the end such as device 9 and 10 are on the
wavelength shift increased even though they are placed far away from device 5. This effect
has been observed in [25], [26] and might be because of the temperature rise in the heat
sink. How it was mentioned above we used copper heat sink. In [25] authors calculated the
thermal crosstalk neglecting the heat sink temperature and found that the thermal crosstalk
is negligibly small for distant lasers. They demonstrated that the heat sink with higher
thermal conductivity, in their case a diamond heat sink (20 W/(cm °C)) will reduce the

thermal crosstalk to about 1/3 in comparison with silicon heat sink (1.5 W/(cm °C)).
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Fig. 6.36 Thermal crosstalk effect of neighbouring lasers to device 5.

The temperature rise in device 5 has also been measured as a function of dissipated
electrical power of neighboring devices. The temperature rise is calculated by measuring the
wavelength shift and then determining the corresponding temperature rise from the slope
which is shown in Fig. 6.37. The tuning scope is about 0.11 nm/°C, a standard value for

telecommunication semiconductor lasers.
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Fig. 6.37 Wavelength dependence on chip temperature of device 5.

According to Figs. 6.36 and 6.37 we measured the temperature rise in device 5 with
changing injection current in neighboring lasers which is shown in Fig. 6.38 (left) and (right).
Fig. 6.38 (left) shows the temperature rise in device 5 when the lasers from 1 to 4 are turned
on, Fig. 6.38 (right) shows when the lasers from 6 to 10 are turned on. From the figures it is
seen that at high currents the temperature in device 5 rises from 4 to 8°C according to

which neighboring laser is turned on.
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Fig. 6.38 Temperature rise in device 5 vs. Injection current in neighboring lasers: (Left) from device 1 to device
4. (Right) From device 6 to device 10.

The last step in thermal characterization of the slotted laser array is the thermal

impedance. The thermal impedance is a parameter which evaluates the temperature rise in

the active region as a function of dissipating electrical power. In InP-based lasers, the heat
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generated in the active region tends to remain there due to the high thermal impedance.

The temperature rise in [24] is given as

i e (6.3)
where Z; is the thermal impedance and Pj, is the dissipated power which can be found by
Eoe=il . —k, (6.4)
where P;,, is the electrical power supplied to the laser and can be expressed as
P, = ’R, + IV, + IV.. (6.5)
P, is the optical power out of the laser and expressed as

Am

)hﬁ(l Itn) (6.6)
(a;) + ap/ q i '

By = 0y (
The details of derivation of (6.5) and (6.6) can be found in [24].

To measure the thermal impedance of our lasers we used a combination of two
experiments which are described in [27]. The first experiment was used to estimate the
wavelength shift of the laser as a function of active region temperature or the chip
temperature in our case dA/dT. The lasers were driven using a pulsed current source to
ensure that there is no parasitic heating from the power dissipation. In the second
experiment was performed a continuous wave (CW) source to measure the wavelength shift
dependence on applied electrical power dA/dP. The thermal impedance is the ratio of

measured dA/dT and dA/dP as shown in (6.7) and it is similar to (6.3)

_ dA/dP

= —_— 6.7
ST ik

In the first experiment for measurement of the wavelength shift of the laser as a function
of temperature we used pulsed current source to drive the laser. The pulse width set to be 1
us, the duty cycle is 0.1% and the current set at 100 mA. The temperature of the chip was

varied from 17 to 25°C with the step of 2°C and we recorded the shift in the wavelength
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using OSA. The resolution of the OSA was set at 0.06 nm with sensitivity of -75 dBm. In Fig.
6.39 the wavelength shift as a function of chip temperature for device 5 is shown. The

behavior is linear with tuning scope of 0.094 nm/°C.
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Fig. 6.39. Wavelength shift of slotted laser as a function of chip temperature under pulsed condition for device
S

For the second experiment to measure the wavelength shift as a function of dissipated
electrical power we used a continuous wave (CW) condition at a room temperature of 20°C.
We set the chip temperature at constant 20°C and supplied current to the laser using a
standard current source, in our case we used a Keithley 2400-C source meter. We recorded
again the wavelength shift of the lasing peak but this time as a function of applied electrical
power. Fig. 6.40 shows the wavelength dependence on input power. The tuning scope is

7.069 nm/W as shown in Fig. 6.40. Thus we found dA/dP = 7.069 nm/W.
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Fig. 6.40 Wavelength shift as a function of dissipated electrical power under CW condition.
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Combining the results measured above we extracted the thermal impedance of device 5
to be Z; = 74.8°C/W. We applied these measurements to the rest of lasers. Table 6.4
shows the thermal impedance for all devices in the laser array except for device 6 which was
damaged during the experiments. From Table 6.4 it is clear that the thermal impedance for
all lasers is uniform and it remains around 75°C/W. For comparison, the thermal impedance

of a FP laser on the same sub-mount is 89.1 °C/W.

