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Chapter 1

Introduction

1.1 Background

Lasers have made a tremendous impact on modern science and technology, with widespread
applications in areas such as communications, imaging, sensing, displays, medicine, ma-
terials processing, and optical physics. Since the the first demonstrations of the first
laser in 1960 [1], five Nobel Prizes in Physics have been given to researches directly
related to lasers, with the first one in 1964 to Charles H. Townes, Nicolay G. Basov
and Aleksandr M. Prokhorov for their fundamental work leading to the constructions of
lasers and the most recently one in 2000 to Zhores 1. Alferov and Herbert Kroemer for

developing semiconductor heterostructures which makes semiconductor lasers possible.

The word “laser” is the acronym for Light Amplification by the Stimulated Emission
of Radiation, and its invention can be dated back to more than ninety years ago when
Albert Einstein introduced the concept of the photon and predicted the phenomenon
of the stimulated emission. The laser is a device that produces a coherent light beam
with low-divergence at frequencies ranging from the infrared to ultra-violet region, and
it has two essential components: a gain medium that amplifies light in the presence of
an external pump, and a laser cavity that traps light and supplies the needed optical
feedback. The early laser cavities are all of Fabry-Perot type (see Fig. 1.1(a)) where the
light undergoes multiple reflections between two facing mirrors, one of 100% reflectivity

and the other slightly less (about 95% in the first ruby laser [1]).

One shortcoming of Fabry-Perot lasers is that they cannot maintain stable single-mode
operation particularly under high-speed modulation [2]. This is because the optical feed-
back is almost the same for the multiple closely-separated longitudinal modes located

within the gain spectrum range. The advent of laser diodes with distributed optical
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feedback [3-6] solves this problem. Depending on whether the diffraction grating is
incorporated inside the gain region or outside, these lasers are classified as distributed
feedback (DFB) lasers and distributed Bragg Reflector (DBR) lasers. The incorpo-
rated periodic gratings (index and/or gain) cause a wavelength selective feedback. Only
wavelengths close to the Bragg wavelength experience maximum reflectivity and there-
fore only modes with these wavelengths are selected for lasing. In addition, the lasing
wavelength in these lasers can be tuned precisely by varying the spatial period of the

diffraction grating.
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Figure 1.1: Schematic diagram of (a) a Fabry-Perot laser cavity and (b) a
VCSEL device.

One important design of DFB lasers is the vertical cavity surface emitting laser (VC-
SEL) shown in Fig. 1.1(b). This novel type of semiconductor laser was suggested by
Prof. Kenichi Iga in the the year 1977 [9, 10]. Due to their small sizes, the frequency
spacing of the axial modes is large compared with the gain width and typically only one
longitudinal mode is underneath the gain curve, which gives rise to more robust single-
mode operation. More importantly, the surface-emitting properties provide a number
of advantages compared to the conventional edge-emitting lasers, e.g., circular output
beams (thus high coupling efficiency to optical fibers), high reliability without suffering
from catastrophic optical damage (COD) at the output facets, efficient implementa-
tion of fabrication and simultaneous test on a wafer, low-cost two-dimensional array
fabrication, etc. All these advantageous features have made them become the most
versatile semiconductor laser diode and have enormous market growth potential [11].
Historically, VCSELs have been have been mostly confined to low-power applications (a
few mW at most), such as fiber optics and high-speed data transmission. These VC-
SELs have been used as single devices or small addressable arrays. However, there are
fundamental reasons why the VCSEL technology cannot extended to very high-power
applications without fabricating large two-dimensional (2D) arrays of low-power single
emitters. That is because the only mode selection mechanism in the transverse direction
is due to the refractive index contrast and therefore there exists a limitation in increasing

the device dimension for high power operation.
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The rapid advance of micro- and nano- fabrication techniques over the past decade,
along with the development of novel theoretical techniques, has led to the emergence of
a number of new types of laser cavities, with dimensions and emission properties much
different from those found in conventional lasers. Among them are dielectric micro-disk
lasers [12-16], photonic crystal lasers [22, 23, 27, 29], photonic crystal VCSELs [17-21].
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Figure 1.2: (a) Device structure of photonic crystal surface-emitting lasers (PC-
SELs). (b) Photonic band-structure. At the band edges (second-order I" point),
the group velocity of light becomes zero.

PCs are optical materials with a periodic refractive index modulation. Photons within
PCs are akin to electrons inside semiconductor, where the periodic atomic lattice is
analogous to the periodic dielectric medium. Similar to electronic band structure for
electrons, photonic-band structure is formed for photons. Two-dimensional photonic-
crystal lasers can be divided in two families: defect mode lasers and band-edge mode
lasers. The former operate at frequencies inside the band-gap by intentionally intro-
ducing a defect that supports localized modes [22-26]. Band-edge mode lasers instead
operate in regions of energy-momentum space that have a high photonic density of
states and a corresponding small group velocity. We implemented the latter device ar-
chitecture in order to take advantage of the spatial delocalization of band-edge modes,
which allows for improved power extraction. Sine the first experimental demonstration
performed by M. Imada, et al. and M. Meier, et al., the band-edge photonic-crystal
surface-emitting lasers (PCSELs) (see Fig. 1.2) are becoming increasingly important
due to their much improved laser performance and functionality compared to the con-
ventional semiconductor lasers [27-42]. A number of successful demonstrations over the
past decade promise that PCSELSs not only able to integrate almost all the advantages
of VCSELs but meanwhile allow high-power operation.

By utilizing the band edge of the photonic band structure, single longitudinal and trans-
verse mode oscillation in two dimensions has been achieved with a large lasing area,
enabling high-power, single-mode operation [27, 34]. The output beam of such devices
is emitted in the direction normal to the 2D PC plane and has a small beam divergence
angle of less than 1° due to the large area of coherent oscillation [34, 35]. Furthermore,

both the polarization and pattern of the output beam can be controlled by appropriate
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design of the PC geometry [29, 35]. Recent developments of 2D PC lasers have allowed
the lasing wavelength to be extended from the near-infrared regime to the mid-infrared
[36], terahertz [37], and blue-violet regimes [40]. In addition, we have recently demon-
strated the operation of a PC-SEL with entirely new functionality: on-chip dynamical

control of the emitted beam direction, achieved by using a composite PC structure [42].

1.2 Unique features of photonic-crystal surface-emitting

lasers

Although the configuration of PCSELs can be considered 2D versions of the second-
order distributed-feedback (DFB) lasers [67], PCSELs are essentially different from the
conventional DFB lasers. This is due not only to their ownership of the multidirectional
coupling mechanisms [31] (which are unachievable in DFB lasers) but also to the re-
markably high design freedoms of PC geometry including air-hole shapes [29, 35], 2D
multiple phase-shift [35], unit cells [45, 52] lattice structures [42-44], etc. Both these
multidirectional couplings and high structural design freedoms enables PCSELs to ex-
hibit enhanced functionalities and improved performance compared to the conventional
semiconductor lasers. In this section, we shall give a brief review of the unique features

that have been demonstrated thus far.

1.2.1 Single-mode high-power operation over large area

One of the most important features of PCSELSs is that they enable stable single-mode
lasing over a large area. The large-area surface-emission further allows several advan-
tages such as high output power, avoiding catastrophic optical damage (COD) at the
output facet, and narrow divergence angle. This is all due to the notable feature of the

two-dimensional band-edge effect[29, 31].

The large-area coherent lasing has been experimentally demonstrated in several previous
publications [29, 31, 34]. Figure 1.3(a) shows a typical near-field pattern (NFP) of
a junction-up PCSELs [34]. The lasing spectra were examined at different positions
located within the broad lasing area (> 100 x 100 pum?). At each position, the lasing
peak was observed at the same wavelength 958.2 nm. This is a strong evidence that the
single-mode coherent lasing was indeed obtained over a large area. Figure 1.3(b) shows
the corresponding far-field pattern (FFP), which features a small beam divergence angle

of less than 1°. This small divergence angle reflects the large area coherent oscillation.
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Figure 1.3: (a) Near-field pattern (NFP) and lasing spectra of a junction-up
PCSEL. The side length of the electrode is 50 pm. (b) The obtained far-field
pattern (FFP).

