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Abstract

This dissertation addressed the design, fabrication and characterization of
semiconductor lasers having circular geometry. The electron beam (EB) writing
system with special pattern generator (SPG), designed for writing arbitrarily curved
lines was used to define the circular geometries of the lasers.

Chapter 2 reported the design, fabrication and characterization of circular-
grating-coupled surface emitting lasers (CGCSELSs) with focusing function. Circular
distributed Bragg reflector (DBR) and circular grating coupler (GC) were designed
by using the coupled mode theory. Third order DBR was employed for its easier
fabrication. DBR was designed for Bragg wavelength of 980 nm close to the gain
peak of InGaAs quantum-well was. Distance of the grating surface from the QW
active layer, groove depth and duty ratio of the DBR grating were optimized to
obtain a large coupling coefficient with minimized total radiation decay factor. First-
order chirped GC was designed for focusing the emitted light at a distance of 3.0
mm above the laser surface. Circular gratings were fabricated by EB lithography
employing smooth circular scanning of e-beam and two step reactive ion etching
(RIE). Single mode lasing was accomplished under pulse operation. Focusing of the
surface emitted light was confirmed from the emission patterns.

Chapter 3 discussed the theoretical analysis and design considerations of a
novel and simple all-active circular ring / Fabry-Perot (RFP) composite cavity laser.
The lasing condition was derived by equating the complex round trip gain between
the facet mirrors of the RFP laser to unity. Considering the mode frequencies of the
ring and FP cavities, it was shown that the RFP laser can realize quasi single mode
lasing with a side-mode suppression ratio (SMSR) higher than that of an ordinary FP
laser. It was also discussed that two-wavelength lasing with nearly equal output
powers can be accomplished in a RFP laser by controlling the currents injection to
the ring and FP sections independently. Design parameters of the RFP laser were
estimated by effective index method, finite element method (FEM), and beam
propagation method (BPM) simulation.

Chapter 4 reported the fabrication and characterization of a simple all-active
RFP composite cavity semiconductor laser. The laser having a ring radius of 400 um
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and an FP cavity length of 950 um was fabricated using a GaAsP tensile strained
single-quantum-well (SQW) in a separate confinement heterostructure (SCH). The
RFP laser was fabricated by EB lithography and RIE processes. Lasing was
accomplished under continuous wave (CW) operation. Threshold current was 140
mA and an output power of 12 mW was obtained at an injection current of 250 mA.
Stable single-longitudinal-mode operation with an SMSR higher than 25 dB was
achieved. The shift of the lasing wavelength was explained by considering the
temperature coefficient of the bandgap energy of the QW.

Chapter 5 reported the fabrication and demonstration of two-wavelength lasing
of a RFP laser fabricated with two electrodes. Two separate p-electrodes were used
to control the injection currents to the ring and straight sections independently. The
ring radius and the FP cavity length were 395 um and 1090 um, respectively.
Currents were injected into the ring and straight waveguide sections by using two
probes and two independent current sources. Two-wavelength lasing of almost equal
power with 3.3~7.5 mW total output power under CW operation was accomplished
by keeping the current injected into the FP section at a constant value and fine
controlling the current injected into the ring section. Discrete sets of wavelength
separations in 1.0~4.3 nm in the 800 nm band were obtained.

For the first time, | fabricated the stitching error free CGCSELSs by using the
unique technique of EB writing with circular scanning of e-beam. This unique
fabrication technique would further accelerate the research on this type of lasers.
Single mode lasing of a novel RFP composite cavity laser was accomplished under
CW operation at room temperature. Simple fabrication process is one of the key
advantages of this laser. | also demonstrated the two-wavelength lasing with almost
equal powers from a single RFP laser for the first time. This laser could be
promising candidate as a source for THz wave generation by photomixing process.
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Chapter 1

Introduction

1.1 Background

Since the first demonstration of semiconductor laser in 1962 [1], in present days it
becomes an integral part of our lives. Laser diodes are used in optical
communications, optical memories, laser printers, bar-code readers, measurement
technology, medicine, industrial manufacturing and entertainment. In
communications they supply the light that propagates in the fiber optical networks
that have made the information technology revolution possible. Lasers are probably
the only viable solution to the problem of connecting tomorrows high-speed
computer boards together via optical interconnects. In medicine they help to
diagnose and treat disease, analyze biological samples with high precision and low
damage to tissue. In fabrication, lasers cut everything from fabrics to metals and
measure various things. In entertainment, lasers supply the light that reads and
writes the information on the discs that distribute movies, music, games and more
(DVDs, CDs, mini discs, and game discs). The examples are increasingly numerous
and ever in new and unexpected fields.

Semiconductor lasers of various geometric structures such as Fabry-Perot (FP),
distributed feed-back (DFB), distributed Bragg reflector (DBR) and vertical cavity

surface emitting lasers (VCSEL) are already commercially available for many
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applications. Lasers of circular geometry received growing interest for their potential
as very compact coherent light source [2], high power surface emission, beam
shaping function, and monolithically integrated photonic circuits, many potential
advantages for applications including laser display, printers, optical interconnects,
sensing and THz wave generation.

Although the circular-grating structure is an unusual scheme for edge-emitting
lasers, it has potential advantages for the realization of surface emitting lasers. The
output beam emitting from a large circular aperture is an important feature which is
not present in conventional straight-grating surface-emitting lasers. This feature can
be used effectively in two-dimensional planar arrays. The output beam with a
circular cross section also allows efficient coupling to the fiber. The idea of using
curved-line grating as reflectors and resonators in integrated optics was first
proposed by Tien [3]. Kerner et al. [4] were the first to investigate the coupling
between the guided waves in a circular grating. The quality factor of circular grating
resonators was discussed by Zheng and Lacroix [5] through development of coupled
mode equations. Wu et al. [6], [7] developed a self-consistent coupled-wave theory
for circular gratings and discussed the cross coupling between TE and TM waves.
The analytical approach of Toda [8] potential for disk-shaped DFB lasers were
brought to the attention of some of the research groups in different countries.
Erdogan and Hall [9],[10] were the first to analyze the near-threshold behavior of a
circularly symmetric first-order DFB laser. This theoretical work further stimulated
the interest in these structures. Makino and Wu [11], [12] also reported the threshold
gain and threshold current analysis of the first order circular grating DFB and DBR
laser.

The first practical demonstration of an optically-pumped surface emitting DFB
lasers with circular grating were presented by Wu et al. [13]. The 1.283um double
heterostructure GalnAsP/InP laser was tested under pulsed conditions at room
temperature. Only a short time later, Erdogan et al. [14], [15] reported the
observation of a 0.8175um low divergence circularly symmetric surface emission
from an AlGaAs/GaAs quantum well semiconductor laser. The laser was tested

under pulsed conditions while mounted on a heat sink held at ~ 77 K. Wu et al. [16],
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[17] succeeded in presenting the lasing characteristics of the first 1.3um electrically
pumped circular-grating surface-emitting DBR laser at room temperature under
pulsed conditions. The reported threshold current and the output power were 170mA
and 10mW respectively. High power and low threshold current electrically-pumped
circular-grating surface emitting DBR laser was reported by Fallahi et al. [18]. The
InGaAs/GaAs strained single-quantum-well laser was tested under pulsed conditions
with a threshold current below 85mA and output power more than 20mW. They also
reported the CW operation of circular-grating DBR laser with the current as low as
26mA at the operating wavelength 0.98um [19]. A novel circular grating coupled
surface emitting laser (CGCSEL) with integrated focusing outcoupler was reported
by Kristjansson et al. [20]. They also investigated the effect of the errors in the near-
field phases on the quality of the focused spot [21], [22]. In recent years, Li et al.
[23], [24] reported about multimode behavior and static and dynamic modeling of
the circular grating DFB laser. Sun et al, [25] presented a unified theory for the
analysis of circular grating surface emitting DFB, disc type and ring type DBR laser.
New applications such as THz radiation [26], [27] and optical switches [28] have
also been demonstrated using circular grating structure.

The first circular ring laser was demonstrated by Matsumoto et al. [29] where
the ring did not have an output coupler so only scattered emission was observed.
After that, various cavity geometries were proposed and demonstrated, such as
circular [30], [31], racetrack [32], [33] and triangular [34], [35] cavities. A y-
junction output coupler was incorporated with ring shaped laser by Liao and Wang
[36], [37]. Krauss et al. [30], [38]-[40] reported the comparison between the coupler
configurations using y-junction, directional and multi-mode interference couplers.
Hohimer et al. carried out an extensive research in the field of semiconductor ring
laser and reported the single mode operation with high side mode suppression ration
(SMSR) [31], [41], [42] effect of the feedback from the cleaved output mirrors on
the operation and output power level [43]. Sorel et al. [44]-[46] measured and
investigated several operating regimes of the ring lasers including bidirectional,
alternate oscillations and unidirectionality. Moreover they established a model,

which predicted the various operating regimes. Several applications of the SRL such
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as ultra-fast all optical memory element [47], toggle flip-flop operation [48], and all
optical regeneration[49], were reported in recent years. Multiple wavelength
generation using monolithic integration of several semiconductor optical amplifiers
(SOAs) and an arrayed waveguide grating (AWG) in a ring configuration [50], [51]
also reported.

Single mode lasing of a Fabry-Perot (FP) laser coupled with two square shaped
passive ring resonators by MMI couplers was reported [52]. Output power of 30
mW with an SMSR higher than 40 dB was obtained. The most exciting results were
accomplished by Wu et al. [53]-[57] obtained from half wave coupled rectangular
ring-FP lasers. Wavelength switching of 35 channels with 100 GHz spacing
(wavelength ranges from 1549.4 nm to 1576.7 nm with SMSR up to 40.5 dB) [57]
was demonstrated by changing the injection currents on the two cascaded rings

synchronously.

1.2 Technological issues to the writing of circular
gratings

An important and difficult part in the fabrication of CGCSEL is the formation of
concentric circular gratings. Azimuthal variations in the duty ratio of the gratings in
the CGCSEL resonator can strongly affect the reflection coefficient and
consequently the lasing behavior [14]. This makes the electron beam (EB)
lithography definitions of the gratings very important. The combination of small
feature size (<100 nm) over large area (~500 pum) is very challenging, even for state-
of-the-art EB lithography.

Several groups of researchers have published important contributions to the
solution of this problem [14], [58]. A primary consideration in the problem of
writing curved line structures by EB lithography is the question of how best to
describe curved features with an X-Y (Cartesian) digital-to-analog converter (DAC)
pattern generator. King et al. [58] tried to solve this problem by using a fractured

polygon representation of curved line segments, as implemented on their JEOL
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Figure 1.1 (a) schematic representation of the extent of the writing fields (dotted lines)
along with the sectors of the gratings (solid lines) that are written within each writing
field. (b) Writing of entire grating patterns employing continuous circular scanning of
e-beam in ELS-3700S EB machine.

machine. A best fit of rectangles and triangles were made to the ideal arc segment.
This technique, however, leads to two unacceptable difficulties. The fabricated rings
had scalloped edges and, hence, local variations in linewidth. On the other hand,
very large amount of data generated using this scheme. The disk space required
grows with the square of the number of rings generated, and easily becomes
unwieldy.

Kristjansson et al. [20], [21], [59] defines the circular grating approximated by
many small vertical and horizontal lines in a Cartesian reference frame. This means
that the density of exposing points along a grating line varied with angle. Hence a
complicated dose correction technique must be used to improve the uniformity of
the grating linewidth. Another problem associated with the definition of the circular
gratings by horizontal or vertical lines was that it required high resolution over a
large area. This means that the gratings must be defined by using a high-resolution
mode, which for their machine limits the size of each writing field to 80 pm x 80 pm.

Hence, to define the entire gratings of a practical CGCSEL, it was necessary to
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move the stage that holds the sample many times, as shown in figure 1.1(a). This
introduces so called stitching errors. In their machine a laser interferometer was used
to control the stage movement accurately, but no matter how carefully this was done
there was always a certain degree of stitching errors. Because of the magnetic
hysteresis of the beam deflection coil and the lack of scan rotation setting, the
grating lines at the boundaries of two adjacent writing fields will never be matched
exactly.

To eliminate the difficulties of circular grating fabrication, the electron beam
(EB) writing system (Elionix ELS3700S) with special pattern generator (SPG),
designed for writing arbitrarily curved lines was used. This curved-line scanning
technique enabled the achievement of smooth writing of circular gratings as shown
in figure 1.1(b), in comparison with conventional systems using scanning with an
approximation of a circle by many short straight lines along X and Y directions
and/or stage shift as shown in figure 1.1(a). Details of the circular patterns writing
by smooth circular scanning of e-beam are discussed in the Appendix A.l. Since
each of the grating circles was written by a single scanning of e-beam without stage
shift, the stitching error problem was completely eliminated. This writing technique

was also used to write the ring waveguide patterns of the RFP lasers.

1.3 Objective

The first objective is to realize the CGCSEL which can focus the surface emitted
laser beam into a spot in the air. | designed the circular distributed Bragg reflector
(DBR) and circular grating coupler (GC) by using coupled mode theory. Using the
unique feature of the EB writing machine ELS-3700S installed in our laboratory as
discussed above, circular gratings with uniform duty ratio can be fabricated. The
grating patterns were written simply by continuous circular scanning of e-beam for
avoiding stitching error problems. Stitching error free circular grating with uniform
duty ratio would produce the azimuthally uniform lasing as well as better wavefront

of the converging output laser beam.
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The second objective is to design, fabricate and characterize a novel and simple
all active circular ring/FP (RFP) composite cavity semiconductor laser. The entire
waveguiding structure of this laser can be fabricated by a single etching step that
simplifies the fabrication process. Realization of single mode or two wavelength
lasing operation without using the complicated grating component and/or without
regrowth processes would make this laser very attractive for many applications. |
derived the lasing condition of the RFP laser by equating the complex round trip
gain, product of the square of the complex transmittance and the reflectivities of the
two facet mirrors, to unity. Analysis of the threshold gains of composite cavity mode,
pure ring mode and pure FP mode are presented. Selection of composite lasing mode,
possibilities of single mode and two-wavelength lasing operation are discussed using
the mode frequencies of the ring and FP cavities. Stable single-longitudinal-mode
lasing can be accomplished in a RFP laser fabricated with common p-electrode for
current injection. Finally, I have fabricated an RFP laser with two separate p-
electrodes for controlling the injection currents to the ring and FP sections
independently. Two-wavelength lasing of almost equal power under continuous
wave operation can be accomplished by keeping the current injection to FP section

at a constant value and fine controlling the current injection to the ring section.

1.4 Organization of the thesis

This work dealt with the design, fabrication and characterization of semiconductor
lasers having circular geometry. This thesis consists of six chapters and their layout
is as follow:

In chapter 2, design, fabrication and performances evaluation of InGaAs
quantum-well CGCSELs with focusing function are reported. Fabrication processes
for obtaining smooth and uniform circular gratings are discussed. Lasing
characteristics of the fabricated CGCSELs are measured. Focusing of the surface
emitted light is confirmed from the emission patterns on different planes above the

laser surface.
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In chapter 3, working principle, lasing condition and design considerations of
a novel RFP composite cavity laser are discussed._Details of the waveguide design,
bend loss calculation and tangential coupler design are also presented.