Device Thermal impedance (Zr)
(/W)
74.6
76.4
79
76.4
74.8
68.9
7257
78.3
77:5

(O |IN[OD|N[H|W|IN|F

=
o

Table 6.4 Thermal impedance for various devices in the 10-channel laser array.

It is obvious that the thermal impedance is quite high for our lasers. This will degrade the
laser performance due to bad heat dissipation. Therefore, the laser structure and material
structure must be optimized to efficiently extract the generated heat. Generally, the heat in
typical laser structures is dissipated via p-side cladding layer. Thereby, the thermal
resistance (conductivity) of the p-cladding layer should be low (high). It is well known that
the thermal conductivity of aluminum containing materials is higher than phosphide
containing materials. In [28], the thermal conductivity of AlGaAs material is calculated to be
22 W/m-K while for our materials according to Table 6.2, the thermal conductivity is around
6 W/m-K. In addition, the linewidth enhancement factor for Al containing materials is lower
than P system [29]. Therefore, the material structure should be optimized. Another way of
extracting the heat from the upper p-side part of the laser is to increase the thickness of the
top metallization part. Essentially, it is the simplest way. It has been reported that by making
it thicker, the thermal resistance can be reduced by ~21% and for very thick layers such as

3-um and 5-pum, the thermal resistance reduced by ~24% [30].

136



It has been also reported that the thermal resistance is dependent on cavity length. By
making the cavity longer, it is possible to reduce the thermal resistance because the heat
dissipates well in large areas [31], [32]. In [31], researchers proposed another way of
extracting the heat. The idea is to mount a thermally conductive heat-bypass structure, in
their case they used heat-pass-wire over the laser chip and connected it with submount. So
the heat from the top of the laser chip will spread through this bypass structure into the

submount. They demonstrated the reduction in thermal resistance by ~50%.

6.5. Conclusion

We have developed wavelength tunable slotted single mode laser arrays for WDM and
coherent communication systems. Two types of slotted laser arrays were presented in this
chapter. First, a 10-channel laser array with periodically spaced slots was demonstrated.
Wavelength tuning of 31 nm was achieved with SMSR more than 35 dB for all channels. We
observed a drop in the SMSR which was due to the modes which are one free spectral range
away from the gain peak. To suppress these modes the new design was developed using
non-periodically spaced slots. In the new design we implemented three different slot
periods in the laser structure to suppress these undesirable modes. From the experiments it
was found that the SMSR was improved much and remained more than 50 dB for all
channels. Also, in the new design two more additional channels were added to the laser
array to increase the wavelength tunability. The wavelength tuning of 36 nm was obtained
which means that the slotted laser array covers the full C-band.

The spectral linewidth of both types of laser arrays were investigated. The experiments
show that the linewidth varies between 2 and 4 MHz for short cavity lasers. The broad
spectral linewidth has negative consequences in coherent communication systems.
Therefore, the long cavity length laser arrays were fabricated to improve the linewidth. The
laser array with cavity length of 1 mm approached a value below 500 kHz for all channels.
This makes these lasers suitable for coherent communication systems. Also, it was observed
that the long cavity lasers are less sensitive to the linewidth variation due to the effect of

external feedback.
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The thermal properties have also been investigated. As was seen from the experiments
the localized heating impact will affect the laser wavelength and shift it to the longer
wavelengths. This might be an important issue in optical communications where the main
requirement is the stable single mode operation and emission at exact same wavelength as
specified by ITU-T standards. Also from the thermal analysis we have estimated the thermal
impedance of our lasers which is around 75 °C/W for all lasers in the array. This value is
higher than for example Al containing materials. Therefore, the material and laser structure

should be optimized in terms of thermal aspects as was discussed above.
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Chapter 7 - Conclusion and outlook

7.1. Conclusion

A novel single-mode laser diode based on high order gratings (slots) suitable for
monolithic integration has been presented. The laser platform exhibits simple fabrication
process and operates with high SMSR and narrow linewidth making it suitable for coherent
communications and WDM systems.