In general, the output power scales with the lasing area. Therefore, PCSELs are inher-
ently suitable for high-power operation. Fig. 1.4(a) shows the measured light-current
characteristic of a single PCSEL device under continuous-wave operation [54]. A high-
est output power of 780 mW was obtained at an injection current of ~1.8 A. The slope
efficiency is as high as 0.49W /A, which is comparable to that of the conventional semi-
conductor lasers. The lasing spectrum measured at 1.8 A is shown in Fig. 1.4(b),
indicating that a single-peak lasing was obtained with a side mode suppression ratio
(SMSR) over 20 dB. Even at this high power operation, the divergence angle of the
almost single-lobed far-field pattern (FFP) is still within 1°, as shown in Fig. 1.4(c).
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Figure 1.4: Measured lasing characteristic of a PCSEL under continuous-wave
(CW) operation at 20°C: (a) Light-output characteristics, (b) lasing spectrum,
and (c) far field pattern (FFP) operated at 1.8A.
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1.2.2 Beam pattern and polarization control

PCSELs is capable of producing diverse beam patterns on demand by appropriately de-
signing photonic crystal geometries [35]. The beam pattern emitted by a semiconductor
laser is determined by the Fourier transformation of the electromagnetic field distribu-
tion in its output plane. It is therefore important to alter the internal electromagnetic
field of the resonant mode. This can be achieved by varying the air-hole shapes and/or
introducing phase shift. Figure 1.5 shows a variety of beam patterns emitted from PC-
SELs, including single, twin and quadruplet doughnuts, either separated or touching,

and single-lobed shapes.

29.2um

Figure 1.5: Various surface-emitted beam patterns produced by PCSELs with
engineered air-hole shapes and/or lattice phases.

The polarization of the surface-emitted output beam from PCSELs is also closely related
to the internal electromagnetic field of the resonant mode. By carefully engineering air-
hole shapes and/or the lattice structures, various polarization profile can be realized.
Figure 1.6 shows a range of polarization profile obtained from PCSELs. Within a square-
lattice, a linear polarization is obtained by using an asymmetric triangular air-hole
shape, whereas an azimuthal polarization can be obtained using a circular air-holes
shape. On the other hand, more complicated polarization profile can be realized by
using the triangular lattice or by using a fifth-order I'-point mode of a square lattice
[43]. The latter three polarizations are very useful in the field of vector beams, which are
important in versatile applications such as high-resolution microscopy, advanced laser

processing and optical trapping.

1.2.3 On-chip beam steering

As shown in Fig. 1.7(a), the output beam of PCSELs typically emits into the sur-
face normal direction because the operating band-edge mode is located at the I'" point

that has a zero in-plane wave vector. If an artificial lasing band-edge could be created
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Figure 1.6: Various polarization profiles produced by PCSELSs

deviated from the I' point, the emitted laser beam would be deflected into an oblique
direction. One possible method of realizing this artificial lasing band edge is to construct
a composite photonic crystal composed of square and rectangular lattices as illustrated
in Fig. 1.7(b). Lasers based on such composite photonic-crystal structures have been
demonstrated to be able to emit beams over a range of directions of £30° [42]. Moreover,
the deflected laser beam can be scanned smoothly and continuously by on-chip integra-
tion. Recently, the beam-steering performance has experienced a remarkable progress.
For maximum deflection angle have been extended to +45° by using combination of tri-
angular lattices, square lattice and rhombic lattice, and modulated photonic crystals. In
addition, the beam-direction steering axis has been extended to 2D by using the square
lattice and rhombic lattice, or modulated photonic crystals. Such on-chip controllability
of the beam direction is important for a wide range of applications including mobile laser

projection displays, advanced laser printers, and chip-to-chip optical communication.
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Figure 1.7: On-chip beam direction control of PCSELSs



Chapter 1. Introduction 3

1.2.4 Extended wavelength regime

In the early stage of demonstrations, most experimental PCSEL works have been done
using organic [28, 30], InP [27], and GaAs [34] material systems that operate at vis-
ible and near-infrared wavelengths (Fig. 1.8(b)). With the appealing features of PC
cavity being widely noted, the PCSEL cavity design was later adopted in GaN-based
materials [40, 41] for shorter wavelength operation, i.e., blue-to-ultraviolet region (Fig.
1.8(a)). Meanwhile, extensive researches have been devoted to the development of longer-
wavelength PCSEL sources. For example, a mid-infrared PCSEL (A ~ 3.7um) was
demonstrated by using antimonide (Sb) material [36] (Fig. 1.8(c)) and long-infrared
terahertz (THz) PCSEL lasers (A ~ 110pum) were demonstrated by operating by litho-
graphically transferring PC patterns onto the top metallization of a metal-metal THz
quantum cascade laser [38, 39] (Fig. 1.8(d)). As a result, the lasing wavelengths of
PCSEL families have now spanned a wide range from near-infrared to blue-violet, mid-
infrared, and terahertz regimes. These efforts for wavelength extension would open the
door to a much broader range of blue-to-ultraviolet laser applications such as super-
high-resolution laser source, optical tweezers for ultrafine manipulation, and promote
the development of advanced quantum cascade laser for astronomy, environmental mon-

itoring, and security.

H. Matsubara, et al., D. Ohnishi, et al., M. Kim, et al. Y. Chassagneux, et al.,
APL Nature, (2009).

Science, (2008). Opt. Express,(2004).

 (d

400 nm 980 nm 3.7 pum 110 ym

Figure 1.8: Extended wavelength regime of PCSELs. The lasing wavelength
spans from blue-violet to terahertz regime.

1.3 Motivation

Despite the experimental advances that have recently been made in the field of 2D
PCSELs, theoretical studies on these types of lasers have thus far been limited. An
important but unresolved issue concerns the mechanisms by which the PC structure
determines the output characteristics of the device, thereby limiting progress in optimiz-
ing the structural design of devices. Computer simulations based on the 2D plane-wave
expansion method (PWEM) [31, 75, 76] or the finite-difference time-domain (FDTD)

method [77-79], can provide valuable information about the lasing properties of the
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PC laser cavity. However, there are some inherent limitations to these computational
approaches. The 2D PWEM is only applicable to infinite structures, and the FDTD
method requires substantial computational resources in order to model finite structures
with realistically large areas. Moreover, neither simulation approach provides analytic
insights into improving the design of devices. A group of alternative analytical methods
[33, 61] have been developed, based on the concept of one-dimensional (1D) coupled-wave
theory (CWT) [65]. However, these methods in their initial formulations consider only
four basic waves in the coupled-wave model and disregard 2D optical coupling effects,
which are important in 2D square-lattice PCs. Sakai et al. later derived a 2D CWT
using an eight-wave model [62, 63] that incorporates both conventional 1D coupling and
the more pertinent 2D coupling, allowing 2D coherent lasing action to be explained
[34]. This more-detailed formulation of lasing underscored the importance of accurately

modeling complicated coupling effects in PCSELs.