In chapter 4, fabrication and demonstration of single mode lasing of a GaAsP
RFP composite cavity semiconductor lasers are presented. Single mode lasing is
accomplished with an SMSR higher than that of an ordinary FP laser under
continuous wave (CW) operation. The shift of the lasing wavelength is explained by
considering the temperature coefficient the bandgap energy of the QW.

In chapter 5, accomplishment of two-wavelength lasing of a GaAsP RFP laser
is reported. Lasing of almost equal powers with total output 3.3~7.5 mW under CW
operation are achieved.

In chapter 6, the conclusions of this thesis together with a few directions for
possible future works related to CGCSEL and RFP composite cavity lasers are
presented.



Chapter 2

Circular Grating Coupled
Surface Emitting Lasers

2.1 Introduction

Circular-grating-coupled surface emitting lasers (CGCSELS) have many potential
advantages for applications, such as laser displays, printers and optical interconnects.
Single mode operation [60], output beam with circular symmetry [59], 2-D array
formation [61], and beam shaping functions [20]-[22] have already been reported.
Possibility of multispot generation by introducing phase shift modulation in the
grating coupler [62], [63] would make this device an attractive candidate for many
applications. An important and difficult part in the fabrication of CGCSELs is
the formation of concentric circular gratings. Most of the earlier CGCSELs used a
second-order distributed Bragg reflector (DBR) grating as an element for feedback
and out-coupling [18], [59], [60]. In this configuration, the reflectivity for feedback
and out-coupling efficiency cannot be optimized separately. CGCSELs having
monolithically integrated chirped grating coupler (GC) for out-coupling the guided
light and focusing into a spot in air were reported [20]-[22]. The circular gratings

were fabricated by repeating electron-beam (EB) writing of many small segments,
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and therefore the device involved the problems of wavefront distortions caused by
the stitching errors.

This chapter presents the design, fabrication and performances evaluation of an
InGaAs quantum-well CGCSEL. Circular distributed Bragg reflector (DBR) and
circular grating coupler (GC) are designed by using coupled mode theory.
Fabrication processes for obtaining smooth and uniform circular gratings are
discussed. Lasing characteristics of the fabricated CGCSEL are measured. Focusing
of the surface emitted light is confirmed from the emission patterns on different

planes above the laser surface.

2.2 Device design

Schematic diagram of the CGCSEL structure is shown in figure. 2.1. The laser
contains two concentric circular gratings surrounding a circular active region. The

inner grating is a DBR to provide optical feedback for lasing and the outer grating is

Output
. . —>
emission

Active regio

InGaAs SQW

Figure 2.1 Schematic diagram of the CGCSEL with a DBR grating and a focusing

grating coupler.
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Table 2.1 Material, thickness, and the refractive index of each of the layers of the

epitaxial structure used for designing the CGCSEL.

Laver Material Thickness Refractive
y [hm] | index at 980nm
Contact layer GaAs 200 3.523
A|0,55G&0_45AS—)
Upper buffer layer 50 GRIN
PP N y A|0,0563.0_95AS
Upper cladding layer | Alps5Gag4sAs 1200 3.189
Alg 25Gag 75AS—
U GRIN | 150 GRIN
i er Alg55Gag 45AS
Upper barrier layer GaAs 10 3.523
Quantum well layer Gap.galng.16AS 7 3.629
Lower barrier layer GaAs 10 3.523
Alg 55Gag45AS—
Lower GRIN layer 150 GRIN
W Y Alg25Gag 75AS
Lower cladding layer | Algs5Gag4sAS 1200 3.189
Alg 05Gag.9sAS—
Lower buffer layer 50 GRIN
y Alg55Gag 45AS
Substrate GaAs 3.523

a chirped GC which acts as an out-coupling element with focusing function. This
configuration is advantageous because the DBR and GC can be optimized
independently. When current is injected to the central circular active region, light
amplification takes place. The guided waves propagating radially outward couple
with inward propagating waves in the DBR grating, and as a result laser oscillation
starts. In the GC region, the outward propagating wave transmitted through the DBR
is coupled out to the wave converging into a focus in air. The epitaxial structure
used to design and fabricate the CGCSEL is a single-quantum-well (SQW) in graded

refractive index (GRIN) separate confinement heterostructure (SCH). Details of the
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epitaxial structure including the material compositions, layer thicknesses and the
refractive indices are shown in the table 2.1. The InGaAs/GaAs quantum-well
structure is compressively strained so that the gain for TE mode is larger than that of
TM mode. Therefore, the oscillation in TE modes is expected. It is known that, for
CGCSELs having circular symmetry, the lasing mode may be expressed as TEq
mode [59] with polarization parallel to the azimuthal direction and the electric field

amplitude of cos(m¢) azimuthal dependence.

2.2.1 Diffraction of light by waveguide gratings

Surface relief gratings are employed in this work. The exact position of the grating
plane will be determined later but usually the gratings are fabricated in the cladding
layer. Figure 2.2 (a) shows schematically the cross section of a typical waveguide
grating structure. A is the period of the grating. The grating structure is represented
by a grating vector K (|K| = K = 2mt/A) having a magnitude of 2mt/A and an
orientation along the direction of the period. When an optical wave represented by a
wave vector f propagates in this structure, spatial harmonic waves represented by
wave vectors f — gK (=1, 2, ...) are induced. If § — gK equals a wave vector of an

optical wave that can propagate in the medium, the incident wave couples with this

5
XA §
o
A fay S 4 g1
d ns na
» z
Grating vector
. K .
a T
Optical Mode n =2 = - [ — : _
P ub a @ =1 Backward wave Forward wave
(a) (b)

Figure 2.2 (a) Schematic representations of a waveguide grating and its possible
diffraction orders. (b) Wave vector diagram.
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wave. This is the Bragg diffraction of g-th order. When

B—qK=—-p (2.1)

holds, in particular, the incident wave of B couples with a backward wave of —f.
This is the Bragg reflection. For guided waves in a waveguide, the magnitude of the

wave vector is given by |B| = f = 2nN.¢/A, where 4 is the wavelength and N, ¢

is the effective refractive index. The wave vector diagram for g and K is shown in

figure 2.2(b), and the Bragg condition given by Eq. (2.1) can be written as

g=1 (2.2)

The above relation, called the phase matching condition, indicates that only an
optical wave with a wavelength 2 = 2AN,¢f/q is effectively reflected. Effective

reflection for a wave at wavelength A can be attained by using a grating period

A
2Nerr

A=gq (2.3)

When the grating period satisfies a certain condition (if 8 — qK equals to the z-
component of the wave vector of radiation mode into air and/or substrate), coupling
between the guided mode and radiation mode may takes place. The angles of the
diffracted light relative to the surface normal (6, and 8, ,;) for g-th order

diffraction are determined by [64]

) 1 A

sin Oy qir = n_a <Neff - q K>; (2.4)
) 1 A

Sin gq,sub = @(Neff — CIK>, (25)

where ng,;, and n, are the refractive indices of the substrate and air, respectively.

The wave vector diagrams of four different types of gratings showing the grating

13
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vector, the wave vectors of the forward, backward and diffracted waves are

illustrated in figure. 2.3.

It can be seen that, for example, if g = 1 (first order grating), then f = K /2.
This will provide feedback without any diffraction into the substrate or into air,
since for a first order grating the feedback is provided by the first order diffraction
and there is no second order diffraction as shown in figure 2.3(a). For a second order
grating the feedback is provided by the second order diffraction and there is first

order diffraction normal into air and substrate as shown in the figure 2.3(b). A

kO Nsub

(c) (d)

Figure 2.3 Wave vector diagrams for different types of gratings. (a) First order grating,
(b) second order grating, (c) negatively detuned second order grating or first order
grating coupler and (d) third order grating. k, = 2m/A is the propagation constant in
the free space.
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second order grating is therefore both a feedback and out-coupling element. A
negatively detuned second order grating has a A that is less than the wavelength of
the light in the waveguide. Here, second order diffraction is suppressed and first
order diffraction radiates off-normal into air and substrate as shown in the figure
2.3(c). Such grating is therefore a pure out-coupling element. In the case of a
positively detuned second order grating (A that is larger than the wavelength in the
waveguide), the first order diffraction has angles on the other side of the surface
normal compared to the case shown in figure 2.3(c), but increased detuning in this
case will bring on second order diffraction into the substrate and make such an out-
coupler inefficient. As q increases to 3, the feedback is provided by the third-order
diffraction and lower orders will radiate at different angles into the substrate and into

air as shown in figure 2.3(d).

2.2.2 Distributed Bragg reflector design

A DBR is a structure where an index grating of a period corresponding to the Bragg
condition is formed in a passive waveguide. DBRs are used in a laser resonator to
provide the optical feedback necessary for laser oscillation. It is important to
differentiate between a pure feedback element like a first order grating and a
radiating feedback element like second-order or third-order gratings. In a higher
order grating the radiated power is a loss of the guided mode power that has to be
accounted during the design of the DBR. In this work separate grating structures
were designed for feedback and out-coupling functions. Although the first order
grating is the best choice for DBR design, it is difficult to fabricate the first order
grating for its smaller grating period. Fabrication becomes more difficult for the
realization of circular grating with uniform duty ratio. A third-order DBR was
employed for easier fabrication. The period of the third-order DBR for Bragg
wavelength A of 980 nm close to the gain peak of InGaAs quantum-well was
determined as A = 34/2N= 457.8 nm using the effective index of TE,; mode Ngk =
3.211. Position of the grating plane from the top contact layer h (ridge height),
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groove depth d, and duty ratio a (ratio of the teeth width to the period) of the DBR
grating need to be optimized to obtain large coupling coefficient and minimize the
radiation loss. The coupled-mode theory [65] ,[66] describes the coupling between
two counter-propagating modes in a waveguide. In a uniform waveguide, there is no
coupling and the modes propagate independently of each other. However, in the
waveguide with a periodic index variation there will be coupling and power from the
incident wave will be transferred to the reflected wave assuming that the Eq. (2.3) is
fulfilled. Rectangular cross-sectional shape of the grating is considered for the
simplicity of calculation. The x-axis and z-axis directions are the thickness of the
waveguide and the propagation directions, respectively, as shown in figure 2.2.
From the coupled mode theory [65], [66], guided mode coupling coefficient k, for

g-th order grating can be represented by the Eq. (2.6) as

Kq = ? f E,(x)"Aeq(x)E, (x)dx, (2.6)
with
1 ¢ i
Aeg(x) = Kf Ae(x) exp(—jqKz) dz = (n2 — n?) sm;%n), 2.7)

0

where Ae,(x) is the Fourier amplitude of the grating structure, A is the grating
period, K is the magnitude of the grating vector, q is the grating order, a is the duty
ratio, ngis the refractive index of the semiconductor layer of the grating and n, is the
refractive index of air. Similarly, radiation loss coefficient «,, can be represented by
Eq. (2.8) as

U = Tl |?, (2.8)

with
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Km =

+ oo
weEy

4

—00

E;(x)(nZ —n3d)

sin(mar)

E,(x)dx .

(2.9)

Here, m=1, 2,...9-1 represents the diffraction order producing the radiation into air

and/or substrate, E,(x) is the normalized electric field distribution of the

fundamental guided mode and E,,,(x) is the normalized electric field distribution of
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Figure 2.4 (a) Plot of the normalized guided mode profile E,,(x) at the grating region

and the refractive index profile. (b) Dependences of x5 on the ridge height h calculated

for a=0.5 and 0.75. (c) Dependences of x5 on the duty ratio a calculated for a=150 and

180 nm. (d) Dependences of x5 and a; + a, on the groove depth d.
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the radiation mode produced by m-th order diffraction. Figure 2.4 (a) shows the
amplitude of the E,,(x) in the grating region calculated using the transfer matrix
method [115]. Refractive index of the grating layer n, was approximated as

ng = an? + (1 — a)ng.

In the third order DBR grating (gq=3), coupling between forward and backward
propagating guided modes take place by the third order diffraction, whereas the first
and second order diffractions (m=1 and m=2) couple the guided mode with the
radiation modes into the substrate. For different values of ridge height h, groove
depth d and duty ratio a, | calculated the third-order coupling coefficient &3, and
factors oy and o, for radiation decay caused by first and second-order diffractions
into the substrate, using the Egs. (2.6)—(2.8). Figure 2.4(b) shows the dependences
of xzon h calculated for two different values of a. The coupling coefficient increases
with the increase of h. For h>1.35 um, x; decreases rapidly so that the value of ridge
height was determined as h=1.3 um. Figure 2.4(c) shows the dependences of x;0n a
calculated for two different values of d. Although the maximum coupling coefficient
can be obtained for a~0.9; however, the fabrication of circular grating with such a
high duty ratio is rather difficult. Considering this in mind, a=0.75 has been selected.
Using the values of a=0.75 and h=1.3 um, the calculated dependences of coupling
coefficient a3 and total decay factor a;+a, on d were shown in the figure 2.4(d). It
was found that at d = 155 nm, &3 of 159 cm™ can be obtained with minimized o+
of 0.02 cm™.

Power reflectivity R and power transmissivity T of a DBR can be calculated by
the Eqgs. (2.10) and (2.11) as [66]

K sinh(jyL 2
R = | (IV pBr)| 2, (2.10)

ycosh(jyLpgg) — (J ZDBR 4 A sinh(jyLpgg)
| (755 + 1) |

2
T = vl 2, 2.11)

ycosh(jyLppr) — |j =5+ ZDER 4 A sinh(jyLpgr)
2
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( 2
a
ly = DBR—jA) + K2,
{ 2 (2.12)
LZA =28 — gk,
QpBr = Qgps T A1 + Q3

Here, B is the propagation constant of the guided mode, K is the magnitude of the
grating vector, Lpgr is the interaction length of the DBR, 2A represents the deviation
from the Bragg condition, apgg IS the passive loss factor of the DBR region, a s IS
the absorption loss coefficient, and oy+a, is the total radiation loss coefficient.
Assuming an absorption loss in the passive grating region o, = 40 cm™ [67] with
the calculated values of coupling coefficient x; =159 cm™ and total radiation loss
coefficient aq+a,= 0.02 cm™, the calculated dependences of the reflectivity R and
the transmissivity T of a third order DBR (q=3) on Lpgr at the Bragg wavelength
(A = 0) are shown in the figure 2.5. It is obvious that the higher the reflectivity is

100 ." T T T T T T T T T T T ' T

B (o2} (00}
o o o
S e B B e e s e
1 1 1

Reflectivity R, transmitivity T [%]
N
o

0 I f 1 L 1 L 1 L 1 L 1 L 1 L 1
0 200 40 60 80 100 120 140
DBRlength L . [um]

Figure 2.5 Dependence of R and T on the DBR length Lygzr at the Bragg

wavelength.
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the lower the lasing threshold will be. However, the output power will be reduced
because of the reduced T. Hence the DBR length must be decided carefully
depending on the requirement. Since the accomplishment of lasing of the CGCSEL
is my first goal, | considered a DBR which will provde 50-60% power reflectivity. |
have selected the DBR length as 80 um so that calculated values were R=58% and
T=21%.