The single mode operation is achieved by etching distributed slots into the ridge of the
laser diode. Therefore, there is no need to grow additional material as in case of DFB and
DBR lasers. The slot parameters were optimized using the scattering matrix method. From
the simulations the optimized slots parameters predicted a low threshold current and high
SMSR. The first run of fabricated devices exhibit a threshold current of around 30 mA and a
slope efficiency of 0.11 mW/mA. The SMSR was around 50 dB and the temperature tuning
was over 4 nm in a 40°C of temperature change without mode hopping and high SMSR.
However, the threshold current and the slope efficiency are lower than commercially
available devices. To improve these parameters, AR and HR coatings were applied
decreasing the threshold current to 19 mA and increasing the slope efficiency up to 0.17
mW/mA. But these values are still lower than, for instance, standard DFB lasers. The reason
is the relatively high loss from the high order gratings (37"). The high order gratings have
advantages in terms of easy fabrication but with the sacrifice of slope efficiency and
threshold current. In addition, some fabrication issues discussed in Chapter 5 were the
reason of high loss. Further work will be in trying to reduce the losses from the slots and

therefore design optimization is needed. In terms of fabrication tolerances, we believe that
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by using a proper etching stop layer we can control the depth of the slots and probably it
will improve the performance further.

We have demonstrated that these lasers can be monolithically integrated with other
photonic components on the same chip. First, a laser was integrated with an SOA resulting
in output power of more than 45 mW which is quite a high value. Next the laser was
integrated with an EA modulator using an identical active layer (IAL) method where the laser
and EA modulator have the same quantum well structure. For this design we changed the
slot parameters and we introduced the concept of non-periodically spaced slots. In this
design we used three different slot periods to suppress the undesirable side modes and shift
the laser wavelength to the longer wavelength. From the experiments we obtained 20 nm of
positive wavelength shift from the gain peak with SMSR more than 50 dB. An extinction
ratio of 10 dB was achieved when the modulator was biased at -2.2 V. The extinction ratio is
also lower than commercial devices and it should be improved in future.

The linewidth was measured using the delayed self-heterodyne method. The intrinsic
linewidth has been measured to be around 2-4 MHz for short cavity lasers and it follows a
1/P trend. As was expected for longer lasers, the linewidth is lower. The linewidth remains
the same with the temperature change but gets broader when the temperature is very high.
This is due to increased heat generation and poor heat dissipation which leads to increased
spontaneous emission. We also have checked how slot parameters will affect to the
linewidth. Different slot widths were chosen to do this. Overall the 1/P trend was the same
for all lasers but the linewidth varies between 1.5 and 3 MHz. However, we need to have a
large set of lasers with different slot width and depth so we can obtain clear picture of the
affect on linewidth.

In Chapter 6 we presented a tunable laser array based on slotted single mode lasers. We
have developed two types of laser arrays. First was a 10-channel laser array with tuning
range of around 31 nm. We have demonstrated that all channels exhibit single mode
operation with SMSR more than 35 dB. All 10 lasers in the array have a threshold current
between 19 and 21 mA. The linewidth remains around 2-4 MHz as for a single slotted laser.
Then to increase the tuning range we presented a 12-channel laser array. For this array the
tuning range covered the whole C-band and exceeded 35 nm. To increase the SMSR in the
blue regions we introduced non-periodically spaced slots as we did for the slotted laser

integrated with an EA modulator to suppress undesirable modes. As was expected, the
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SMSR improved and remained around 50 dB for all channels. The linewidth of non-
periodically spaced slotted laser array was the same as for the normal slotted laser array
and measured to be around 2-4 MHz. We have measured 700 um and 1000 um lasers to see
how the linewidth will improve. For 1000 um lasers we achieved the linewidth below 500
kHz which is the main requirements in coherent communication systems.

The last characterization was the thermal characterization of slotted laser arrays. It has
been found that the thermal crosstalk is a serious issue in our lasers. We have measured
that the activated neighboring lasers will change the wavelength of operated laser. The
closest located laser will change the wavelength of operating laser to more than 0.4 nm
which corresponds to 4°C of temperature rise. The thermal impedance for all slotted lasers
is uniform and around 75°C/W which is high value. This might be the main reason for poor
heat dissipation in the system. Therefore, the material design should be optimized to
improve thermal characteristics.

Overall, we presented slotted single mode lasers and slotted laser arrays with simple
fabrication and potential to use standard photolithography which will reduce the cost and
time. Hence, we believe that these lasers are potential candidates as a light source in

coherent communication and WDM systems.

7.2. Outlook

The demonstrated 12-channel laser array almost meets the requirements for coherent
optical communication systems. The next step in these lasers will be to integrate all lasers in
the array with a multiplexer to send all channels into one fiber. For this purpose, a multi-
mode interference (MMI) coupler may be used. The MMI couplers are very compact
photonic components and can be easily designed. The schematic design of such structure is
shown in Fig. 7.1. This was designed by our former post doc Dr. Qiaoyin Lu.

The structure in Fig. 7.1 consists of three parts: a slotted laser array part, a coupler part
with passive waveguides and MMI coupler to combine all wavelengths, and a curved

semiconductor optical amplifier (SOA) section.
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Fig. 7.1 Schematic structure of 12-channel laser array integrated with multi-mode interference coupler (MMI).
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