Because the previous theory [62, 63] is essentially a 2D model, it is accurate for 2D sys-
tems, while having inherent limitations when trying to model a full three-dimensional
(3D) system. First, the device structure is assumed to be uniform in the vertical di-
rection. However, realistic PCSELS require 3D analysis because the multi-layer nature
of the device breaks the structural uniformity in the vertical direction. For example,
light waves diffracted into the vertical direction (which are particularly important in
the analysis of PCSELs) cannot be modeled explicitly without considering a 3D system.
The second limitation is the difficulty in accurately modeling the 2D coupling effects.
Light propagating within the PC is in principle a Bloch wave described by an infinite
number of terms in a Fourier series expansion, and thus it is crucial to include as many
wave orders as possible to model the PC cavity accurately. For example, it is becoming
increasingly clear that the use of air holes with asymmetric shapes, such as equilateral
triangles and right-angled isosceles triangles [51, 53], is often beneficial; these shapes
are potentially important for improving the output power and slope efficiency of 2D
PCSELs. However, analysis of these complicated PC geometries based on CWT model
requires the inclusion of higher-order terms. Although it appears that the previous
eight-wave model can be extended in a somewhat straightforward way to incorporate
these higher-order terms, this still fails to accurately calculate the 2D coupling effects
because of the essential difference between 2D and 3D systems. In 3D systems, the 2D
coupling strength between individual waves is related to the overlap of their vertical
field profiles. Therefore, the vertical field profile of the individual waves must be treated

very carefully by considering a 3D system.
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1.4 Objective

The main goal of this thesis is to develop a simple, efficient and accurate theory to an-
alyze quantitatively the various lasing characteristics of the PCSEL cavity. We develop
a 3D coupled-wave theory (CWT) for PCSELs in order to overcome the limitations dis-
cussed above. We present a generalized coupled-wave formulation for a 3D structure
by extending the original coupled-wave approach developed by Streifer et al. and C. H.
Henry et al. for 1D distributed feedback (DFB) lasers [66, 67]. Our 3D coupled-wave
model not only incorporates a large number of high-order wave vectors, but also takes
their individual vertical field profiles into account. This model accurately describes all
the important coupling effects in 3D systems, and can also be generally applied to the
analysis of PC structures with air holes of arbitrary shape in the PC plane. To develop
a general theoretical tool for PCSELs, the basis of the 3D CWT framework will then
be extended to treat 3D air-hole holes with arbitrary sidewalls in the vertical direction
and a triangular lattice PC laser cavity. Therefore, our 3D CW'T will be able to treat
PC structures of arbitrary geometry. The accuracy and validity of our developed the-
ory will be verified by comparing the theoretical results of 3D FDTD and further with
experimental results. In the realistic experimental situations, the lasing properties will
also be influenced by the interaction between photons and carriers, and the mode stabil-
ity involves complex laser dynamics. Incorporate these effects is particularly important
for designing high-power PCSELs. Therefore, we extend our linear 3D CWT model to
the nonlinear above-threshold model. Our theory is intended to give a comprehensive
description of the different design parameters and effects that determine the behavior
of a PCSEL device. Emphasis is on the derivation of guidelines for their design. Since
our developed theory in this thesis applies generally to the PC cavity with an arbitrary
geometry, we believe that it provides an effective approach to systematically understand-
ing the relation between the PC structures and the laser performance, and indicates a

clear direction to optimize the device performance.

1.5 Thesis outline

This thesis consists of seven Chapters including Introduction and Conclusions, as well
as Appendices, Acknowledgments, and List of publications. The following gives a brief

description of each Chapter.

e Chapter 1: Introduction
First, background is explained including the unique features and important func-

tionalities of photonic-crystal surface-emitting lasers that have been experimentally
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demonstrated so far. Next, we review the theoretical studies that have been de-
voted to PCSELs and emphasize the importance of developing a three-dimensional

analytical model for the laser cavities. Finally objective of this thesis is presented.

e Chapter 2: Photonic crystal surface emitting lasers and modeling tools
As mentioned above, PCSEL is a new type of semiconductor lasers based on band-
edge effect. To provide a basic understanding of PCSELs, in this Chapter, we first
describe the basic laser structures used in the experiments. Then, we explain the
formation of a 2D cavity mode based on the Bragg diffraction at the band-edge
modes and the threshold conditions of the laser cavity. Moreover, we give an
overview of theoretical methods that have been used for modeling PCSEL cavi-
ties, including 2D plane-wave expansion method, 3D finite-difference time-domain
(FDTD) method, and 2D analytical coupled-wave theory (CWT) are described.
Merit and limitation of each method is explained, and particularly the relevant
part of the previous 2D CWT is presented in more detail. Finally, to circumvent

the limitations of these methods, we suggest a 3D analytical method.

e Chapter 3: Three-dimensional modeling of wave interactions in PCSELs
The main body of the newly proposed 3D CWT is presented in this Chapter. To
fully take into account of the complex wave interactions in a 3D laser structure, we
propose a 3D coupled-wave model for the I'-point band-edge modes and derive the
analytical coupled-wave equations. In contrast to the previous 2D CW'T model,
the new 3D coupled-wave model incorporates a large number of high-order waves
and the field profiles in the vertical direction, therefore capable of treating any
arbitrarily shaped air holes. Next, to understand the radiation nature of all the
modes at the band structure, the 3D coupled-wave model is extended for the non-
I'-point modes. Finally, to confirm the validity of the developed theory, the mode
frequency and radiation constant for both band-edge and non-I'-point modes are
calculated and compared with 3D FDTD. The fundamental difference between the

2D and 3D systems is also discussed.

e Chapter 4: Finite-size analysis of lasing properties
Finite-size coupled-wave analysis results are presented, and comparisons with ex-
periments are made. In the previous Chapter we assume a fully periodic structure
in order to simplify our analysis and focus on the physical picture of wave inter-
actions. However, the realistic PCSEL device necessitates a finite-size analysis.
Therefore, we first derive a coupled-wave equation for finite-size structures by tak-
ing into account of the envelope functions of Bloch waves. We then use the derived
coupled-wave equation to study various lasing properties including band structure,

threshold gains, resonant mode frequency, near- and far-field patterns, polarization
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profile, etc. These results are compared with experiments to confirm the validity of
our analysis. Next, to understand the finite-size effect in more detail, we calculate
the effects of cavity length on threshold gain and mode selectivity. The influence of
the in-plane cavity losses will be discussed. Then, experimental demonstrations are
performed to confirm the theoretical predictions, and mean- while new PC unit cell
structures are proposed and demonstrated to address the issues of the previous PC
designs. Finally, towards single-mode high-power PCSELSs, we study single-mode
stability in large-area PCSELs. Key factors that affect the single-mode stability
will be clarified.

e Chapter 5: Extended analysis towards a generalized photonic crystal geometry
This Chapter is intended to develop a more general theory that is able to treat a
larger family of photonic crystal geometry. Two extensions are realized base on
the framework obtained so far. The first, arbitrary sidewall shape in the verti-
cal direction, presumes the cases where sidewalls of the fabricated PC air holes
are tilted in the dry etching process or may have more complicated geometries
if using the recently developed crystal regrowth techniques such as metal organic
chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE). In pre-
vious Chapters, for simplicity we assume perfectly vertical sidewalls for the PC air
holes. Here, we extend the 3D coupled-wave equation by carefully incorporating
the refractive index variation in the vertical direction and the reflections occurring
at the interfaces of different semiconductor layers. The extended formulation is
general because it is able to treat arbitrarily-shaped sidewalls. We then use the
extended theory to study the radiation properties of several typical cases including
tapered and tilted sidewalls. We conclude that introducing proper asymmetry into
the sidewalls is beneficial for improving the radiation efficiency. Next a specific
geometry that approximately represents the experimentally fabricated air holes
using MBE is studied and good agreement with experimental results confirms our
analysis. The second extension is intended for the analysis of triangular-lattice
PCs which have also been widely adopted in many PCSEL devices. We extend
the couple-wave model of square-lattice PC to triangular lattice by introducing
six basic waves and carefully treating the direct 2D couplings. We then calculate
the modal properties of interest including the band structure, radiation constant,
threshold gain, far-field pattern etc. These calculated results are compared with
experimental observations and good agreements are found. Finally the effect of

air-hole size on mode selection is studied and is also demonstrated by experiment.

e Chapter 6: Above-threshold analysis

The coupled-wave analysis is further explored to model laser behavior in the above
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threshold regime. For applications such as large-area high-power lasers, lasing be-
haviors at higher current injections levels (higher optical output power) are of
particular interest. The coupled-wave theory described in previous Chapters basi-
cally applies to situations at or just above the laser threshold. Far above threshold,
however, spatial hole burning effect resulted from the complex interaction between
photons and carriers needs to be taken into account. This Chapter starts with
a general description of the spatial hole burning effect and its effect on the spa-
tial variation of refractive index and optical gain. Next we attempt to derive
an above-threshold coupled-wave equation by incorporating the nonuniformity in
both refractive index and spatial gain. Numerical algorithm for solving the de-
rived coupled-wave equations is described. We then present the above-threshold
analysis results of the photon and carrier densities, threshold gain, differential ef-
ficiency, and mode stability. Physical mechanisms that affect the above-threshold
behaviors will be discussed and relevant findings on mode stability are found to
well explain the unstable lasing observed in the experiment. Finally, to improve
the single-mode stability in the above threshold regime, we propose several useful
laser cavity designs. In particular, we experimentally demonstrate the single-mode
stability can be improved by introducing an advanced double-hole design with sup-

pressed spatial hole burning effect.

e Chapter 7: Conclusion and future directions
We summarize findings obtained in this thesis and present an outlook for further

work.