2.2.3 Grating coupler design

In the grating coupler (GC), coupling between the guided mode and radiation modes
takes place so that the power from waveguide radiates into the air and/or substrate.
The GC used in the CGCSEL has two main functions. Firstly, it out-couples the
laser light from the guided region and makes the laser surface emitting. Secondly, it
helps to focus that surface emitted light at a single point above the laser plane.
Schematic view of such a GC is shown in figure 2.6(a). To focus the surface emitted
light at a distance f above the laser surface, the radial variation of grating period A(r)
of the GC can be derived from the wave vector diagram for the first-order diffracted

wave into air as [65]
Nefrko +ngkosin@(r) = K(r),

2n 2w 21
Neff7+731n 6(r) = A—(r) ,

A
B sin 9(7') + Neff ’

A

A(r) = — . (2.13)

—L__ 4N
Jr2 + f? err

For a CGCSEL having an active region diameter of 240 um and Lpgg = 80 pum, the

GC length was selected as Lgc = 45 um to fit the total device size within the EB
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writing field size of 500 um x 500 um. For focusing the emitted laser light at f = 3.0
mm, the periods of the chirped GC were calculated by using the Eq. (2.13). The
period varies from 299.3 nm for r = 200 pum to 297.9 nm for r = 245 pym.

The wave vector diagram of the first order GC is shown in the figure 2.6(b).
First order diffraction in the designed GC produces the air and substrate radiation
modes. Propagation vectors of the air and substrate radiation modes are k,;,- and
ko.p, respectively. The radiation decay factors a,;, (into air) and a, (into substrate)
can be calculated by using the Eq. (2.8) with m=1. For the calculation of o, the
coupling coefficient between air-mode and guided-mode was used. Similarly, to
calculate «y;,, the coupling coefficient between substrate-mode and guided-mode
was used. o, and oy, are the most important fundamental parameters to describe

the characteristics of a GC because the power distribution ratio into air is Py, =

Focus

P(r)

Power radiation into air

( nako
kair /(1:
P(0) P(0)exp(—ar) B = Negrko
<
k® |
1 J
r=0/ r=Lec Ko neunko
Su
/ LS
Power radiation into substrate

(a) (b)
Figure 2.6 (a) Schematic of the focusing grating coupler used in the CGCSEL. (b)

Wave vector diagram of the GC showing the first-order diffracted wave into air and

substrate. 8(r) is the exit angle of the emitted light from the grating coupler.
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airl (Cair+ Qs+ as). This means that a;, higher than o, gives higher power output

than the power radiates into substrate. Coupling efficiency into air n;, of the GC
can be calculated by using [68]

Nair = Pair[1 - exp{_(aair + Qgyp + aabs)LGC}]-

(2.14)

Values of a,;and «,, are calculated by using the Eq. (2.8) for different a with h=1.3
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Figure 2.7 (a) Dependence of P, on groove depth d for three different values of a. (b)

Dependence of Pair, auirand agyn 0N groove depth d calculated for a=0.5.
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um. Figure 2.7(a) shows the dependence of P, on the groove depth d of GC
calculated by assuming as;s = 40 cm™. It can be seen that the maximum of Py
increases with the increase of a. The maximum of P,;, can be obtained at d=143, 144
and 155 nm for a= 0.75, 0.7 and 0.5, respectively. Figure 2.7(b) shows the
dependence of P, arand ag, on the groove depth d calculated for a=0.5. It was
found that the highest P,;, of 54% can be obtained at d = 155 nm. At this value of d,
air = 88 cm™ and a, = 36 cm™ were obtained. Using the Eq. (2.14) with Lgc = 45

um, the coupling efficiency into air 7.,;, of the GC was calculated as 28%.

2.3 Fabrication of CGCSEL

2.3.1 Overview of the fabrication process

The designed CGCSEL was fabricated by using an InGaAs single quantum-well
graded index (GRIN) separate confinement heterostructure (SCH) epitaxial structure
as listed in the table 2.1. Fabrication process can be divided into three parts such as:
(1) Ridge structure formation at the active region, (2) circular DBR and GC
fabrication and (3) p-side and n-side electrode formation. Details of these fabrication

processes are explained in the following sections.

2.3.2 Formation of circular active region

Circular disk shaped structure for active regions were fabricated by EB lithography
and reactive ion etching (RIE). Schematic representation of the fabrication steps are
shown in figure 2.8 (a). At first, the ZEP-520A EB resist has been spin coated at
2500 rpm for 90 sec to get the resist thickness of about 0.5um. The sample was
baked at 200 °C for 3 min for hardening of the resist. Then the patterns of the
circular active regions were defined by EB lithography employing circular scanning

mode with a writing field size of 500um x 500um. Details of the EB writing
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conditions are given in the table 2.2(a). After finishing the EB writing, sample was
developed by ZED-N50. For the formation of circular disk of 1.3 um height, some
hard mask must be used to etch the semiconductor materials and in this case SrF, has
been chosen. SrF, masks of 250 nm thicknesses were formed by vacuum
evaporation and lift-off process. Figure 2.8(b) shows the optical microscopic images
of the SrF, hard masks. The contact and upper cladding layers outside the circular
active region were removed by reactive ion etching (RIE) using CH,/H, and CF,/H,

gases alternatively. CF,/H, gas was used to reduce the amount of contaminated

Electron beam writing SIF, layer CHy/M, and CF,/H, RIE

UL B PLLVLLLLL LD srmmesky

ZEP 520A EB resist ! active

GRIN SCH layers In-situ monitoring was

InGaAs QW done

GaAs substrate

(@)

x60@ ©8@32 25kV S6un

(b) (©)

Figure 2.8 (a) Schematic of the circular active region formation. (b) Optical
microscopic image of the SrF, masks. (¢) SEM image of the disk like active region
formed by RIE.
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polymer deposited on the top of the SrF, mask during the RIE process using CH,/H,
gas. The RIE conditions and time are listed in table 2.2 (b) and (c). In-situ
monitoring was done by using a laser probe for accurate control of the etching depth.
After finishing the RIE, remaining polymer was removed by O, plasma ashing.
Finally, the SrF, masks were removed from the top of the active region by
immersing the sample into 5% HCI. Figure 2.8(c) shows an SEM image of the disk

like active region formed by RIE.

Table 2.2 Various conditions for ridge structure formation process.

(a) EB drawing of active region pattern.

Resist ZEP520A-11cp
Spin-coating conditions 2500 rpm, 90 sec
Acceleration voltage 30 kv
Magnification 200
Beam current 0.3nA
e-beam scanning speed 100x0.05us/dot
Scanning unit SPG mode

(b) RIE conditions during ridge structure formation.

Type of gas CH4/H, CF4/H,
Mixing ratio 1:10 9:1
Flow 20 sccm 7.sccm
Gas pressure 0.03 Torr
RF power 50 W

(c) Required time of RIE using CH4/H, and CF4/H; gases alternately.

Gas Time (min)
CHy4/H; | 30 15 15 15 15 15 15 18
CF4/H; 2 1.5 2 1.5 2 1.5 2
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2.3.3 Circular DBR and GC fabrication

Circular DBR and grating coupler for CGCSEL have been fabricated by using EB
writing and two-step RIE with SiO, mask layer. Schematic representation of the step
by step fabrication process of DBR and grating coupler are shown in figure 2.9 (a).
Since the grating pattern on the EB resist ZEP 520A changes during RIE due to the
reaction with H,, ZEP520A cannot be used as a mask for the formation of grating
structure with fine grooves by RIE using CH4/H,. So that a thin SiO, hard mask
layer has been used as an intermediate layer between the semiconductor and the EB
resist layer.

To fabricate the circular DBR and GC, at first a 15 nm thick SiO, layer was
deposited by plasma-enhanced chemical vapor deposition (PECVD) process. In-situ
monitoring was done for achieving the desired film thickness. SiO, deposition
conditions are given in table 2.3.

The EB writing system (Elionix ELS3700S) with special pattern generator
(SPG), designed for writing arbitrarily curved lines was used to write the grating
patterns. Writing of circular pattern by using ELS3700S is described in the
Appendix A.1. The SPG consists of two sets of data registers, 16-bit digital to
analog converters (DACs) and address counters for X and Y scanning, and a
presettable clock generator for assigning the scanning speed. The X and Y data for a

circle of a diameter were prepared by the computer and sent to the registers, and

Table 2.3 Conditions of SiO, deposition by PECVD.

Type of gas TEOS 0,
Flow 2 .sccm 200 sccm
Gas pressure 0.75 Torr
Temperature 350 °C
RF power 100 W
Deposition time 41 sec
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Table 2.4 Various conditions of the 2-step RIE process.

(@) CF4/H; RIE for pattern transfer from resist to SiO..

Type of gas CF4/H; (9:1)
Flow 5scecm
Gas pressure 0.03 Torr
RF power 50 W
Time 60 seconds
(b) Removal of resist using O, plasma ashing.
Type of gas 0,
Flow 40 sccm
Gas pressure 0.2 Torr
RF power 20 W
Time 28 minutes

(c) CH4/H; RIE for pattern transfer from SiO; to semiconductor.

Type of gas CHa/H; (1:5)
Flow 20 sccm
Gas pressure 0.03 Torr
RF power S50 W
Time 17 minutes
(d) Removal of polymer using O, plasma ashing.
Type of gas O,
Flow 40 sccm
Gas pressure 0.2 Torr
RF power 20 W
Time 90 minutes

(e) CF4/H; RIE for removing SiO, layer.

Type of gas CF4/H; (9:1)
Flow 14 sccm
Gas pressure 0.1 Torr
RF power S50 W
Time 90 seconds
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then constant-speed circular-line EB scanning was performed under control by the
SPG. This sequence was repeated with increased diameters to write the entire DBR
and GC patterns. This curved-line scanning system enabled achievement of smooth
writing, in comparison with conventional systems using scanning with
approximation of a circle by many short straight lines along X and Y direction
and/or stage shift. The EB acceleration voltage was 30 kV, beam current was 40 pA
and beam diameter (full width at half maximum) was 40 nm. The DBR and GC
patterns were written with different scanning speeds to have the gratings with

designed duty ratios. After development, the patterns were transferred from the resist

EB writing

Jr Jr Jr l ¢ Jv Jy Jyly Grating patte(n in EB resist

I ——
A 4
- _

L BN BN BN BN BN BN BN W Il B B B B B B B B
CF,/H, RIE CH,/H, RIE CF4/H, RIE
of Si0, layer of grating layer of Si0, removal

«B. 0k B004  25kV  Sum

(b)
Figure 2.9 (a) Schematic of the DBR and GC fabrication process. SEM images of the

(b) perspective view of the full circular gratings (c) part of the DBR and GC. Inset
image shows the cross section of the DBR grating.
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to the SiO, layer by RIE using CF4-H, gas, and then transferred into the
semiconductor layer by second RIE using CH4;-H, gas. Details of the grating
fabrication by two-step RIE process are shown in the table 2.4.

An SEM micrograph of the fabricated device is shown in figure 2.9(b). As a
result of circular scanning, stitching-error-free circular gratings were fabricated.
Magnified view of the circular DBR and the chirped GC is shown in figure 2.9(c).
The DBR and GC gratings of almost uniform duty ratios of a = 0.75 and 0.6,
respectively, were obtained. Inset is the cross sectional view of the DBR. The
groove depth d was approximately 170 nm, and the angle of the etched side wall was
around 80°. Calculation showed that x; and reflectivity of DBR with 80° side wall
were ~1.2 times and ~1.1 times of those (&3 = 159 cm™, 58%) for vertical side wall.

This deviation would not cause significant influence to the device performance.

2.3.4 Contact metallization

For depositing the p-side electrodes, 800 nm thick ZEP-520A resist masks were
prepared by EB lithography. By using vacuum deposition technique and lift-off

Figure 2.10 Optical microscopic images of a group of CGCSEL fabricated with

different device parameters.
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Table 2.5 List of device parameters of the CGCSELSs.

Active diameter D [um] | 160, 200, 240
DBR length Lpgg [um] | 100, 90, 80

GC length Lge [um] 65, 58, 45
Ridge height h [um] 1.3
Groove depth d [nm] 155

DBR periods A [nm] (12 | 447.3to 468.7
different periods)

Focal length f [mm] 3.0

process, 300 nm thick Cr/Au pad electrodes were formed on the top of the active
disk. After reducing the thickness of the substrate to 120 pum, AuGe/Au n-electrode
was evaporated on the backside. Figure 2.10 show the optical microscopic images of
a group of fabricated CGCSELSs. | have fabricated several groups of CGCSELSs with
3 different device parameters (D, Lpgr and Lgc) and 12 different DBR periods as
listed in table 2.5. As a result of circular scanning, stitching-error-free circular
gratings were fabricated. Finally, the CGCSELs were mounted with an AIN sub-

mount on a Cu heat sink for experimental measurements.
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2.4 Characterization

2.4.1 Experimental setup for optical measurement

The fabricated CGCSELSs were tested under pulse operation. Figure 2.11 (a) shows
the way of placing the current probe on the CGCSEL. Output laser light was
detected by a fast response photodetector connected with an oscilloscope as shown
in figure 2.11(b). Optical setup to collect the emitted laser light for measuring the

output power is shown in figure 2.11(c).
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Figure 2.11 (a) The way of placing the current probe on the CGCSEL. (b) Connection
diagram to derive the CGCSEL and output power measurement system. (c) Optical

setup to collect the emitted light for power measurement.
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2.4.2 P-l characteristics

The fabricated CGCSELs were tested under pulse driving with a current pulse of
100 ps width and 20 ms period. The peak output power was calculated from the
photo detector response measured by the oscilloscope. Figure 2.12 shows the
measured P-1 characteristic of three different CGCSELs. Among them the best
performance was obtained for the CGCSEL having an active region diameter of
240um, DBR length of 80um and GC length of 45um as shown by the red curve in
figure 2.12. Threshold current was around 80 mA (177 A/cm?), and the peak power
of the surface-emitted output beam was 275 pW at 150 mA. Nonlinearity in the P-I
curve for current higher than 110 mA may be due to mode hopping. The reasons for
the low output power would be the deviation of the DBR groove depth of the
fabricated device from the designed value and the passive waveguide loss larger

than the assumed value.
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Figure 2.12 P-1 characteristic of the CGCSELSs measured under pulse deriving at 23°C.
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2.4.3 Lasing spectrum

Lasing spectrum was measured by using an optical spectrum analyzer (Anritsu
MS9710B). Figure 2.13 shows the lasing spectra of a group of fabricated CGCSELSs
obtained at injection currents about 20mA above the threshold currents of the
corresponding lasers under pulse operation. The DBR grating periods A of each of
the lasers are also indicated in the figure. All of the lasers show the single mode
lasing, however the lasing peak wavelengths were approximately 2.5 nm higher than
the designed Bragg wavelengths. These deviations were due to the difference

between theoretically estimated effective refractive indices and their actual values.
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Figure 2.13 Lasing spectra of a group of CGCSELSs. Periods A of the DBR grating of

each of the lasers are shown at their corresponding spectrum.
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2.4.4 Focusing function

Focusing of the surface emitted laser beam of the CGCSEL having an active region
diameter of 240um, DBR length of 80um and GC length of 45um was confirmed by
measuring the emission patterns at different distances from the laser surface. Figure
2.14(a) shows the images of emission patterns at an injection current of 140 mA.
The dark region on the upper side in the near-field pattern (z=0) is the shadow of the
current injection probe. Bright ring-like shape observed around the circular active
region is the scattered light from the side wall of the circular mesa. The brightest
region in the outer part of the CGCSEL is the coherent light emitted from the GC
and converging towards the focal plane. The near-field pattern was not azimuthally
uniform but exhibited an intensity variation comparable to a cos’$ dependence
corresponding to lasing in TE, mode. Focusing of the surface emitted light was
confirmed from the emission patterns on different planes above the laser surface.
The pattern at a distance around 3 mm (close to the designed focal length f = 3.0

mm) exhibited the smallest spot size. The observed focus spot was a nearly circular

l%“m:

(@) (b)

Figure 2.14 Emission patterns at different distances z from the laser surface at an

injection current of 140 mA.
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pattern different from doughnut-like or multi-lobe pattern expected for TE or TE;
lasing [22]. Figure 2.14 (b) shows the intensity distributions of the focused spot. The
full width at half maximum (FWHM) of the focused spot was measured as around
80 um. This value is comparable with 57 um calculated from 0.88fA/W with f = 3.0
mm and W = Lgc = 45 pum, which is an approximate expression of the FWHM focus

width of a linear line-focusing element of focal length f and aperture width W.