Chapter 2

Photonic-crystal surface-emitting

lasers and modeling tools

2.1 Introduction

This chapter introduces the fundamentals of photonic-crystal surface-emitting lasers
(PCSELs) and the existing theoretical methods used for modeling. The essential part
of the PCSEL device is the PC laser cavity. Therefore, first we illustrate how a 2D
resonance is formed within the PC structures. To understand this 2D resonance in
detail, we also describe the wave coupling diagram in the reciprocal space of PC. Fi-
nally, we describe the existing theoretical tools used for studying the lasing properties of
PCSELs, including two-dimensional plane wave expansion method (2D PWEM), three
dimensional (3D) finite-difference time-domain method (FDTD), and 2D coupled-wave
model. The related formulation of each method will also be summarized, and limita-
tions of these method will be mentioned. Finally, we shall point out the importance of

developing a three-dimensional analytical model.

2.2 Device structures

In this section, we describe the device structure of PCSELSs. A schematic of the PCSEL
device investigated in this thesis is shown in Fig. 1(a). The laser structure is fabricated
by using wafer-bonding technique [27, 34, 46] or metal organic chemical vapor deposition
(MOCVD) method [49, 55-57]. Here, we briefly describe the wafer bonding process; in
this case, two types of wafers (labeled A and B) are prepared. Wafer A consisted of
an n-type GaAs layer for forming PC, (140 nm), carrier blocking layer (Aly.35Gag g5As:

14
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20 nm), Ing 2Gap gAs/GaAs (8 nm/20 nm) multiple quantum wells (MQWs), n-AlGaAs
cladding layer (1500 nm) on an n-type GaAs substrate (150 gm). On the other hand,
wafer B consisted of a GaAs separate confinement heterostructure (SCH) layer (20 nm),
a p-type AlGaAs cladding layer (1500 nm), a GaAs contact layer (500 nm), and an
AlGaAs etch stop layer on a p-type GaAs substrate. The photonic crystal air holes

(a) Output beam (b)

Electrode

Photonic crystal area

Substrate (GaAs)

Cladding layer (AlGaAs)
Active layer (InGaAs/GaAs) — 50 um
= —
Photonic crystal (Air/GaAs) S
Cladding layer (AlGaAs) —,, 300 um
800 um

Figure 2.1: Schematic of (a) a PC-SEL device and (b) the top view of the
in-plane dimension. The orange represents the output beam emitted into the
vertical direction.

were formed on wafer A by electron beam lithography and inductively-coupled plasma
etching. The air rods are arranged in a square lattice with a period of ~290 nm, which
is approximately match the lasing wavelength within the semiconductor material. The
typical depth of the air rods is ~100 nm. Both the depth and the size of the air
holes within the photonic crystal determine the strength of optical feedback. After the
formation of the photonic crystals, wafers A and B were stacked and fused at high
temperature in a hydrogen atmosphere. The p-type GaAs substrate and the AlGaAs
etch stop layer were removed by mechanical polishing and chemical etching. After
that, insulating silicon nitride (SiN) was deposited on both the n-side and p-side device
surfaces and then the n- and p- electrode patterns were defined on each surface by photo-
lithography. After chemically etching the patterned SiN areas, a 800 x 800um? window
electrode (Au/Ti/Au/Ni/Au/Ge: 500 nm/100 nm/200 nm/46 nm/72 nm/54 nm) and
circular- (or square-) shaped electrode (Ti/Au) with a typical area of 50 x 50um? was
formed on the surfaces of the exposed n-type substrate and p-type GaAs contact layer,
respectively. Finally, the p side of sample was attached on an Au-coated heat sink
(AIN) and Au wires were bonded to the electrodes for current injection As the distance
between the p-electrode and active layer is ~2 um, the light emission area approximately
corresponds to that of the p-side electrode. The lasing light from this area are diffracted

through the n-side window electrode into free space.



Chapter 2. Photonic-crystal surface-emitting lasers and modeling tools 16

2.3 Lasing principles: Intuitive description of two-dimensional

cavity mode

Figure 2.2 shows a schematic diagram of a laser cavity composed of a 2D square lattice
photonic crystal structure whose pitch in the both the x and y directions corresponds
to the lasing wavelength, and in Fig. 2.2(a), one arrow corresponds to one wavelength.
When the light wave propagating in the +y direction (0°) is considered, the light wave
is diffracted to the —y direction (180°) by Bragg diffraction. The light wave is also
diffracted into +z directions (£90°) as shown in Fig. 2.2(a) because they also satisfy the
Bragg diffraction condition. Consequently, light waves propagating in four directions are
coupled with each other, and a 2D large area cavity is formed. In addition, the light wave
is also diffracted toward the z vertical direction as the first-order Bragg diffraction is

satisfied, as shown in Fig. 2(b). In this section, we describe the basic lasing principles of

| -4

Figure 2.2: Schematic of light-wave diffraction (a) in and (b) out of the PC
plane.

PCSELs. Figure 2.3(a) shows a schematic of the coupling diagram the reciprocal lattice
space. When the resonant wavelength equals to the PC pitch, the resonant states are
primarily made up of fields of four wavevectors with in-plane wave numbers: (£, 0) and
(0,£8p) (the shortest light arrows), as illustrated in Fig. 2.3(a). Hereafter, we refer to
these waves as basic waves. In the case of TE polarization, the counter-propagating basic
waves couple directly due to the 2nd-order Bragg diffraction (orange arrow), and the
basic waves propagating in orthogonal directions couple indirectly (dashed red arrows)
via the high-order wave vectors (blue arrows). This indirect 2D optical coupling via
high-order waves is critical for forming 2D resonance in PC-SELs. Simultaneously, the
in-plane light waves in resonance are also diffracted in the direction normal to the PC
surface (purple arrow) due to first-order Bragg diffraction (dashed purple arrow), as
illustrated in Fig. 2.3(b). The vertically radiated light waves constitute the laser output

(i.e., surface emission) and significantly affect the threshold gain of the laser cavity.
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(b) Ssurface
emission

2nt/a
-X

Figure 2.3: Coupling diagram illustrated in the reciprocal space of a square-
lattice PC: (a) in-plane coupling and (b) out-of-plane coupling.

2.4 Theoretical methods

In this section, we describe several theoretical methods that have been used to study of
PCSELs. These methods include the 2D plane-wave expansion method (PWEM) and
the Finite-difference time-domain (FDTD) method, and the earlier 2D coupled-wave
theory.

2.4.1 Plane-wave expansion method

The 2D plane-wave expansion method (PWEM) [75, 76] is particularly useful and pow-
erful method for the calculating the photonic band structure and modal pattern within
a 2D PC structure. By assuming a specific polarization, the Maxwell’s equations can
be reduced to a standard eigenvalue problem. In this section, we present the derivation
process and the calculated band structures and modal patterns for a typical PCSEL

structure.

In a region with no charges (p = 0) and no currents (J = 0), Maxwell’s equations reduce

to

V x E(r) = —iwuoH (1), (2.1)
V x H(r) = iwepe(r)E(r), (2.2)

where we have assumed an ¢! time dependence for electromagnetic waves. Then, we

obtain the following equations for E(r) or H(r),

b
e(r)

v x {E(lr)v Y H('r)} = (9) H(). (2.4)

VoV x H(r) = (2) B) (2.3)
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Within a two-dimensionally periodic structure, the e~(r), E(r), and H(r) can be

expanded as follows according to Bloch’s theorem

e l(r) =) e H(G)eT, (2.5)
G
E(r)=) Eg-c*t, (2.6)
G
H(r)=) Hg *, (2.7)
G

where k is the wave vector and G, , is the reciprocal lattice vector that is given by
Gy, = mby + nbo. (2.8)

Here, by and bs are the primitive reciprocal lattice vectors.

For a 2D PC structure that has periodicity in the xy plane and uniform in the z direction,
there exist a pair of orthogonal modes. The mode that has only (E,, Ey,, H.) compo-
nents is called transverse-electric (TE) mode, and the one that has only (H,, Hy, E.) is
called transverse-magnetic (TM) mode. We are interested in the TE mode, because our

PCSELs mainly operate at TE mode (or TE-like mode). In this case,

E'r = (Exa Eya 0)7 (29)
H, =(0,0,H.), (2‘10)
Then, Eq. (2.4) reduces to
o ( 1 0H, o (1 0H, & w?
ACoR A AE R S R 21

By substituting Egs. (2.12), (2.7), and (2.10) into Eq. (2.11), we obtain

w2

Y (k+G) - (k+Geg g He = —He. (2.12)
Gl

This equation can now be solved as a simple linear-matrix, eignevalue problem. The
5&1_6" can be approximated via the Discrete Fourier Transform of £(r) or can be explic-

itly derived by taking the Fourier Transform of () based on the following equation

1 .
e = = | e M(r)eCrar, (2.13)

1 1 1\ 1 ,
= 6—(5G70 + < — ) S(r)e Gy, (2.14)
b
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where (2 is area of the unit cell , ¢, and ¢, are the dielectric constants inside and outside
the lattice point, respectively; and S(r) =1 for » € R and S(r) =0 for » ¢ R (R: area
of the lattice point).

When we employ the 2D plane-wave expansion method to calculate the band structure,
we need to use the modified dielectric constants instead of the actual ones (e.g., Ny =
1.0 and ngaas = 12.25) [31]. This is because this method unrealistically assumes the
structure has an infinite depth. The air holes in the actual device have finite depth and
only a small fraction of light is confined in the air holes. In order to compensate for
these differences, we use a small dielectric-con- stant difference in the calculation [31].
The two dielectric constants, €, and ep, are calculated as follows. The distribution of
the electric field in the vertical direc- tion of the device is calculated for nonperiodic
structure using the transfer-matrix method (TMM). From the result, we estimate the
effective refractive index of the fundamental mode, nqg, and the confinement factor for
the photonic crystal layer I'y. Modified dielectric constants of the air holes &, and the

background &, are determined using the following two relations

neg = féa+ (1— f)é, (2.15)
€p — €a = Ig(ep — €a). (2.16)

Here, f is the air-hole filling fraction.
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Figure 2.4: (a) TE band structure calculated for a square-lattice photonic crystal
with circular air holes. (b) Field distributions around the air hole at the band-
edge modes A, B, C, and D. Magnified structure at the I' point.

As an example, we show in Fig. 2.4(a) a typical band structure calculated by using
the above described PWEM. In the calculation, we considered a circular-shape air hole
shape with a filling fraction of 12%. The square-lattice PC has two specific directions,
I' = X and I' — M. In the band structure, it is expected that lasing occurs at spe-
cific points on the Brillouin zone boundary and at points of band crossing and splitting
when optical gain is supplied. The specific I" point enclosed in the red dashed square is

particularly interesting, whose enlarged image is shown on the right hand side. There
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are four bands, resulting from the four coupling waves. At the I' point, there are two
singly-degenerate bands and one pair of degenerate bands. We will call these bands A,
B, C, and D, as indicated in Fig. 2.4(a). Bands A and B are nondegenerate and bands
C and D are doubly degenerate. The electromagnetic field distribution in the plane of
the photonic crystal plane calculated for each mode is shown in Fig. 2.4(b). The am-
plitudes of magnetic fields in the direction perpendicular to the plane are indicated by
the red and blue areas, corresponding to positive and negative amplitudes, respectively.
The arrows indicate the electric-field vectors in the plane, and the black circles indicate
the locations of lattice points. It can be clearly seen from the figure that the different
modes are characterized by different magnetic patterns, which is useful for classifying
the lasing modes. These field patterns calculated by the 2D PWEM represent in-plane
electromagnetic (EM) fields. However, the property of interest observed experimentally
is the surface- emitting component of these EM fields. These theoretical results can,
therefore, not be compared directly to the experimental results. To make a valid com-
parison, we need to calculate the surface-emitting components of each lasing mode using
a 3D method. In the next section, we shall briefly introduce a widely used 3D simulation

tool called 3D Finite-difference time-domain (FDTD) method.

2.4.2 3D finite-difference time-domain method

H
Ey

Figure 2.5: Tllustration of a Cartesian Yee grid. The electric and magnetic
field vector components are staggered at different spatial locations: the F-field
components form the edges of the cube, and the H-field components form the
normals to the faces of the cube.

The second computational tool for modeling PCSELSs is the finite difference time domain
(FDTD) method [77-80], which is widely used due to the simplicity of its algorithm and
implementation. The computational algorithm is based on the discretization of space

and time into a Yee grid (cell) [81], which staggers the electric and magnetic fields
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in time and in space as depicted in Fig. 2.5. FEach field component is sampled at
different spatial locations offset by half a pixel, allowing the time and space derivatives
of Maxwell’s equations to be formulated as center-difference approximations. The Yee
grid has proven to be very robust and remains at the core of many current FDTD

softwares.

In this thesis, an open-source softewave package called MEEP is used [80]. For grid
truncation it offers periodic boundary conditions or perfectly matched layers. A sub-
pixel smoothing for the dielectric function is included to improve the accuracy and/or
reduce the computational time. MEEP is advantageous in broad band simulations when
a large range of frequencies are of interest. In this case a single broad band pulse can
be used and all the spectral information (including both the central frequency and @
factor) can be extracted with a single simulation. However, it is not guaranteed that the
result includes all optical eigenmodes. By accidently positioning the the source or the
observation point in an intensity minimum of a mode it may be hidden in the results. A

lot of time steps are also needed to resolve little separated peaks in the Fourier spectrum.

The major drawback of the FDTD method, however, is that its memory requirement
and computational time scale with the structure dimension. This is especially critical for
PCSEL structures which require 3D dimensional simulation because both the surface-
normal emission and the in-plane loss in the PC plane need to be taken into account.
Due to the Nyquist limit, a resolution of at least 10 pixels is required to spatially sample
a single wavelength. For a regular PCSEL with surface normal emission, the lattice
constant a is equal to a single wavelength. The modeled laser structure typically has
several hundreds of periodicity in the PC (zy) plane and necessitate over 20a to map
the extended optical field in the vertical (z) direction. Moreover, a higher resolution
is required when the lattice point has a complicated geometry, e.g., a triangular shape.
Since the computational time increases roughly with the fourth power of the resolution,

it is fundamentally challenging to use FDTD simulations to model large-are PCSELs.

2.4.3 Coupled-wave theory: Two-dimensional eight-wave model

The light propagation and diffractions in real space described in Section 2.3 can be
understood in an analytical by using a coupled-wave theory (CWT) approach [65]. CWT
is widely used in many practical applications, especially in the one dimensional (1D)
distributed feedback lasers [3, 5-8]. It provides a powerful approach to understand
the physics of the periodic structures. In this section, to introduce the basics of this

approach, we first give a short review of earlier 2D eight-wave coupled-wave theory
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developed by K. Sakai et al., [62, 63], and then we point out the limitations of this
theory.
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Figure 2.6: (a) Schematic of a square-lattice PC. (b) Reciprocal lattice with
eight wavevectors considered in the earlier works [62, 63]. (c) Diffraction dia-
gram for each coupling constant. Gray arrows indicate the wave vectors and
black arrows Indicate the corresponding reciprocal vectors.

The investigated PC structure consists of a square-lattice of circular holes in the z — y
plane with lattice constant a, as shown in Fig. 2.6(a). The dielectric constants of the
circular holes and the background material are €, and &y, respectively. The structure is
assumed to be uniform in the z direction. The reciprocal lattice of a square-lattice PC

is depicted in Fig. 2.6(b). The reciprocal lattice vectors G, ,, are given by

Gm,n = (mﬂo, nﬁo) N (2.17)

where By = 27/a, and m and n are arbitrary integers.