2.5 Summary

InGaAs QW circular-grating-coupled surface emitting lasers (CGCSELS) using a
circular DBR and a circular chirped grating coupler with focusing function,
fabricated by EB lithography employing circular scanning, have been demonstrated.
Stitching error free smooth circular gratings were fabricated with uniform duty ratio.
Single-mode-lasing of the CGCSEL was accomplished under pulse driving. The
focusing function of the fabricated GC was confirmed._The output power can be
enhanced by adopting first-order DBR grating, reducing the absorption loss in the
grating region by area selective QW disordering, and reducing the mismatch

between guided modes in active and DBR regions by inserting a transient region.
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Chapter 3

Theoretical Analysis and
Design of Ring/Fabry-
Perot Composite Cavity
Lasers

3.1 Introduction

Micro-ring-resonators have demonstrated great promise as fundamental building
blocks for a variety of applications in photonics. They can be implemented for such
diverse applications such as sensors[69], [70], optical channel dropping filters [71],
optical add/drop (de)multiplexers [72], switches [73], routers [74], and logic gates
[75]. In addition, when gain is added into the resonators, wavelength selective
amplification, oscillation, and lasing become possible [76], [77]. In this chapter, the
design considerations and the operating principle of a novel RFP composite cavity
laser will be presented. Derivation of lasing condition of composite mode is
presented. Selection of the composite cavity mode was discussed by using the mode
frequencies of the ring and FP resonators. Possibilities of single mode and two-

wavelength lasing operation of RFP lasers are discussed. Details of the waveguide
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design, bend loss calculation and tangential coupler design are also presented.
Characteristics of the tangential coupler and the bend loss coefficient of the ring

waveguide were calculated by the beam propagation method (BPM) simulation.

3.2 Working principle of RFP composite cavity lasers

Figure 3.1(a) shows the schematic of the proposed device geometry consisting of an
active circular ring resonator coupled to the middle of an active straight channel
waveguide. The ring radius is R, length of the straight waveguide is L, amplitude
reflectivities of the two cleaved facets are ry and rz, C (C) is the amplitude
transmission factor for an input wave at the ring (straight) to the ring (straight)
waveguide, and S (S)) is the amplitude coupling factor for an input wave at the ring
(straight) to the straight (ring) waveguide. Due to the presence of cleaved facets, the
FP cavity together with the ring cavity forms a composite cavity. Amplification of
optical waves takes place in this laser, when it is excited by carrier injection into the
active region with a current across the p-n junction. If the amplification gain

becomes sufficiently high, as a result of successive amplification of optical wave

bll_[c’ jS] [al] a, = bye~iB2mR
b,) = ljs' cllaz

a, = Ae=JBLa

B = b,e JBLs

a.
e
| 2

(@) (b)
Figure 3.1 (a) Schematic of the ring / Fabry-Perot composite cavity laser. (b)
General description of a ring resonator coupled with a straight waveguide showing

the relations between the field amplitudes at different positions.
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travelling back and forth through the ring cavity with feedback by the reflection at

the facet mirrors, optical energy is accumulated and laser oscillation occurs.

3.3 Analysis of lasing threshold of composite modes

Employing the well-known resonance conditions of each of the cavities, the mode

frequency fr,,and the mode spacing Afy of the ring cavity can be written as

(f — ¢
! Rm = 2mRNge

: 3.1
PP (3.1)
LR ™ 2nRnge,

where c is the velocity of light in free space, ng. is the effective refractive index of
the ring waveguide, ngeq is the effective group refractive index, and m is the mode
number of the ring cavity. Similarly the mode frequency f ,,,» and the mode spacing

Afr of the FP cavity can be written as

(fr 1= _°

I Fm 2ane

{ : (3.2)
IAf __ ¢

k F= 2aneg

where ng. is the effective refractive index of the straight waveguide, ngyq is the
effective group refractive index, and m’ is the mode number of the FP cavity. To

simplify the following analysis let us assume that Nge= Nge = Ne, aNd Ngeg = NEeg = Neg.

Laser oscillation, in general, is no more than maintaining a constant power of a
coherent optical wave propagating back and forth in the resonator. Therefore, the
oscillation condition is the condition required for the complex amplitude of the wave
after a round trip between the mirrors to equal the initial complex amplitude. The
tangential coupler suffers from radiation loss because of the mismatch between the
guided mode profiles of the ring and straight waveguides. So that the relation

between the coupler parameters are |C|*+[S|’<1 and |C+|S |°<1. An expression for
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the complex transmittance £, of the straight waveguide coupled with a ring
waveguide can be derived from the relation between the input and output waves as
shown in the figure 3.1(b). The complex mode amplitudes at the input and output
ports of the straight waveguide are A and B, respectively. L, and Lg are the distances
between the coupling point to the input port and output port, respectively. Total
length of the straight waveguide is L=L,+Lg. Field amplitudes at the input and
output ports of the tangential coupler are a;, a,, b; and b,. Using the scattering
matrix analysis, relation between the field amplitudes are shown in the figure 3.1(b).

The expression of the complex transmittance can be written as

B .
b= = ——e /AL, (3.3)

Here, B = B + jg/2 is the complex propagation constant, § = %neis the real part of

the propagation constant for a wave of frequency w, g is the intensity gain factor and
n = CC' + SS’ is a complex quantity depends on the coupler parameters. The lasing
condition of the RFP laser can be derived by equating the complex round trip gain,
product of the square of the complex transmittance and the reflectivities of the two

facet mirrors, to unity.

e 2

C’ _ e—]ﬁZTER L~

'r'A'r'B( n — ) e_]ZﬁL = 1,
1 — Ce~Jh2nR

or

, 2
—C' + nGre JF?7mR gL
rArB( 1 — CGreJB2mR Ge /P =1, (3.4)

with G = e9™and G, = e9L.
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Assume that a composite mode frequency w is close to the m-th ring mode

frequency wgmas shown in figure 3.2, Putting B = n,~ = Brm + 6B = Pam +

n—ig’cSa) and Brm2nR = newL;mZnR = 2mm into Eq. (3.4), the phase condition can

be written as

—C' + nGre JOB2mR
2 arg{ 1= CGpoJoFzmR }— 2(Brm + 0B)L = —2Mm. (3.5)
Here, M is the composite mode number. Amplitude condition can be written as

. (nGr — C")? + 4C'nGg sin?(6BTR) _
4B (1 —CGR)? + 4CGg sin2(6BR)  ©

(3.6)

The laser oscillation takes place only for the optical waves satisfying both
conditions. We consider a case where, the only composite mode can lase, but the
ring mode and FP mode do not lase. Ring mode cannot reach the lasing threshold if
there is no reflection from the facet mirrors and GzxC < 1. Similarly, the FP mode
cannot lase if there is no feedback from the ring resonator and r,75C'*G, < 1.

Lasing condition of the composite mode

Case |: We assume that an m“th FP mode frequency wg,,,’ coincides with an m-th
ring mode frequency wgy,, 1.6., Wg,,’ = Wry. Then for a frequency w = wgy, =

Wpy' We have dw =w —wgy, =0, 68 =0 and 2BrnL = 2Bp,, L = 2rm’ .

A =
“r Rngq
9‘ Sw
WRrm-1 WRrmN Wpm+1 W

W= Wgy, + dw

Figure 3.2 Schematic of the ring mode frequencies and a composite mode frequency.
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Ring modes W

W = Wgy, + 6w

Figure 3.3 Schematic of the ring and FP mode frequencies for the case II.
Therefore, the left hand side of the Eg. (3.5) becomes

2arg 1R =)y = 2n(m’ + q) 3.7
arg 1-Cay mm’ = =2n(m’ + q). (3.7)

Here, g=0 or 1 depends on the first term of the left hand side of Eq. (3.7). This
means that the phase condition is satisfied by w = wg;, = Wgpp,,’- Hence, w is the
composite cavity mode. Using the Eq. (3.4), amplitude condition for this composite

mode can be written as

ned™R — ¢’ 2
T4TB <W> egL =1. (38)

Left hand side of Eq. (3.8) increases with the gain g and becomes unity for g=gy, i.e.,
the lasing threshold. The threshold gain cannot be given analytically but can be

obtained by graphic method or numerical calculation.

Case I1: When an m~th FP mode wg,,, is close to an m-th ring mode wg,, but is not

coincide with wgy, i.6., Aw = Wgy,' — Wrm # 0 but [Aw| < Awg, Awg.Then for a
frequency w = wg,, + dw,we have §f = n%&u, Brm2nR = 2mtm, Bry,' — Brm =
%(wpm, — Wpy) = n—j"Aw = AR and e /B2mR = ¢=J8B2TR Therefore the phase

condition given by the Eq. (3.5) becomes

42



Chapter 3. Theoretical Analysis and Design of RFP Composite Cavity Lasers

—C' + nGre JOB2mR
2 al‘g{ 1— CGRe_j(gBZn—R

} —2(88 — AB)L = —2(M — m")m. (3.9)

For C < Gpg <%, |6B2nR| < 1and M = m', we have

{—C’ +nGr(1 —jéB2nR)
2 arg

1— CGxr(1— jop2nR) }_ 206 —ARL =0,

A
O = C Sﬁs'an : (3.10)
1+ R

(mGg — C)(1 = CGg)L

Denominator of the right hand side of Eq. (3.10) is greater than unity if nG, > C’,

then we have 0 < % <land0< i_(:) < 1, this means that the composite cavity

mode frequency w is between the FP mode and ring mode i.e., Wgy, < @ < Wg,y, OF

Wrm' < W < Wrm- The amplitude condition of Eq. (3.6) can be written as

A
LHS of

Eq. (3.11) SBTR = 0 >
1 7 0N

Increasing SR

T'AT'34

0 Itn g
Gr = 1/[C]

Figure 3.4 Plot of the left hand side of eq. (3.11) vs. intensity gain factor g for different
8BmR assuming |C|=|C].
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Figure 3.5 Plot of threshold gains of a pure FP mode, pure ring mode and different

composite modes vs. the coupler parameters. In these calculations, |C| = |C’|, |7/=0.9,

r4=rp=0.538, R=400 pm and L=950 pm were used.

R "2 ' R oin2
(ned™ — C')* + 4C'ne9™ sin“(5FnR) gL
(1 — Ce9™ )2 4+ 4Ce9™R sin?(5BmR)

T4 =1. (311)
Figure 3.4 shows the plot of the left hand side of Eq. (3.11) vs. the intensity
gain factor g for different §fmR. Graphs show that the threshold gain gy, is
minimum for §8mR = 0 and increases with the increase of §8mR. If ring-FP mode
separation Aw is not small enough then §8mR may be large and the composite

mode does not lase. Instead the ring mode may lase.

A comparison between threshold gains for composite modes with different
dfmR are shown in figure 3.5. Values of g, for composite modes were calculated
numerically using the Eq. (3.11) and the threshold gain for pure FP and ring modes
were calculated by using the relations GrC = 1 and 1,753C'*G,, = 1, respectively.

Other parameters used in the calculations were 30% power reflectivities for the
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cleaved facets, R=400 pm and =950 um. Calculation shows that the threshold gain

of composite cavity modes are smaller than that of pure FP and ring modes.

3.4 Selection of lasing modes

To explain the single mode lasing, let us consider a ring/FP composite cavity laser
as shown in figure 3.6 (a). Schematic representations of the FP, ring, and composite
cavity modes of a device of 2R<L<znR and Afz>Afy are shown in figure 3.6(b). At
first we assume that an m-th ring mode frequency fx,, coincides with an m*~th FP
mode frequency f .. Then, the frequency separation between the (m4“k)-th FP

mode and the (m+Kk)-th ring mode is

c (1 1
Fomsnc = femst = KOfe = 8f) = ko —(57 = 5m) (312)
The separation |f g,/ +x — frm+k| INCreases with k (k =1,2,....) as shown by the red
dotted horizontal arrows in figure 3.6(b). The frequency separation between the

(m“k-1)-th FP mode and the (m+k)-th ring mode is

frm'+k-1 — fRm+k = (k — DAfr — kAfg . (3.13)

However, the separation |f g, +k—1 — frm+k | decreases with k (shown by the blue

dotted horizontal arrows) and becomes minimum at

AfF Afr

S L/ DY S
Afp — Afpline  Afr — Afg

(3.14)

where [ ]in: denotes the rounding into an integer and |e|<1/2 is the rounding error.
The minimum |fppr k1 = frmarl = [[Afr/(AfF — AfR)line(AfF — Afg) — Afrl is
smaller than (Afp —Afz)/2, and the minimum is also smaller than |fz,/4q1 —
frm+1l @A |f g’ 42 — frm+2|- Similarly, even if fz,, does not coincide exactly with

f rmy bUt is close to it so that |fr, — faml < (AfF — Afz)/2, there exist a mode
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pair frm/ix—1 and frmaer With the minimum separation |fp,/ix—1 — fRmer! <
(Afr — Afg)/2. This means that ring /FP mode pairs of minimum separation are

arranged nearly periodically with an approximate period given by (k — 1)Afr =
kAfr = AfpAfr/(Afr — Afr).

According to the analysis of the lasing condition of composite mode

[
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<
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width W j Pad electrode Output
< Length L Coupling region >
(a)
N EEremm—
frm’-1 frm’ fFm' +1 Fn'+2 fFm'+3  |[frm'+a
FP modes <> <> <k f
(. ................ ) ( ......... ) (A>
S Ofr —AfR) e <3 Ofr—AfR)
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Afr \f \f
frm-1 |[frm frm+1 [frm+2 [frm+3 Eme+4 Rm+5 |/Rm+6
Ring modes f
Afec
feem feem+1
Composite =~ Modes with low threshold™ f

cavity modes
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Figure 3.6 (a) Schematic of a ring / Fabry-Perot composite cavity laser with
common electrode for current injection. (b) Schematic diagram illustrating the

relationships between the cavity modes of FP, ring, and composite cavities.
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presented in the previous section shows that, if fg,, = f ./, the composite cavity
mode is at this frequency and the laser lases above a threshold gain, and if fz,, #
frm! DUt frm = frm, the laser can lase at a frequency between fr,, and fg,,
above a threshold gain somewhat higher than that for fz,, = fr,,’. Therefore, the
composite cavity modes with low threshold gain are separated by an approximate

period Af.. as shown in the lower part of figure 3.6(b).

AfrBfr ¢
AfF - AfR - 2neg(‘r[R - L)

Afee = (3.15)

Therefore, the RFP laser can realize quasi single mode lasing at one of these mode
frequencies, closest to the gain peak, with a side-mode suppression ratio (SMSR)

higher than that of an ordinary FP laser.

3.5 Two-wavelength lasing and wavelength tuning mechanism

Two-wavelength lasing of a single RFP laser would be possible if the injection

currents to the ring and FP section are controlled independently. Figure 3.7 shows

Output
Ay, Ay

A 4

Figure 3.7 Schematic of a ring / Fabry-Perot composite cavity laser with two

separate p-electrodes.
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the schematic of the RFP laser geometry with two separate p-electrodes to control
the injection currents to the ring section (lg) and straight section (Ig) independently.
The mode frequencies and mode spacings of the ring and FP cavities can be
expressed by the Egs. (3.1) and (3.2). The FP and ring cavity mode frequencies of an
RFP laser of 2R<L<mR (Afe>Afg for npeg=ngey) are shown schematically in figure
3.8(a) and (b). It can be easily shown that the ring/FP mode pairs of minimum

separation are arranged nearly periodically with an approximate period of

AfrAfr ¢ (3.16)

Afce = = .
fec Afr — Afr Z(HRnReg - aneg)

The FP cavity with the cleaved facets and the ring cavity coupled to each other
form a composite resonator. At first we assume that the m-th ring mode fz,, coincides

with the m~th FP mode fr,- (fm= frm), then the position of the adjacent ring/FP

FP Af; (@)
modes| fery  |fem femar | femao femaks | frmak
Increase in Ng, | f
< : '
n o
me+k+1
f
Expected Afec
lasing ()
spectrum 4] feom i foome
f

Figure 3.8 Schematic diagram illustrating the relationships between the cavity mode
frequencies. (a) FP cavity modes. (b) Ring cavity modes. Blue solid lines are for the
starting value of ng.. Red dashed and green dotted lines are for the ng. with increase of

Ir. (c) Expected lasing spectra of the RFP laser for three different values of /.
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mode pair of minimum separation is around fz,+Afcc. We also assume that the
separation between the ring and FP modes around fg,+Afcc is positive (frm+k > fem sk
1) as shown by the blue solid vertical lines in figure 3.8(b). When I is increased
with keeping Ir at a fixed value, ng. increases due to the temperature rise in the
active region, and fg,, shifts to lower frequency with slight shrinkage of Afg as shown
by the red dashed lines in figure 3.8(b). The separation fg, -fz,, increases and the
separation frm+ -femax2 decreases continuously, and these separations can be made
equal. Further increase of I causes the coincidence between the ring and FP modes
at fam+Afee (frmek = femakr) @and the separation fg, -fz,, increases more as shown by
the green dotted lines in figure 3.8(b). Similar vernier effect can be obtained more
generally including cases starting with fgy,# fe - and/or fry+x<fem -1, ONly if the shift
of fz up to Af: is available. Similar vernier effect can be obtained also by keeping

Iz constant and changing I.

Analysis of lasing condition, given by complex round trip gain between facet
mirrors of the RFP laser equated to unity, shows that the close ring/FP mode pairs
gives rise to the composite cavity modes of low threshold gain arranged with a
period Afcc. For a given constant value of gain in the FP (ring) cavity below the pure
FP (ring) lasing threshold, the threshold of the gain in the ring (FP) cavity for the
composite mode lasing is lower for smaller frequency separation between the pair of

ring and FP modes from which the composite mode originates.

It is known, through the rate equation analysis of multimode steady-state
lasing using a given spontaneous emission coupling coefficient, that the output
powers of each mode are inversely proportional to the difference between the
threshold gain Gy, (gain required for oscillation without spontaneous emission
coupling) and the effective gain G, (gain actually realized by current injection) of
each mode [66]. This means that the smaller Gy-G. is, the larger the mode output
power is. From these considerations it is expected that simultaneous lasing of two
composite modes (two wavelengths) with nearly equal output powers can be

accomplished in the RFP laser by fine controlling the injection currents Iz and Ig so
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as to find in the effective gain bandwidth such condition that the frequency
separation between a pair of ring and FP modes close to each other is approximately
equal to the separation between another pair, and therefore the values of (threshold
gain — effective gain) of the composite modes originating from these pairs are
approximately equal to each other. This two wavelength lasing is shown by the red
dashed vertical lines in figure 3.8(c). The frequency separation between the two
lasing composite modes is close to integer multiple of Afcc, since similar vernier
effect can be obtained also with mode pair around fr,+jAfcc (j=21, £2,...). In order
to confirm this possibility, we actually fabricated the RFP laser and examined the

performances by experimental measurements presented in chapter 5.

3.6 Design of RFP lasers

RFP laser can be fabricated on any direct bandgap semiconductor material system. A

deciding factor on the device performance however mainly comes from the

Table 3.1 Material, thickness, and the refractive index of each of the layers of the

epitaxial structure used for designing the RFP lasers.

Layer Material Thickness . Refractive
[um] index at 800nm

Contact layer GaAs 0.2 3.675
Upper buffer layer Gaps11n0.49P 0.05 3.227
Upper cladding layer | (Alys5Gag.4s)Ino.49P 1 3.145
Upper guided layer Gaps11n0.49P 0.5 3.227
Quantum well layer GaAsy gsPo.14 0.013 3.56

Lower guided layer Gaps11n0.49P 0.5 3.227
Lower cladding layer | (Alys5Gag.4s)Ing.49P 1 3.145
Lower buffer layer GaAs 0.5 3.675
Substrate GaAs ~625 3.675
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Guiding layer
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Figure 3.9 (a) Schematic of cross sectional view of the ridge waveguide. (b) TM guided
mode profile of the core (region I1) and cladding (region I and I1) sections.

successful merging of available technologies and powerful design. | designed the
RFP laser using a GaAsygsPo14 tensile strained single-quantum-well (SQW) in a
separate confinement heterostructure (SCH) with Gagsilng4P guiding layers.

Specification of the epitaxial structure is listed in table 3.1.

3.6.1 Waveguide design

51



Chapter 3. Theoretical Analysis and Design of RFP Composite Cavity Lasers

Design of the waveguide structure for RFP laser is very critical because the straight
and ring waveguides should have the same width and ridge height for fabrication
simplicity. | employed shallow etched ridge structure for both of the straight and
ring waveguides. In such a waveguide the effective refractive index difference of the
etched and non-etched areas confines the light horizontally, while the vertical
confinement comes from the core-cladding refractive index difference. Due to the
weak horizontal confinement the optical mode suffers from the bending losses while
propagating through the ring waveguide. On the other hand, the shallow etch is
advantageous for keeping the sidewall recombination minimal because the active
layer is not exposed to the sidewalls of the ridge waveguide. Furthermore, as the
etching does not penetrate into the core, the sidewall roughness induced scattering
loss is much smaller than deep etched waveguide. Low bending losses and single

transverse mode propagation are the main requirements of the RFP laser geometry.

To determine the waveguide width, at first the 3D structure of the ridge type
structure was simplified into 2D structure by using the effective index method [66].
Since the tensile strained GaAsP QW material has higher TM mode gain so that the
TM mode lasing is expected. The major field components of the guided mode in the
ridge type waveguide are Hy and E,. Schematic view of the cross-section of a ridge
waveguide is shown in figure 3.9(a). Direction of wave propagation is along the z
axis. This structure can be converted into an equivalent planar waveguide by using
the effective index method [66]. The refractive indices of the cladding and core
regions of the converted equivalent planar waveguide are the effective refractive
indices of the imaginary planar waveguides with refractive index distribution n(y)
along y direction in the region I and Il, respectively. Let H,(y) be the magnetic field
amplitude of a TM guided mode in the imaginary planar waveguide, then satisfies

the wave equation for a planar guide:

ZHx

dy?

+ k§{n*(y) — NZ;s}Hy = 0, (3.17)

where Ng is the effective refractive index for the planar guide. The H,(y) mode

profiles were computed by using finite element method (FEM) simulation for the
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Figure 3.10 (a) Equivalent 2D waveguide converted by the effective index method. (b)
Dependence of core-cladding refractive index difference An = ny —n. on the ridge

height h.

multilayer planar waveguide. The computed H,(y) mode profiles, refractive index
distribution n(y) and effective refractive indices of the imaginary planar waveguide
at the regions | and Il are shown in figure 3.9(b). Calculations were done for
h=1.45um and wavelength of 800 nm. The schematic of the equivalent 2D
waveguide is shown in figure 3.10(a). Guide layer thickness of the converted 2D
waveguide is same as the width of the ridge waveguide. The cladding (n.) and core
(ng) refractive indices are the effective refractive indices for region I and II,
respectively. Dependence of core-cladding refractive index difference An = ny —n,

on the ridge height h is shown in the figure 3.10(b). Graph shows that An increases
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with the increase of ridge height. The normalized frequency V,,,, [66] corresponding
to the cutoff of the m-th mode is V;,,, = mm. Using the values of ns and n.,
maximum width of a single mode waveguide can be calculated by the following
inequality

1

A
W<s——. (3.18)

ng —n?

3.6.2 Calculation of bend loss

To calculate the bend loss factor of a ring waveguide of radius R, at first the 3D
waveguide of ridge type structure was simplified into 2D structure by using the
effective index method. For a waveguide of 3um width and 1.45um ridge height,
n=3.2193 and n,=3.2003 were calculated by finite element method simulation.
Effective refractive indices were calculated for planar waveguide fundamental mode
of TM polarization. Figure 3.11(a) shows the schematic of a part of the ring
waveguide. Part of the curved waveguide was converted into an equivalent straight
waveguide by conformal transformation method as described in Appendix A.3.
Equivalent straight waveguide converted by conformal transformation is indicated
by pink color. Refractive index profile n(x) at Z=0 position before and after the
conformal mapping are shown in figure 3.11(b) by black and red lines, respectively.
Fundamental guided mode of TE polarization for the step index waveguide was
calculated as shown in figure 3.11(b) by black line. Using this mode profile as an
input wave, the mode profile of the equivalent straight waveguide was calculated by
BPM. The mode profile of the input wave transforms into the mode profile of that
waveguide during the propagation through it. Figure 3.11(c) show the amplitudes of
the guided mode at different propagation distances and the mode profile at the
output port is the mode profile of the equivalent straight waveguide. This mode
profile is shown in figure 3.11(b) by red line. To calculate losses inherent in bent

waveguide, the calculated bend mode profile was lunched and propagated through
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the converted straight waveguide. The power in the waveguide was monitored with
respect to the initial launched mode power. BPM simulation results are shown in
figure 3.11(d) and (e). Contour plot of the bend mode propagation through the
waveguide shows that there is a continuous loss of power by the radiating tail of the

bend mode. It can be seen from the refractive index distribution of the equivalent
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Figure 3.11 (a) Schematic of part of ring waveguide. Equivalent straight waveguide
converted by conformal transformation is indicated by pink color. (b) TE polarization
guided mode profile of at Z=0 position before and after the conformal mapping (c)
Simulation result for calculating the guided mode profile of the equivalent straight
waveguide. (d) Contour plot of the bend mode propagation through the waveguide. (e)
Power of the guided mode remains in the waveguide during propagation of the wave.
Exponential decay of the graph indicates the loss of guided mode power due to the
waveguide bending.
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straight waveguide that the cladding layer index at the right side becomes higher
than the effective refractive index of the guided mode. As a result, the oscillating
nature of the mode field in that region causes the power loss. Power monitor graph
shows the guided mode power remained in the waveguide during propagation of the
wave. Exponential decay of the graph indicates the loss of guided mode power due
to the waveguide bending. In theory, power in the curved waveguide decreases
exponentially at a rate that represents the bending loss. Neglecting other loss factors,
relation between lunched power (P;,) and the monitored power (P,) after the

propagation length of L=R & can be written as

P, = Py, exp(—ayl), (3.19)
in(3)
a, = LO . (3.20)

Simulation was done with the above mentioned parameters with R=400 um and
6=90°. From the simulation result shown in figure 3.11(e) it can be seen that the
power at the input is P;,=0.89 and at the output is P,=0.47. Using the Eg. (3.20),
bend loss factor a, =10.2 cm™ was calculated. Similar calculations were done
repeatedly for obtaining the dependence of a;, on R. Figure 3.12 shows the
dependences of a;on R calculated for h=1.45, 1.5 and 1.55 pm. Bend loss factor

decreases with the increase of R and also with the increase of ridge height.
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Figure 3.12 Dependence of bend loss factor a,on the ring radius calculated for three
different ridge heights.

3.6.3 Coupler design

An important part of RFP laser is the output coupler. The most important factors on
deciding the appropriate coupler configuration are coupling efficiency, back
reflection to the cavity and fabrication tolerance. The available coupling techniques
can be classified as follows: Y-junction couplers, MMI couplers, evanescent field or
directional couplers. Several ring lasers can be found in the literature using one of
the three techniques. In this work | used a tangential coupler to couple the ring with
straight waveguide. The tangential coupler is formed by superposition of the ring
waveguide on the straight channel so that it can be considered as a combination of
back to back connected asymmetric Y-junction power combiner and splitter.
Schematic of the tangential coupler is shown in figure 3.13. When the guided modes
of the ring and straight waveguides approaching to the junction are in same phase
and equal amplitude, they excite only the fundamental mode at the branching point.
The excited fundamental lateral mode is transformed to the fundamental mode of the
single mode waveguide at the middle of the tangential coupler. As the guided mode

from the middle of the coupler region propagates towards the branching point at the
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other end, power is divided unequally into the two output waveguides. This coupler
has the most compact geometry as compared to MMI coupler or directional coupler

and easy to fabricate since it does not require narrow gap between waveguides.

Ridge height h

Top view Cross section

Figure 3.13 Schematic of the top view of the tangential coupler and cross sectional view

of the ridge waveguide.