For a transverse-electric (TE) mode in square lattice, the magnetic field only has z—oriented

component H, and satisfy the following scalar wave equation

0 [ 10H, 0 (10H,
where k2 is given by
2 9 1/2
k2 = %5(7’) +z‘%a (2.19)

where w is the angular frequency. A (c) is the wavelength (the speed of light) in the free

space. €¢ is the averaged dielectric constant and « is the averaged gain constant.
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In a 2D periodic structure, the magnetic field H, can be expanded according to

H, = Z Hypyo(2)e~ imPoe=infoy (2.20)
m,n

Similarly, the dielectric function £(r) can be expressed as

e(r)=ed+ Y Emnlz)emiomminfoy, (2.21)
m,n#0
Then, we have
1 1o —impBox—inPoy
3 @5 — 208428 Y Kmne , (2.22)
m,n#0

where the coupling coefficient is defined by

™ «
R = ——75 Emun — i = (2.23)

Although in Eq. 2.20 an infinite set of Bloch waves exist, only eight waves are assumed
to contribute significantly to the coupling between light waves [62, 63], i.e. four basic
waves with |Gyn| = Bo and four high-order waves with |G| = V280, as shown in

Fig. 2.6. Then, the expression of magnetic field H, reduces to

HZ(T) = Rxe_i50$ _|_Sx61601' +Ry€_i50y + Syez‘ﬁoy
+Flei,30$+i,30y + er—iﬁow—i-iﬂoy + FBSiﬁox—zﬂoy + F4e—iﬁox—i,30y (2.24)

Substituting Eq. (2.22)-(2.24) and including diffraction in the direction vertical to the
PC plane represented by the coupling coefficient kg, we obtain four coupled-wave equa-

tions in the form

4K2 252 252 0
§+ia)Ry = —1+i/<;>Rm+ — kg — ko) Sy — AR, — LG 4 iR,
(6 +ia) (500 (—hs = ino) s — 2L R, ~ 205, i
(2.25a)
42 252 22 0
d+ia)R, = (—k3—ik Rx+(—1+m>5x—1R - 218 =S,
( ) ( 3 0) 50 0 BO Y 50 Y O

(2.25D)
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, 2K 2k2 4k , .0
(0+ia)Ry = —ﬁ—ole - ﬂ—ole + <—501 + mo> Ry, + (—k3 —iko) Sy + za—yRy,
(2.25¢)
_ 2k? 2K i 4k2 .0
(0 + i) Ry —ﬁ—ole — B—OlSw + (—k3 —ikg) Ry + (_501 + mo) Sy — za—ySy,
(2.25d)
Here, the coupling coefficients are defined as follows,
K1 = Emmnlmn € {(1,0),(-1,0),(0,1),(0,—-1)} (2.26a)
K3 = Kmnlmn € {(2,0),(—2,0),(0,2),(0,-2)} (2.26D)
Ko = Aok (2.26¢)

where the constant A is defined empirically as Ag = 2xk3L?/500 where L is the side
length of the laser cavity. The parameter a represents the threshold gain, and § repre-

sents the deviation of the resonant frequency w from the Bragg frequency wy

0= — Bo = nay(w—wo)/c, (2.27)

where n,, is the averaged refractive index and equal to 5(1)/ 2,

The above coupled-wave Eqgs. (2.25a)-(2.25d) give a description of the complicated
coupling mechanism between light waves in 2D PC laser cavity. Their physical inter-
pretations are of great interest. For example, Eq. (2.25a) expresses how the basic wave
R, couples with other three basic waves S;, R, and S,. R, couples with the counter-
propagating basic wave S, with the strength represented by k3, as shown in Fig. 2.6(c).
In the case of TE mode, the basic wave R, propagating in the x direction can not couple
directly with R, or S, propagating in the £y directions, because their polarization di-
rection is orthogonal. Yet, they can still indirectly couple via the oblique coupling with
high-order waves (Fig. 2.6(c)). This oblique coupling provides a 2D optical feedback
which contributes to the 2D coherent oscillation. The coupling strength between basic
waves and high-order waves is represented by x;. In addition to the in-plane coupling,
the basic wave R, also couples with light waves propagating in the vertical direction
with the strength determined by kg. Via this coupling some part of energy inside the

laser cavity is radiated into the vertical direction and construct the output power of the
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laser cavity. The other three coupled-wave equations can be understood in the same

manner.

The coupling coefficients included in Eqgs. (2.25a)-(2.25d) depend only on the PC struc-
ture and the waveguide structure, and can be analytically calculated by using Egs.
(2.23) and (2.26a)-(2.26¢)(2.10). Once the values of these parameter are known, the
coupled-wave Eqs. (2.25a)-(2.25d) can be solved numerically as an eigenvalue prob-
lem. The eigenvalues a and § provide the threshold gain and frequency of the resonant
modes, respectively. Additionally, the corresponding eigenvectors characterize the reso-
nant modes. Therefore, quantitative understanding of the lasing properties of the laser

cavity becomes possible.

2.5 Threshold condition and mode stability

The laser threshold condition corresponds to the situation when the modal gain equals
the sum of the intrinsic and total cavity loss. It is well known that, for a simple Fabry-

Perot laser, the laser threshold condition is determined by,

Lgeh = o + om (2.28)
= Lt (2.29)
M= 9L " RiR, ‘

where I' is the optical confinement factor, and «; is the intrinsic loss due to mostly free
carrier absorption of the waveguide and scattering loss caused by the waveguide wall
roughness. The mirror loss ay, accounts for the transmission losses (output) at the two
end mirrors (facets) with reflectivity Ry and Ry. L represents the distance between the
two mirrors. With an increase in the injection current density J, the gain increases due
to the increase of the carrier concentration n. When the threshold condition is reached,
the carrier concentration n is pinned at the threshold value ny, because the gain is
pinned at the threshold value: gy, = (o + o) /T [104]. If we adopt a typical linear gain

model for the peak gain coefficient versus the carrier density such as,

9(n) = ¢'(n — nw), (2.30)

where ¢’ is the differential gain, dg/dn, and nt, is a transparency concentration when

the gain is zero. Then, the threshold current density becomes

neh = N + (s + am)/(Tg'). (2.31)
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For a PCSEL cavity, the total cavity loss ayotal includes both the in-plane loss () and

the surface emission loss (o),
Qttotal = O + Oy (2.32)

which is depicted schematically in Fig. 2.7. Unfortunately, both | and ay cannot
be derived explicitly because of the complex coupling mechanism in PCSEL cavity.

Quantitative description of these loss terms will necessitate a 3D modeling method.

Figure 2.7: (a) Schematic of cavity loss in a PCSEL. The surface emission loss
(o) and the in-plane loss (o) are represented by the red and orange arrows,
respectively.

Because of the wavelength-selective feedback provided by the Bragg reflections at the
second-order I' point of the photonic-band structure (Fig. 2.4(a)), the resonance condi-
tion will only be fulfilled for the resonant wavelength that is close to the lattice constant,
i.e., A ~ a. This is exactly the mode selection mechanism described in Section 2.3. How-
ever, it is important to note that there are for band-edge modes that may satisfy this
phase resonance condition. In other word, the Bragg reflection at the at the second-order
I" point solely cannot ensure a single-mode operation. To enable single-mode condition,
one more mode selection mechanism is necessary. This provided by the difference in the
modal gain which refers to the optical gain minus the laser cavity loss qiota) €xperienced
by the resonant mode. The mode with the highest modal gain will be favored for lasing.
This implies that the laser will lase at the band-edge mode with the lowest ayota1. The
other resonant modes do not receive enough optical gain to overcome the cavity losses
and are called the side modes. Typically, the a;ota1 Of each band-edge modes is different
due to their different field pattern, and will be discussed in detail in the next chapter.
The difference between the cavity losses of the first lasing mode and the side mode

with the second-lowest ayota determines how much the side mode suppression ratio, and
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hence, the mode stability. Therefore, we conclude that the cavity loss aiotal plays a key

role in determining the lasing and the single-mode stability.

2.6 Discussion

Computer simulations based on the 2D plane-wave expansion method (PWEM) [31, 75,
76] or the finite-difference time-domain (FDTD) method [77-79], can provide valuable
information about the lasing properties of the PC laser cavity. However, there are some
inherent limitations to these computational approaches. The 2D PWEM is only appli-
cable to infinite structures, and the FDTD method requires substantial computational
resources in order to model finite structures with realistically large areas. Moreover,
neither simulation approach provides deep analytical insight into improving the design
of devices. A group of alternative analytical methods [33, 61] have been developed,
based on the concept of one-dimensional (1D) coupled-wave theory (CWT) [65]. How-
ever, these methods in their initial formulations consider only four basic waves in the
coupled-wave model and disregard 2D optical coupling effects, which are important in
2D square-lattice PCs. Sakai et al. later derived a 2D CW'T using an eight-wave model
[62, 63] that incorporates both conventional 1D coupling and the more pertinent 2D

coupling, allowing 2D coherent lasing action to be explained [34].

Because the previous CWT [62, 63] is essentially a 2D model, it is accurate for 2D
systems, while having inherent limitations when trying to model a full three-dimensional
(3D) system. The first limitation is attributed to the number of waves considered in the
oupled-wave model. As described above, eight Bloch waves are taken into consideration
in the previous CWT. As a result, only coupling coefficients of lower orders are considered
to contribute significantly to the couplings between these Bloch waves. Since we consider
the resonant case at the second-order I'-point, coupling coefficient x,, , corresponds to
the reciprocal lattice vector Gy, in reciprocal lattice space. Fig. 2.8(a) shows the
coupling diagram of all the couplings considered in the previous CWT. The following

groups of coupling coefficient x,, , were included

e r3: 1D feedback coupling,
e r1: 2D optical coupling,
e k(. out-of-plane coupling between radiative and basic waves.

The first group w3 consists of k20, K_20, Ko,2, and Ko 2, the second group k1 consists

of k1,0, K—1,0, Ko,1, and ko, —1, and the third group k¢ was defined as a fitting parameter
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proportional to the square of k1. Thus, eventually, all the coupling effects considered in
the previous system are expressed by x1,0, K-1,0, K0,1, K0,—1, K2,0, K—2,0, K0,2, and Ko, 2,
as depicted in Fig. 2.8(a). Since Kk, , is proportional to the Fourier coefficients of the
dielectric function @i, (Eq. (2.23)), all the included coupling effects are represented
by the limited number of Fourier coefficients : &1 0, £-1,0, 0.1, §0,—1 £2,0, €—2,0, §0,2, and
0,—2. This might be a good approximation when the higher-order Fourier components
of the dielectric function e(r) of the PC are small enough so that they can be neglected,
e.g. in the case of a circular air-hole shape (see Fig. Fig. 2.8(b)). However, when
the air-hole shape of PC becomes asymmetric, the higher-order Fourier components of
g(r) could be large, as shown in Fig. 2.8(c) for a right-angled isosceles triangle (RIT)
air-hole shape. The components considered in the previous CWT are limited inside the
area indicated by the yellow lines. Apparently, beyond the indicated area there exist
large components that can not be neglected, e.g. €11 and e_1,_1, etc. These components
are significant to represent the asymmetric nature of the RIT air-hole shape, therefore
it is important to include these higher-order coupling coefficients to in order to reflect

the effects of the asymmetry.

3 3-2-10 1 2 3 3-2-10 1 2 3
3 3

2 Ko 2 )

1 Ko, 1 1

0 €2 0| K10 Ko K20 0 0
-1 -1

-1 Ko,-1 5 >

2 o, 3 3

-3 569 cm- | ISR T O cm-1 512 cm- 1 H— S -]

(a) (b) (c)

Figure 2.8: (a) Coupling coefficients considered in the previous CWT. Intensity
distribution of coupling coefficients (Fourier coefficients) of (b) circular and (c)
right-angled isosceles triangle shaped air holes. The components indicated by
the yellow line are those included in the previous CWT.

Second, the coupling coefficients are not rigorously defined in the earlier 2D CWT theory.
In the previous theory, the coupling coefficient x,,, with a uniform gain constant is
defined as [62, 63]

T o~
/im7n = —71/2§m7n (233)
A&

Here, the Em,n represents the Fourier coefficient of the effective dielectric constant dif-
ference within PC region, which is determined by calculating the electric field profile of

the fundamental waveguide mode ©¢(z) of the device structure using Transfer matrix
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method (TMM) [74]. Then, Eq. (2.33) can be written as

™ o~ ™
b = ————fmn = ————EmnTg. (2.34)

where &, , is the Fourier coefficient of the realistic dielectric constant difference (e.g.,
GaAs and air). Ty = [5,[00(2)|*dz is the optical confinement factor of the PC layer
and Og(z) is normalized as where ©¢(z) is normalized as [~ |O¢(z)[*dz = 1. In the
resonant case of the second-order I' point, the in-plane wavenumber of basic waves 3y is

chosen to closely match the wavenumber of the fundamental waveguide mode 3,

b= = 5. (2.35)

a

Therefore, the electric field profile of the basic waves in the vertical direction can be
approximated by ©g(z). In general, coupling coefficient between two modes depends
upon not only the Fourier coefficient associated with the wave vector of the individual
modes but also the integrated overlapping field of the individual modes [73]. From Eq.
(2.34), we can see that the term representing the integrated overlapping field of the
individual modes corresponds to [, |©(z)|?dz. Here, it is important to note that the
field profile of all the individual modes has been implicitly assumed to be identical to
©p(z). In the case of 1D coupling coefficient k3, both of the field profiles for the two waves
involved (i.e., basic waves) is Og(z), thus the definition given by Eq. (2.34) correctly
expresses the integrated overlapping field of the individual modes. However, in the other
two cases (k1 or ko) for which the high-order or radiative waves are involved, Eq. (2.34)
is inaccurate. Because the in-plane wavenumber of high-order waves equal to \/(2)50
and that of the radiative waves equals to zero, the large deviation from Sy indicates
that approximating the field profiles of high-order waves and radiative waves using the
same Op(z) would result in a large error, which will be described in greater detail in the
next chapter. This suggests that we need to treat the field profile of each Bloch wave
very carefully and make the k’s definition more generally applicable to various coupling

situations.

Third, the vertical coupling coefficient ro (Eq. (2.26¢)), a very important parameter to
describe the surface emission, is still defined empirically via a numerical fit to the ex-
perimental data. An explicit expression yet has to be derived, in order to quantitatively
evaluate the amount of the radiation power into the vertical direction. Here, we note
that, in the case of TE mode, the radiative waves coupled to the vertically direction
do not have the H, component. This suggests that the H,-based scalar wave equation
(Eq. 2.18), which is the starting point of the previous CWT formulation, has fundamen-

tal limitation in modeling the surface normal emission. To overcome this limitation, a
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vectorial wave equation will be considered in the next chapter.

2.7 Summary

This chapter described the fundamentals of PCSEL devices and their theoretical back-
grounds. First was the introduction of the device structures fabricated by using the
wafer-bonding techniques. Next the basic lasing principles at the band-edge modes of
the second-order I' point were briefly described. The Bragg diffraction in both in both
the x and y directions enables a large-area 2D cavity mode. At the same time, the PC
itself diffracts the in-plane resonant light waves into vertical direction, leading to the
surface emission behavior. Then, several theoretical tools for modeling PCSELs were
introduced. 2D plane-wave expansion method (PWEM), while is a powerful tool for
calculating the photonic band structure and field patterns of the eigenmodes, is only ap-
plicable to 2D structures and therefore cannot model the surface emission (laser output)
which is the principal property of our interest. The 3D finite-difference time-domain
(FDTD) method is able to treat the surface emission components but requires sub-
stantial computational resources when applied to model a realistically large-area laser
cavity. As an alternative analytical methods, a 2D coupled-wave theory (CWT) was
developed in the earlier works. Differing from the PWEM and 3D FDTD methods,
which are inherently computer simulations, the analytical CWT method provides deep
physical insights into the detailed behavior of light waves in PCs because wave couplings
and diffraction effects can be formulated explicitly by defining the coupling coefficients.
Moreover, various lasing properties of the resonant modes (resonant frequency, threshold
gain, field distribution, etc.) can be calculated efficiently. However, after a brief overview
of the previous CWT works by focusing on the derivation process of the coupled-wave
equations, we revealed that the previous CWT is essentially a 2D model because the
device structure was assumed to be uniform in the vertical direction. This assump-
tion is critical because the surface emission components cannot be explicitly described
without considering a nonuniform waveguide structure in the vertical direction. More-
over, only eight wavevetors was considered in the previous coupled-wave model, which
unavoidably result in inaccuracy when modeling PC geometries with complex air-hole
shapes. In the consequent chapter, we shall develop a 3D CWT model to overcome the

above-mentioned drawbacks of the previous theory.