Characteristics of the tangential coupler were determined by 2-dimensional
BPM simulation. Launching the fundamental TE guided mode of unity power at the
input port of the straight or ring waveguide, partial powers were monitored into the
waveguides. Figure 3.14 show the field intensity distributions and the partial powers
in the waveguides at every position along the propagation direction for 4 different
cases. Figure 3.14 (a) show the simulation results for a device with parameters of
W=3.0 um, R=400 pum, h=1.45 um. When the input wave of unity power is at the
straight waveguide, pathway monitors show that the powers at the output ports of
the ring and straight waveguides are 0.05 and 0.83, respectively. This means that the
power efficiency of coupling to the ring is |S’|?> =0.05 and the power efficiencies of
transmission through the straight guide is |C’|? =0.83. Similarly, when the input
wave is at the ring waveguide, the power coupling efficiency from the ring to the
straight waveguide is |S|? =0.16 and the power transmitted through the coupler to
the output port is |C|? =0.80. Similar calculations are done also for a device with

parameters of W=3.0 pum, R=395 pm and h=1.55 um. Results are shown in the
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Figure 3.14 Two-dimensional BPM simulation results of the tangential coupler for two
different design parameters (a) W=3.0 um, R=400 um, h=1.45 um used in single mode
RFP laser and (b) W=3.0 um, R=395 pum, h=1.55 um used in two-wavelength RFP

laser.

figure 3.14(b). Calculated parameters of this tangential coupler are |S'|?> =0.10,
|C'|? =0.82, |S]? =0.30 and |C|? =0.37.

3.7 Summary

Working principle of a novel RFP composite cavity laser was explained. Lasing
conditions of the composite cavity mode was derived. Selection of the composite
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cavity mode was discussed by using the mode frequencies of the ring and FP
resonators. Possibilities of single mode and two-wavelength lasing operation of RFP
lasers were discussed. Details of the waveguide design, bend loss calculation and

tangential coupler design were presented.
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Single-Mode RFP
Composite Cavity Lasers

4.1 Introduction

Single-longitudinal-mode semiconductor lasers are very attractive light sources for
many applications including fiber optic communication [78], sensing [79], and THz
wave generation [80]. Distributed feedback (DFB) and distributed Bragg reflector
(DBR) lasers are well established devices as single mode lasers but they require
complicated fabrication processes such as regrowth and grating fabrication. Low-
cost devices with simple fabrication process are still required in many applications.
Several techniques were employed to realize simple single mode lasers. By etching a
few shallow slots on the ridge of a Fabry-Perot (FP) laser, constructive interference
of the cavity can be utilized to manipulate the lasing condition and suppress
unwanted FP side modes [81], [82]. Several composite cavity structures were
studied theoretically and experimentally including cleaved coupled cavity, V-

coupled cavity and multi-section lasers [83]-[86]. They required deeply etched

61



Chapter 4. Single-Mode RFP Composite Cavity Lasers

mirrors with narrow gaps and vertical side walls. Ring-resonator-based lasers were
also reported. Some of them require integration of active and passive sections as
well as deep etching [87]. Ring lasers with simple fabrication process were also
reported but they exhibited directional instability [88], [89]. Generally, a microring
laser is expected to operate in multiple longitudinal modes and two propagating
directions [46]. Unidirectional operation in nearly single-mode microring lasers has
already been demonstrated. Control of the lasing direction was accomplished either
with external optical injection [90] or special designs using selective electrical
pumping [91]. Most recently a square ring / FP composite cavity laser, where deeply
etched total internal reflector mirrors and a multimode interference (MMI) coupler
were used to form a ring cavity and couple it with the FP cavity, was reported [56],

but the fabrication process was complex.

In this chapter, the fabrication and experimental results of a simple circular
ring / FP (RFP) composite cavity semiconductor laser are presented. RFP laser was
fabricated by EB lithography and RIE processes. P-1 characteristics, lasing spectrum
and near-field pattern were measured under continuous wave (CW) operation.
Temperature dependence of the lasing wavelength was also measured by changing

the operating temperature using a thermo-electric temperature controller.

4.2 Design parameters

Figure 4.1 shows the schematic of the proposed device geometry consisting of an
active circular ring resonator coupled to the middle of an active straight channel
waveguide by a tangential coupler. Ridge type single-mode waveguides with the
same width are used for both of the ring and straight waveguides. The tangential
coupler is formed by arranging so that the two edges of the straight channel are
tangents of the inner and outer edges of the ring waveguide. Coupling between ring
and straight waveguide occurs by the overlap between their guided modes at the
coupler region. This coupler has a compact geometry as compared with directional

coupler [92], [93], and is easy to fabricate since it does not require narrow gap
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Pad Electrode BCB insulating layer

n-electrode Output

Figure 4.1 Schematic of the single mode ring / Fabry-Perot composite cavity laser.

between waveguides. Although the coupler suffers from radiation loss, it can be

compensated by the laser gain.

| designed a ridge channel waveguide using a GaAsygsPo.14 tensile strained
single-quantum-well (SQW) in a separate confinement heterostructure (SCH) with
Gaps11ng.49P guiding layers. The gain for the TM mode is larger than that for the TE
mode; therefore, TM mode lasing near the gain peak wavelength of ~800 nm is
expected. The ridge width and height were determined as 3.0 um and 1.45 pm,
respectively. The ring waveguide suffers from radiation loss due to the waveguide
bend. Dependence of bend loss on the ring radius was calculated by the beam
propagation method (BPM). The ring radius was determined as R=400 um, and the
bend loss factor calculated for a TM fundamental mode was 10.2 cm™, which can be
compensated by the gain available at the active ring waveguide. Figure 4.2 shows
the specifications of the tangential coupler structure designed for this RFP laser. The
coupler length of 98 um is shorter than the lengths of 500 pum and 300 pm for the
directional coupler used in previous works [92], [93]. Analysis of the tangential

coupler based on the 2-dimensional BPM simulation showed that, for an input wave
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Figure 4.2 Specifications of the fabricated tangential coupler structure.

from the straight (ring) guide, the power efficiencies of coupling to the ring
(straight) guide and transmission through the straight (ring) guide are 5% and 83%
(16% and 8%), respectively. The FP cavity length was selected as L=950 pm to
satisfy 2R<L<mR. According to the analysis presented in the section 3.4, the value of

k=4 was calculated by using the Egs. (3.1), (3.2) and (3.14). Separation between the

composite cavity modes with low threshold gain is Af - = 4Afr = 3AfF.

4.3 Fabrication of single-mode RFP lasers

4.3.1 Overview of the fabrication process

The designed RFP laser was fabricated by using a GaAsgggPy 14 SQW epitaxial
structure. Details of the epitaxial structure were given in the table 3.1. Fabrication
process can be divided into three parts such as: (1) ridge structure formation, (2)
planarization by BCB layer and (3) p-side and n-side electrode formation. Details of

these fabrication processes are explained in the following sections.
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4.3.2 Formation of ridge waveguide structure

The ring and straight waveguides were fabricated by electron beam (EB) lithography
and reactive ion etching (RIE). Schematic representation of the fabrication steps are
shown in figure 4.3. At first, a 0.5 um thick ZEP-520A EB resist layer has been spin
coated. The EB writing system (Elionix ELS3700S) with a special pattern generator,
designed for writing arbitrarily curved lines, was used. The ring waveguide patterns
were written by multiple circular scanning with radial steps of 50 nm. The EB
acceleration voltage was 30 kV, the beam current was 0.3 nA, writing field size was
1 mm x 1 mm, and the beam diameter (full width at half maximum) was 100 nm.
Patterns of the entire ring and the straight waveguides were written in the same field
size. After development, 125 nm thick SrF, hard masks were formed by vacuum
evaporation and lift-off process. Patterns were then transferred to the semiconductor
layer by RIE using CH,4-H, and CF,-H, gas alternatively. CF,/H, gas was used to

reduce the amount of contaminated polymer deposited on the top of the SrF, mask

3.0 um

[ —

Guiding layer

GaAsP QW Ridge formation
by EB lithography
and RIE

GaAs substrate
Planarization l
Cr/Au by BCB
Contact
- — -

AuGe/Au

Figure 4.3 Schematic of the RFP laser fabrication process.
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during the RIE using CH4/H, gas. The RIE conditions and etching time are shown in
table 4.1 (a) and (b), respectively. In situ monitoring was done by using a laser probe
to have an etching depth of 1.45 um. After finishing the RIE, remaining polymer
was removed by O, plasma ashing. Finally, the SrF, masks were removed from the
top of the active region by immersing the sample into 5% HCI. The scanning
electron microscopic (SEM) images of part of the ring and straight waveguides near
the coupler region are shown in figure 4.4. Fabricated waveguides have smooth and

almost vertical side walls.

Table 4.1 Various conditions for ridge structure formation process.

(a) RIE conditions during ridge structure formation.

Type of gas CH4/H, CF4/H;
Mixing ratio 1:10 9:1
Flow 20 sccm 7 sccm
Gas pressure 0.03 Torr
RF power 50 W

(b) Required time of RIE using CH4/H, and CF4/H, gases alternately.

Gas Time (min)
CH4/H, | 30 30 25 13
CF4/H; 1.5 1.5 1.5

1.45pm

x4.0k 8853 25KV 10vum

x2.0k 0029 25kV Z20vm

Figure 4.4 SEM images of the fabricated waveguides.
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4.3.3 Planarization by BCB layer

Benzocyclobutene (BCB) was used to planarize the entire sample. It also works as
an insulating layer for pad electrodes. BCB was spin coated and cured at 250 °C to
planarize the entire sample. The top of the ridge structure was opened by reducing
the BCB thickness by RIE using CF,/O,gas. The RIE time is very critical because of

|| Resist

thickness
900 nm

J 300 nm
x180k BB13 25KV Sum

BCB

(@) (b)

(©)

Figure 4.5 (a) Shows an SEM image of the ridge waveguide buried into BCB layer. (b)
Optical microscopic image of the resist mask for electrode formation. Surface profile of
the resist mask measured by DEKTAK surface profiler shows the resist thickness and
the ridge height above the BCB layer. (c) Optical microscopic image of the fabricated

device.
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the high etch rate. Time was estimated from the BCB layer thickness determined by
using a dummy sample prepared under same condition as the RFP laser chip. Figure

4.5 (a) shows an SEM image of the ridge waveguide buried into BCB layer.

4.3.4 Contact metallization

For the formation of p-side electrodes, at first the ZEP-520A resist mask patterns
were prepared by using EB lithography. Figure 4.5 (b) shows an optical microscopic
image of the resist mask prepared for electrode formation. Surface profile of the
resist mask obtained by DEKTAK surface profiler shows that the resist thickness
was 900nm and the ridge height above the BCB layer was 300 nm. By using vacuum
deposition technique and lift-off process, 600 nm thick Cr/Au p-electrodes were
formed. After reducing the thickness of the substrate to 120 um, AuGe/Au n-
electrode was evaporated on the backside. Figure 4.5(c) shows the optical
microscopic image of the fabricated RFP laser. Finally, the wafer was cleaved to

form the facet mirrors and the laser was mounted on a Cu heat sink.

0.5mm ¢ aperture
x 40 Objective lens

RFP laser
CCD camera or
Power meter

~30 cm

A
\ 4

Figure 4.6 Optical setup for measuring the laser light from the output waveguide only.
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Figure 4.7 P-1 characteristics of the RFP laser under CW operation.

4.4 Characterization

4.4.1 P-l characteristics

The laser was then tested under continuous wave operation by controlling the
temperature with a thermo-electric cooler at 20 °C. Current was injected to both of
the ring and straight waveguides by a single probe placed on the pad electrode inside
the ring waveguide. Output power from the straight waveguide facet was measured
by placing a circular aperture in front of the power meter head as shown in figure 4.6.
This optical arrangement will block the light radiating around the ring waveguide.
Figure 4.7 shows the P-I characteristics of the fabricated RFP laser. The threshold
current was 140 mA, and an output power of 12 mW was obtained at an injection
current of 250 mA.

69



Chapter 4. Single-Mode RFP Composite Cavity Lasers

4.4.2 Lasing spectrum

Lasing spectrum was measured by using an optical spectrum analyzer (Anritsu
MS9710B) with a resolution of 0.07nm. Figure 4.8 shows the lasing spectra of the
laser obtained at different injection currents. Near the threshold level (~150 mA) the
laser showed multimode emission similar to a conventional FP laser. Mode spacing
was approximately 0.09 nm. This value is comparable with the ring mode spacing of
|AAg] = |(A%/c)Afz| =0.08 nm and the FP mode spacing of |AAz| = |(4%/
¢)Afr|=0.10 nm, calculated by using the effective refractive index n, =3.22 as an
approximation of group effective refractive index n., into the Egs. (3.1) and (3.2).
For injection currents higher than 180 mA, the laser exhibited single-mode operation,
and gradual shift of lasing wavelength to the right was observed with increasing
injection current. When the injection current was increased, the junction temperature
increased due to joule heating. Due to temperature increase, the effective bandgap

energy of the QW material decreased, as a result the gain peak wavelength shifted

8} 1=300 mA ' [
4L ]
O 1 Il
8} 1=250 mA ]
T4 l 1 —FPlaser | @l o
3 0 , , . 1.00 Fl___ RFP laser e, ]
5 8 =200 mA 2
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= 4r =075} .
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Figure 4.8 (a) Lasing spectra of the RFP laser measured at different injection currents.
(b) Lasing spectra of a FP laser (black) and RFP laser (red) measured at 1=2ly,.
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towards the longer wavelength. So that the composite mode at longer wavelength
region and close to the gain peak reached its lasing threshold when the injection

current increased. As a result the lasing wavelength shifted with the injection current.

Figure 4.8(b) shows the lasing spectra of an ordinary FP laser and the

fabricated FRP laser for comparison. Lasing spectrum of the RFP laser clearly
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Figure 4.9 (a) Lasing spectra of the RFP laser measured at different operating
temperatures. (b) Temperature dependence of the lasing wavelength of the RFP laser.

71



Chapter 4. Single-Mode RFP Composite Cavity Lasers

shows the single mode operation. Figure 4.9(a) shows the lasing spectra obtained
with changing the laser heat sink temperature from 18°C to 25°C with 1°C steps at
an injection current of 300 mA. Single-mode operation was accomplished with an
SMSR larger than 25 dB. Lasing spectra showed the shift of the peak towards a
longer wavelength region. Figure 4.9(b) shows the temperature dependence of the

lasing wavelength, and its linear fit gives a slope of 0.23 nm/°C.

The shift of the lasing wavelength could be explained by considering the
temperature coefficients of the refractive index of the guiding layer and the bandgap
energy of the QW. Schematic illustrations of the RFP modes, the gain curve, and the
lasing wavelength shift associated with the temperature change are shown in figure
4.10. At a temperature T,, lasing occurs at one of the low threshold RFP modes,
which is closest to the gain peak. At T,>T,, the shift of the RFP cavity modes
wavelength is caused by the change of the refractive index. Since the temperature
coefficient of the refractive index is same for the ring and FP sections, the
temperature coefficient of the RFP cavity mode wavelength is also same as that of

the ring mode or FP cavity mode wavelengths. Temperature coefficient of the FP

Adee=0.30 nm Gain peak shift ~0.23 nm/K Gain peak
G
at7,> T,

Lasing wavelength shift

> ~0.05 nm/K

Figure 4.10 Schematic illustrations of the composite modes, gain curve, and lasing

wavelength shift due to temperature change.
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cavity mode wavelength was derived by differentiating the equation (3.2) with
respect to the temperature T. Neglecting the thermal expansion of the cavity length,
dropping the mode number label (m’) and assuming ng=n.,, the temperature

coefficient of the RFP mode wavelength is given by

dA 1 (dne>. @1

ar ~ “n,\dr
Although the data of dn,/dT of Gags1Ing4P Waveguide is not available, a rough

estimation can be made by using a relation for the temperature coefficients of the

refractive index and the bandgap energy in the long wavelength region

1(dn) 1 dEg 42
n\dT 4E,\ dT )’ (4.2)

based on the Moss’s empirical rule [94]. We confirmed the validity of the above
approximate relation by using the Kramers-Kronig relation and the analytical
expression of frequency dependent absorption coefficient for direct transition
semiconductors of bandgap energy E;. Derivation of the relation between the
temperature coefficients of refractive index and bandgap energy is given in the
Appendix A.2. The temperature dependence of E is expressed in terms of the
Varshni formula [94]:

2

a
Ey(T) = E,(0) —

where E,(0) is the bandgap energy at 0 K. Using Eqgs. (4.1)—(4.3) with & = 6.12 X
10~*eV/K [95], B =204 K [95], and E, = 1.91 eV [96] at 300 K for Gags;Ing.49P,
we obtained dE;/dT = —5.12x 10~* eV/K, (1/n)(dn/dT) = 6.70 X 107> /K,
and dA/dT = 0.05 nm/K. The value of (1/n)(dn/dT) is consistent with 6.51 X
107> /K, that was obtained from the temperature dependence of the measured lasing
wavelength of a DBR laser [114] fabricated by us using the same epitaxial structure.

But, the experimentally obtained temperature coefficient of 0.23 nm/°C for the
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lasing wavelength of the RFP laser is different from the value obtained by the above
calculation. On the other hand, the gain peak wavelength is approximately given by

A,(um) ~ 1.24/E4(eV), and therefore the temperature coefficient can be written as

ﬂ ~ —Al <dﬁ> (4.4)
dT Eg\ dT
Using Egs. (4.3) and (4.4) with « = 5.6 x10™* eV/K, g =220 K, and E; =
1.59 eV [96] at 300 K for the GaAsygsPo14 QW, we obtained (1/E,)(dE,/dT) =
—2.89 x 107* /K, so that dA/dT~0.23 nm/K. Using the Eqg. (3.15), an equation for
the separation of the low threshold RFP mode wavelengths can be written as
|AAce| = [(A%/)Afecl = |22 /2n,4(nR — L)|. Since the temperature coefficient of
the gain peak wavelength is larger than that of the RFP cavity mode wavelength, and

|AZcc| =0.3 nm is smaller than the gain bandwidth, the lasing wavelength shifts in
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Figure 4.11 Near-field pattern of the RFP laser measured at an injection current of 200
mA. The graphs show the intensity distributions along the horizontal and vertical

directions.

74



Chapter 4. Single-Mode RFP Composite Cavity Lasers

steps of A with an average coefficient of 0.23 nm/°C. This value is consistent

with the obtained experimental value.

4.4.3 Near field pattern

The near-field pattern (NFP) of the RFP laser was observed by a CCD camera.
Figure 4.11 shows the NFP image and its intensity distributions at an injection
current of 200 mA. A symmetric intensity distribution along the vertical direction
was observed, but there was an asymmetry along the horizontal direction. The
possible reason might be that the fabricated waveguide was not exactly of the single-

mode but weakly supported the first order mode.

4.5 Summary

| fabricated and characterized a simple all-active circular ring / FP composite cavity
semiconductor laser. The laser having a ring radius of 400 um and an FP cavity
length of 950 um was fabricated. The lasing threshold current was 140 mA and an
output power of 12 mW was obtained at an injection current of 250 mA. Stable
single-longitudinal-mode lasing with an SMSR higher than 25 dB was accomplished.
The temperature coefficient of the lasing wavelength of 0.23 nm/°C was explained

by considering the temperature coefficient of the bandgap energy of the QW.
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Chapter 5

Two-Wavelength RFP
Composite Cavity Lasers

5.1 Introduction

Laser diodes that emit light of multiple wavelengths simultaneously are useful for
many applications, such as dual-wavelength interferometry [98], [99], optical
switching [100] and terahertz (THz) wave generation [101], [102]. Several
techniques have been developed to achieve two-wavelength operation of a diode
laser system, and they can be classified into two categories: (1) monolithic two-
wavelength diode lasers [80], [103]-[107], and (2) diode laser systems based on
external-cavity feedback [108]-[111]. The monolithically integrated devices are
attractive for their low cost [104], compact size [104], multi-functionality [112],
and stable dual-wavelength operation [105], [106]. Periodic phase-shifted gratings
[113] and sampled grating distributed Bragg reflectors (DBRs) [114] have been
adopted inside the laser cavity for the realization of multi-wavelength sources. The
multi-section distributed feedback (DFB) lasers [106], [107] and two DBR lasers
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with integrated Y-junction combiner [80], [105] were also used to achieve dual-
wavelength operation [80], [113], [114]. Although these techniques used grating
structures, the grating fabrication was rather complicated. Hence, the low cost
devices with simple fabrication process are still required. Semiconductor ring lasers
require relatively simple fabrication process [56], [88], [89], [91] as compared to the
grating incorporated lasers. Devices having various configurations were studied to
control the lasing of one of the two counter propagating modes [91] as well as the

enhancement of light out coupling from the ring cavity [56].

In this chapter, fabrication and experimental results of a simple circular ring /
FP (RFP) composite cavity semiconductor laser for two-wavelength emission is
presented. The entire waveguiding structure was fabricated by a single etching step.
Two-wavelength lasing of almost equal power under continuous wave operation was
accomplished by controlling the currents injection to the FP section and the ring

section independently.

p-electrodes

BCB insulating layer
Facet mirror
Ring cavity

Facet mirror

Figure 5.1 Schematic of the ring / Fabry-Perot composite cavity laser with two separate
electrodes.
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5.2 Design parameters

Figure 5.1 shows the schematic of the RFP laser geometry consisting of an active
circular ring resonator coupled to an active straight channel waveguide by a
tangential coupler. The ring radius is R and the straight channel length is L. Ridge
type single mode waveguides with same width are used for both of the ring and
straight waveguides. Two separate p-electrodes are used to control the injection
currents to the ring section (lg) and straight section (1) independently. The device is
easy to fabricate since it does not require narrow gap between waveguides. We
designed a ridge channel waveguide using GaAs,gsPo14 tensile strained single-
quantum-well separate confinement heterostructure (SQW-SCH). We expect lasing
of TM mode of higher gain at wavelength ~800 nm. The ridge width and height
were determined as 3.0 um and 1.55 pum. The ring radius was determined as R=395
pum. Use of 1.55 pm ridge height gives better lateral confinement of guided mode as
compared to previous 1.45 pm ridge height. The bend loss factor calculated for TM
fundamental mode was 0.5 cm™, which can be compensated by the gain available at
the active ring waveguide. Analysis of the tangential coupler based on the 2-
dimensional BPM simulation showed that, for input wave from the straight (ring)
guide, the power efficiencies of coupling to the ring (straight) guide and
transmission through the straight (ring) guide are 10% and 82% (30% and 37%),
respectively. The FP cavity length was selected as L=1090 pm to satisfy 2R<L<mR.
According to the analysis presented in the section 3.4, the value of k=8 was
calculated by using the Egs. (3.1), (3.2) and (3.14). Separation between the
composite cavity modes with low threshold gain is Afcc = 7Af~ 8Afg. Estimation of
the shift of fz, using the experimentally obtained temperature coefficient

Ang/AT~2x10™ /°C shows that the shift of fg, larger than Afe ~ 38GHz can be
obtained with AT~1.65°C.
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5.3 Fabrication of two-wavelength RFP lasers

The designed RFP laser was fabricated using a GaAsgggPy14 SQW epitaxial
structure same as that used for fabricating the single mode RFP laser discussed in
the previous chapter. Details of the epitaxial structure were given in the table 3.1. |
fabricated the RFP lasers by EB lithography and RIE using CH4-H, and CF4-H,
gases with SrF, masks. Fabrication processes were almost similar to that describe in
the section 4.3. Only differences were the fabrication of straight section of 1250 pm
length, fabrication of two separate electrodes and ridge structures of 1.55 pum heights.
To fabricate 1250 um long straight channel and 395 um radius ring waveguides, EB
writing was done with the field size of 1 mmx1 mm. At first, the ring waveguide and
1000 um long straight channel waveguide patterns of the RFP laser were written.
Then the remaining 250um straight channel pattern for the same laser was defined
after moving the sample stage. Repeating these steps, patterns for all of the lasers
were written. Stage positioning accuracy of our EB machine is 0.5um for X and Y
directions, which are acceptable for fabricating this device. The lateral mismatch
between the straight sections was minimized by adjusting the scan rotation. Since
only one stage shift in vertical direction was required for every laser, 1um overlap
between the waveguides was set to avoid the possibility of gap formation. This
overlap between the waveguide is shown in the figure 5.2(a). Due to the two times
exposure of e-beam at the overlapped region, width of the waveguide became wider
than other parts. This change of waveguide width introduces an additional loss of
guided power however the loss was very small (<0.5%) for the fabricated waveguide.
SEM images of part of the ring and straight waveguides are shown in the figure
5.2(b) and (c). Fabricated waveguides have smooth and almost vertical side walls.
After planarizing the entire sample by benzocyclobutene (BCB) insulation layer,
Cr/Au p-electrodes and AuGe/Au n-electrode were evaporated. Figure 5.2(d) shows
the microscopic image of the RFP laser. The wafer was cleaved to form the facet
mirrors and also to make the straight section length of 1090um. Finally, the lasers

were mounted on a Cu heat sink.
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Figure 5.2 (a) SEM image shows the overlapped region on the straight
waveguide. (b) and (c) SEM images of the ridge structure around the tangential
coupler. (d) Optical microscopic image of the RFP laser.

5.4 Characterization

5.4.1 P-1 characteristics

The fabricated RFP laser was then tested under continuous wave operation at 20 °C
by using a thermo-electric temperature controller. Currents were injected to the ring
and straight waveguide sections by using two probes and two independent current

sources. Output power from the straight waveguide facet was measured with a
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circular aperture inserted in front of the power meter head to block the radiation

from the ring section.
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Figure 5.3 P-I characteristics of the RFP laser measured at various fixed injection

currents to the (a) ring section and (b) straight section.
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Figure 5.3(a) shows the dependence of the output power P on the injection
current to the straight section (Ig), obtained for the injection currents to the ring
section (Ig) kept at several fixed values. The result shows that the lasing threshold
and the output power are not affected significantly by the increase of Iz. Threshold

current was I;,=82 mA, and output power of 13 mW was obtained at 1-=200 mA.

Figure 5.3(b) shows the dependence of the power P on I, for I¢ at several
fixed values. When I was increased from 0 mA to 75 mA, the threshold current lIgsy,
decreased from 200 mA to 140 mA and the maximum output power increased from
1.4 mW to 4.4 mW. The reduction of Iz, was due to the reduction of the absorption
loss in the part of the ring section close to the coupler region. The increase of the
output power was the result of the amplification of the light in the straight
waveguide. At present, the exact reason for the irregularities of the P-I; curves is
unknown. However, possible reasons might be interference between the ring and FP
modes with the independent injection currents described in the section 3.5, and/or
interference between lasing in the fundamental and first-order lateral modes.
Although the current spreads from the waveguide with electrodes into the part
without electrode, the carrier density is lower there and therefore saturable
absorption of light may take place, as the curve for Ir=75 mA in figure 5.3(b)
exhibits the evidence of it slightly above the lasing threshold. Such saturable

absorption may also be related to the irregularities.
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Figure 5.4 Lasing spectra of the RFP laser at different injection currents to the straight

section without injection to the ring section.

5.4.2 Lasing spectrum

Lasing spectrum was measured by using an optical spectrum analyzer (Anritsu
MS9710B) with a resolution of 0.07 nm. Figure 5.4 shows the lasing spectra
obtained for various values of I without injection to the ring section. Single or
multiple longitudinal mode lasing was observed for different injection currents. The
mode spacings for 1-=100 mA and 130 mA were 0.56 nm and 0.54 nm, comparable
with |Adcc|=|(A%/c)Afec|=0.59 nm calculated by using Ngeg = Neeg = 3.624 for the

effective group refractive indices. When I was increased from 90 mA to 130 mA,
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the lasing wavelength shifted towards the shorter wavelength, although the gain

peak shift due to the temperature rise was towards the longer wavelength. For 1>

140 mA, composite modes with wavelength separation around 6 nm lased.
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Figure 5.5 Two-wavelength emission spectra of the RFP laser at different combinations

of injection currents to the ring and straight sections.

To accomplish two-wavelength lasing, currents were injected to both of the

ring and straight waveguides. Keeping Iz at 100 mA higher than the threshold

Irhn=82 mA, Iz was increased from 0 mA slowly and carefully observing the lasing

spectrum. Initially, multiple peaks of unequal power were observed. With increasing

Iz, another peak appeared and grew. Separation between this peak and the main peak

of the initial lasing modes was much larger than the initial mode separation of 0.56
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nm. Then Iz was fine adjusted so as to have equal intensity for the two lasing
wavelengths. Two-wavelength lasing of 4.3 nm separation was obtained at 1z=100
mA and 1z=163 mA as shown in the figure 5.5(a). When I was increased to 110 mA
with keeping 1z=163 mA, two wavelength lasing of 1.8 nm separation was obtained
as shown in figure 5.5(b). Further increase of I to 120 mA with 1;3=163 mA resulted
in disappearance of two-wavelength lasing. When Iz was reduced to 100 mA, two-
wavelength lasing with 1.0 nm separation was obtained as shown in figure 5.5(c).
When I was increased to 150 mA with 1z=100 mA, two wavelength lasing
disappeared but readjustment of Iz to 84 mA gave two-wavelength lasing again with
3.7 nm separation as shown in figure 5.5(d). The obtained results are summarized in
table 5.1. The wavelength separations are approximately equal to the integer
multiple of |AAcc|=0.59 nm. As expected by the theoretical considerations described
in section 3.5, two-wavelength lasing with discrete sets of separations were

accomplished by careful setting of I- and I.

Table 5.1 Summary of driving conditions and obtained two-wavelength lasing

performances.

Injection  Obtained two-  Wavelength  Total Power Beat

currents wavelength separation  output difference frequency
Ir IR Iasing A1, Ao Ao-A1 [nm] power [mV\/] fi-f>
[mA] [nm] [mw] [THZ]

100,163  801.7,806.0  4.3(x7AAcc) 3.34 0.11 2.00

110,163  803.3,805.1  1.8(=3AAcc) 4.39 0.0 0.83

120,100  798.7,799.7  1.0(x2AAcc) 4.46 0.0 0.47

150, 84 801.7,805.4  3.7(~6AAcc) /.50 0.16 1.72
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5.5 Summary

Fabrication and characterization of a simple all-active circular ring / FP composite
cavity GaAsP laser having two separate p-electrodes were presented. Two-
wavelength lasing of almost equal power with 3.3~7.5 mW total output power under
continuous wave operation was accomplished by keeping the current injection to FP
section at a constant value and fine controlling the current injection to the ring
section. Discrete sets of wavelength separations in 1.0~4.3 nm in the 800 nm band
were obtained. The corresponding beat frequencies in 0.5~2.0 THz are suitable for

photomixing generation of THz waves.
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Chapter 6

Conclusions

In this dissertation, semiconductor lasers having circular geometry were studied
aiming to the applications for beam shaping function and THz wave generation.

In chapter 2, | designed and fabricated InGaAs quantum-well circular grating
coupled surface emitting lasers (CGCSELSs) to focus the emitted laser beam at a spot
in air. Third order circular distributed Bragg reflector (DBR) and first order chirped
circular grating coupler (GC) were designed by using coupled mode theory. GC was
designed for focusing the output beam at 3.0 mm above the laser surface. Stitching
error free smooth circular gratings with uniform duty ratio were fabricated by EB
lithography and two-step RIE. Single mode lasing was accomplished under pulse
operation. Among a group of CGCSELSs, the laser having an active region diameter
of 240 um, DBR length of 80 um, and GC length of 45 um showed the best
performance. Focusing of the surface emitted light at the designed focal plane was
confirmed from the emission patterns. The full width at half maximum (FWHM) of
the focused spot was measured as around 80 pum.

In chapter 3, theoretical analysis and design considerations of novel and
simple ring/FP (RFP) composite cavity lasers were presented. The lasing condition
was derived by equating the complex round trip gain between the facet mirrors of
the RFP laser to unity. Possibilities of single mode and two-wavelength lasing
operation were discussed considering the mode frequencies of the ring and FP
cavities and vernier effect. Design parameters of the RFP laser were estimated by
effective index method, finite element method (FEM) and beam propagation method
(BPM) simulation.
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In chapter 4, fabrication of an RFP composite cavity semiconductor by EB
lithography and RIE processes was presented. Single mode lasing with an output
power of 12 mW and an SMSR higher than 25 dB was accomplished under
continuous wave (CW) operation. Temperature coefficient of lasing wavelength was
0.23 /°C obtained from the measured emission spectra. The shift of the lasing
wavelength was explained by considering the temperature coefficient of bandgap
energy of the QW material.

In chapter 5, accomplishment of two-wavelength lasing of RFP laser with two
separate p-electrodes were reported. Lasing of almost equal powers with total output
3.3~7.5 mW under CW operation were accomplished by keeping the current injected
into FP section at a constant value and fine controlling the current injected into the
ring section. Discrete sets of wavelength separations in 1.0~4.3 nm in the 800 nm
band were obtained. The corresponding beat frequencies in 0.5~2.0 THz are suitable
for photomixing generation of THz wave.

| have fabricated the CGCSELSs by using the unique technique of EB writing
employing the smooth circular scanning of e-beam. For the first time, | was able to
fabricate the stitching error free circular gratings for such a large size device. This
unique fabrication technique would further accelerate the research on this type of
lasers. | also demonstrated a novel RFP composite cavity laser, in which ring and FP
cavities were coupled to each other by a tangential coupler. Single mode lasing was
accomplished under CW operation at room temperature. Simple fabrication process
is one of the key advantages of this laser. | also accomplished the two-wavelength
lasing with almost equal powers from a single RFP laser for the first time. This
device could be a promising candidate for the source of THz wave generation by
photomixing process.

There are many avenues for future research arising from this work. Future
work involves the following tasks:

1. The output power of the CGCSEL can be enhanced by adopting first-order

DBR grating, reducing the absorption loss in the grating region by area
selective QW disordering, and reducing mismatch between guided modes

in active and DBR regions by inserting a transient region. High power
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CGCSEL would be realized by fabricating 2-dimensional array of
CGCSELs with a common focus point.

Output power of the RFP laser can be enhanced by optimizing the
tangential coupler design. The radiation loss of the coupler can be
minimized by using single mode waveguides and/or selecting the radius of

the ring waveguide carefully.
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Appendix

Al. Electron beam writing of circular
patterns

The EB writing machine ELS3700S installed in our laboratory has a unique feature
called Special Pattern Generator (SPG). In order to enable writing patterns for
integrated optics by ELS3700 with high accuracy and high efficiency (high speed),
hardware functions for high speed writing are installed to reduce the software

dependence. A block diagram of the SPG is shown in figure Al.1.

X-RAM A =
c
X-Counter A $xa =
Rt | S Y.DAC X
<
X-RAM B g fine offset
Computer PIO fine amp
Data Bus X-Counter B o
ENABLE
Y-RAM A =
. |= Y
Y-Counter A s
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LOAD
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Address Bus
* f/N Clock
T f/NM Clock
Master
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g:::rator Clock Scaler Clock Scaler >
I N I M
START BLK
— Controller >
BUSY Writing Mode
«— Register DB Controller T
A/B

Figure Al.1 Block diagram of the Special Pattern Generator.
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Appendix

SPG has two sets (A and B) of RAM (16 bit x2'° address) for storing X data
and two sets (A and B) of RAM (16 bit x2° address) for storing Y data. Both A and
B alternately perform acquisition of data from computer PIO and providing the data
to Digital to Analog Converter (DAC) for EB writing. This is designated as Double
Buffer (DB) scheme. RAMs are associated with 16 bit Address Counter (AC). The
combination of AC, RAM and DAC works as a digital arbitrary waveform generator.

SPG has a clock generator, consisting of a master oscillator (frequency f) and
two presetable scalers (1/N scaler and 1/M scaler), which provides clock signals of
frequencies f/N and f/NM. The f/N clock signal and f/NM clock signal can be
connected to X-AC and Y-AC or to Y-AC and X-AC. It is also possible to inhibit
the clock for either X-AC or Y-AC. System is designed so that the data from the
computer P1O can be loaded in RAM as rapidly as possible. The controller prepares
for EB writing by setting the selected writing modes and N, M according to the
commands from the computer. The controller also has functions of DB state control
and blanking (BLK) control.

SPG can be operated in three writing modes such as: arbitrarily curved line
mode, horizontal line mode and vertical line mode. For writing the circular patterns,
arbitrarily curved line mode was used. Both of the X and Y blocks work as arbitrary
function generators. Operating sequences of this mode is as follows:

1. /N clock signal is connected as clocks for X-AC and Y-AC.

2. N is preset to determine the scanning speed.

3. Data for one curved line are transferred from the computer to X-RAM and

Y-RAM.

4. AC is cleared.

5. The start signal given by the computer turns BUSY to 1, turns BLK to off
and AC is enabled. Then writing of the curved line starts. When the address
reaches the value corresponding to the number of the data transferred, BLK
turns on, AC is disabled and busy is turned to 0. Then writing of the curve
is completed.

6. In parallel with the sequence 5, the data for the next curved line are loaded
in another RAM.
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7. Sequences 3-5 are repeated to write the whole pattern.

0 30000 60000

30000

[va)

| Circular
grating

60000

Figure Al.2 Schematic of circular scanning of e-beam for writing the circular

grating patterns.

For EB writing under the control of SPG, the field size can be divided into
60000x60000 pixels. The X and Y data for writing a circle of radius r can be

calculated by the following equations:
X; = [{rmax + 7sin Hi}/sp]int ’ (A1.1)
Y, = [{rmax + 7 cos Hi}/sp]int . (A1.2)

Here, 7;,,4,1S the maximum radius of a circle in nm that can be defined within the EB
writing field size, i = 0,1, ...n is an integer, n = N, 4.7 /Tmax represents the total

number of data points require to define the circle of a radius r, 8; = 2mi/n is the

107



Appendix

angular position of the i-th point on the circle, s, =100x10° /(mx60000) is the

length of each pixel in nm and m is the magnification.

To fabricate 500um diameter CGCSELSs, magnification was set to 200 to have
a writing field size of 500umx=500um. Size of each of the dots were 8.33 nm at this
magnification. Data for a circle of radius r were prepared with constant arc lengths
of 26 nm. Circular disk like patterns were written by multiple circular scanning of e-
beam (diameter 100 nm) with radial steps of 100 nm. For writing the grating
patterns, beam current was set at 40 pA so that the beam diameter was 40 nm. Each
of the grating patterns were written by a single and constant speed circular scanning
of e-beam. Scan speed was predetermined by test writing for obtaining the desired
linewidth with. Writing of the entire grating patterns were completed by multiple
circular scanning with radial steps determined by the periods of the grating as shown
in the figure Al1.2. A total of about 350 circles were written for the DBR and GC.
For fabricating the gratings with an accurate period, calibration of the EB writing

system was done every time by using a calibration mark written with same field size.
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A2. Relation between the temperature
coefficients of refractive index and
bandgap energy

The Kramers-Kronig relations are [1]

Re{y(w)} = —P f_oo Irr;{)(fwa’))} (A2.1)
i)y =P [ Xy, (a22)

where y(w) is the complex dielectric susceptibility which is a function of the
angular frequency w and P denotes the Cauchy principal value. Definition of the

Cauchy principal value is given by the right hand side of the Eq. (A2.3).

Pf_o;a))(,(w’)dw—l Uwp)(( ) 4o’ +f::p:f( ) 4 l(Azs)

Here, p is an infinitely small distance from the pole at w’ = w on the real axis. The
Kramers-Kronig relation shows that the real and imaginary parts of y(w) are not
independent to each other but are correlated by integral transformations. Since

Re{y(w)} is even function of w and Im{y(w)}is an odd function of w, the Eq.
(A2.1) can be rewritten as

Re{z(e)) = f°° Im{r(wD}

e W —w

(A2.4)

T w'? — w2

_2, f°° o Imfy (@D}
0
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The complex refractive index is related with the dielectric susceptibility by the

following relations:

A2=g=1+y, (A2.5)
(224 %)2 = (%)2 £ = (%)2 1+ ). (A2.6)

Here, n is the real part of the complex refractive index, a is the power attenuation

coefficient, c is the free space light velocity. For a « % =ky = 27“ we can write

{nz =1+ Re{x}, (a2

na = (%) Im{y}.

Using the Egs. (A2.6) and (A2.7) we can write the frequency dependence of the

refractive index as

2c  (“n(0)a(w") |

From the expression of frequency dependent absorption factor [1] for direct

transition type semiconductors without carrier injection we can write

a(w)

—U >hw

Figure A2.1 Absorption spectrum without carrier injection.
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0 tho < Eg,
n(wHa(w') = (A2.9)

A fhw’—Eg ;ha)>Eg.

Here, A is the proportionality constant and Egis the bandgap energy. Substituting the
Eq. (A2.9) into Eq. (A2.8) for w < E,/h we obtain

2cA ,/hw -
n?(w) =1+ < f dw

IR

2cAh (® Vx
=

: dx. (A2.10)
L (x + Eg) — h2w?

Result of the integration part at the right hand side of Eq. (A2.10) can be obtained by
doing integration by substitution as

%) \/} %) 2y2
f 5 dx =f 5 dy,
o (x+ Eg) — h2w? o (y2+ Eg) — h?w?

1 J“” E; + ho E;, — hw 4

Chw Jy y2+E;+ho y*+E;—ho Y

1 J‘i sec? @ E, + ho do — f sec? @ _hwds|,
~ho |, tan?0 + 1+ 9 @ tn29+1\/ @

= T . (A2.11)
\/Eg + hw +\/Eg — hw

In the above calculation, vVx = yand y = JVEg = ho tan 6 were used. Using the Eq.
(A2.11) in Eq. (A2.10) we obtain
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1
\/Eg + hw + \/Eg “ho

n2(w) = 1+ 2chA (A2.12)

Taking the derivative of Eq. (A2.12) with respect to temperature T and eliminating A
we obtain the relation between the temperature coefficients of refractive index and

the bandgap energy as

1
ldn 1 1-72 1dE 4213
ndl ~ 4 L E, dT (A2.13)
1 (M
(%)

For hw? « EjF, and n? » 1, Eq. (A2.13) reduces to

lan 1 ldEg

Reference

[1] T. Suhara, “Semiconductor laser fundamentals,” Marcel Dekker Inc, 2004.
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A3. Conformal mapping of ring
waveguide

A v
Z=x+iy
W=u+iv
R
n n &=R0 v=E
D<<R
9 N N
4 T [ o
2
D Conformal ?
transformation
n
", L
T n(xy=0)
2D |z, X H
2 2
(@ (b)

Figure A3.1 (a) Two-dimensional view of the cylindrical waveguide with radial step
index distribution (b) Conformal transformation that converts the ring waveguide into a

straight waveguide with a modified lateral refractive index profile.

Figure A3.l(a) shows the cross sectional view of a cylindrical waveguide with a
radius R and a constant width D. Step discontinuity in refractive indices at radii R-
D/2 and R+D/2 are shown in the lower part of figure. A3.1(a). Wave propagation in
this waveguide along the direction perpendicular to the Z plane is described by the

solution of two-dimentional wave equation as:

2 2

5ozt 37 + k?n?(x,y) | E(x,y) = 0. (A3.1)
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Conformal mapping [1],[2] allows for curved waveguides to be represented by
corresponding straight waveguides with a modified lateral refractive index
distribution. The ring waveguide on Z-plane (x,y plane) can be converted into
equivalent straight waveguide on W-plane (u,v plane) . The objective of the
transformation is to select an f(Z) that converts curved boundaries in the (x,y) plane
to straight ones in the (u, v) plane. Using the values and reference planes as shown in
figure A3.1(a), this can be accomplished by selecting

W =f(2) = Rln% (A3.2)

and

w
R,

Z=Re (A3.3)

Relations between the Z-plane and W-plane coordinates are, x = R er cos%,
y =R eﬁsing and u =R In f% v = Rtan"1§= RO = & . Figure A3.1(b)
shows the equivalent straight waveguide obtained by using the above conformal

transformation. The straight boundaries at u=—D/2 and u=D/2 are equivalent to the

inner and outer boundaries of the ring waveguide. Using the Cauche-Riemann

. ou _ov odu _ v ox 9y o0x _  dy (62 62).
relation [3] (6x =% 3y - ox and o0 3 au)’ the Y + 372 (in x,y

coordinate system) can be converted (into u,v coordinate system) as

10u  duj
a2 9% |ox oay|[0? 82 ow\®  ou\*) [ 9% 92
2= o) =1(5) +(50) {32+ 352
dx*  dy? |0v Jv[\ogu? 0Jv? 0x oy ou?  ov?
dx OJdy
_uf0* 0*

Cauche-Riemann relation was used to preserve the local angles of ring waveguide
and equivalent straight waveguide. Using the Eq. (A3.4), Eq. (A3.1) can be written

as
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[ —ZE 62 62
e <W + 6_> kznz(u)l E(u,v) =0,

[ 02 92

32 62+eRk2 n*(wW|E@,v) =

92 92
la— 5z T ke | Ewv) = 0. (A3.5)

u
Here, neq,(u) = ern(u) = (1 +%) n(u) is the equivalent refrcactive index

distribution of the converted straight waveguide. The approximation is valid only if
R>>D so that in the vicinity of the waveguide, R>>u. Refractive index profile of the

equivalent straight waveguide is shown in the lower part of figure A3.1(b).
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