Chapter 3

Three-dimensional modeling of

wave interactions in PCSELs

3.1 Introduction

As discussed in the end of Chapter 2, the previous CWT [62, 63| has inherent limitations
when trying to model a full three-dimensional (3D) system. The fundamental reason
lies in the fact that the previous is essentially a 2D model. Therefore, the surface
emission in the vertical direction (i.e., the laser output), the principal feature of interest,
cannot be modeled. Additionally, difference in the vertical field profiles of the individual
Bloch wavevector components was not considered and instead an identical field profile
was assumed for all the wavevectors. This assumption is critical because the coupling
coefficients is cannot be accurately defined without considering the overlapped fields of
the individual wavevector components. Furthermore, the eight wavevectors were not
enough to reflect the air-hole geometry because the higher-order Fourier components

were neglected.

In this Chapter, we develop a 3D coupled-wave model for square-lattice PCSELs with
transverse-electric (TE) polarization in order to overcome the limitations discussed
above. We present a generalized coupled-wave formulation for a 3D structure by extend-
ing the original coupled-wave approach developed by Streifer et al. for 1D distributed
feedback (DFB) lasers [66]. The separation of variables technique and Green function
approximation [67] are employed in order to derive an explicit expression for the cou-
pling coefficients in a 3D system. Our coupled-wave model not only incorporates a large
number of high-order wavevectors, but also takes their individual vertical field profiles
into account. This model accurately describes all the important coupling effects in 3D

systems, and can also be generally applied to the analysis of PC structures with air holes

31
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of arbitrary shape. Next, we further extend the coupled-wave model of band-edge modes
to that for the non-I'-point modes by introducing a small wavevector perturbation into
the coupled-wave model. We present numerical examples in which the in-plane and ver-
tical field profiles, as well as the mode frequency and radiation constant of PC structures
with different air-hole shapes are calculated. These results are compared with 3D-FDTD
simulations in order to confirm the validity of the proposed CWT model. This Chapter
is organized as follows. Section 3.2 presents the 3D coupled-wave model for I'-point
band-edge modes and the relevant analysis resutls. Section 3.3 presents model for non-
I'-point band-edge modes and band structure analysis. A summary of our findings is

given in the final Section.

3.2 3D coupled-wave model for I'-point band-edge modes

<«— n-clad layer (AlGaAs)

/Actlve layer

<«—PC layer
~~GaAs layer
z

Lo

Figure 3.1: Schematic cross-sectional view of a PC-SEL device. This muti-
layer waveguide structure represents an approximation of a realistic laser device,
which was described in detail in Ref. [46]. We simplify the vertical geometry
by not depicting the upper n-substrate and lower p-contact layers and the sur-
rounding air because the penetration of the fundamental waveguide mode field
into these layers is negligibly small. For simplicity, we assume that both the
upper and lower device surfaces are antireflection coated. The orange and the
yellow arrows represent the in-plane guided waves and the light waves diffracted
into the vertical direction.

-«—p-clad layer (AlGaAs)

Y

Table 3.1: Waveguide structural parameters.

Layer Thickness (um)  Dielectric constant
n-clad(AlGaAs) 1.5 11.0224
Active 0.0885 12.8603
PC 0.1180 Eav
GaAs 0.0590 12.7449
p-clad(AlGaAs) 1.5 11.0224

A schematic cross-section of the PC-SEL device considered here is shown in Fig. 3.1,
which can be approximated by a multilayer waveguide. The PC layer is embedded in
the waveguide structure, which is assumed to support only a single waveguide mode.
Details of the device was described in [46] (we simplify the vertical geometry by not de-

picting the upper n-substrate and lower p-contact layers and the surrounding air because
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Figure 3.2: (a) Schematic diagram of a square-lattice PC and examples of air-
hole designs: (i) circular, (ii) equilateral triangular, (iii) right-angled isosceles
triangular. (b) A typical photonic-band structure calculated by 2D-PWEM [46].
(c) Bloch wave state represented by wavevectors (arrows) in reciprocal space.
A large number of high-order wavevectors need to be included, in addition to
the eight wavevectors (light arrows) considered in the previous study.

the penetration of the fundamental waveguide mode field into these layers is negligibly
small). For simplicity, we assume that both the upper and lower device surfaces are
antireflection coated. The structural parameters of each layer are summarized in Table
3.1. The average dielectric constant of the PC layer is given by €4, = f-€4+ (1 — f) - €p,
where ¢, is the dielectric constant of air, &3 is the dielectric constant of the background
dielectric material (GaAs), f is the filling factor (FF) given by f = Suir_noe/a® (ie.,
the fraction of the area of a unit cell occupied by air holes), and a is the lattice constant.
The PC layer consists of a square lattice with air holes perpendicular to the zy plane,
as shown in the left side of Fig. 3.2(a). In this paper, the shape of the air-holes is not
restricted to circular but can be arbitrary. The right side of Fig. 3.2(a) depicts exam-
ples of air-hole shapes that are considered later in this paper: (i) circles, (ii) equilateral
triangles, and (iii) right-angled isosceles triangles. The lattice constant a is designed to
match the wavelength of light in the waveguide such that the photonic lattices serve to
provide a 2D distributed feedback effect induced by Bragg diffraction. It should be noted
that, in contrast to the vertical-cavity surface-emitting lasers (VCSELSs) [9], PCSELs are
band-edge lasers where a single stable longitudinal and transverse mode gives rise to co-
herent large-area lasing [29]. Fig. 3.2(b) shows a typical photonic-band structure in the
vicinity of the second-order I'-point for a square lattice PC with TE polarization (for
further details, see Ref. [46]). There exist four band-edge modes, which we refer to as

modes A, B, C and D, in order of increasing frequency.

The second-order I'-point is particularly interesting since it provides the in-plane dis-

tributed feedback effect to form the lasing cavity and light is simultaneously diffracted
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in the direction normal to the PC surface (yellow arrows in Fig. 3.1) due to first-order
Bragg diffraction of the in-plane guided waves (orange arrows in Fig. 3.1) The radiated
light waves constitute the laser output (i.e. surface emission) and dominate the thresh-
old gain of the laser cavity with a large area (the side length of our band-edge laser
device is usually larger than 100 um or 300 periods such that PCs can be practically
regarded to be infinity and the in-plane loss can be neglected [78]). Therefore, it is
important to quantify this radiation effect in the analysis of PCSELs. However, the pre-
vious study [63] did not explicitly formulate this effect as the limited 2D model cannot
describe waves that are diffracted into an extra dimension (i.e. the vertical direction).
As a result, one of the objectives of this paper is to develop a rigorous formulation of

the full 3D structure to model this radiation effect.

Light propagating inside a PC must obey Bloch’s theorem, which states that the ampli-
tude of the light must conform to the imposed periodicity [71]. The Bloch wave state 1

at the I'-point can be expressed as a Fourier series of plane waves:
() =) g p(2)e mPomtnbon) (3.1)
m,n

where a,, , represents the field amplitude of a wave with wavevector (mfSy, nfp), m and
n are arbitrary integers, and Sy = 27/a. It is implied by Eq. (3.1) that the Bloch
wave state is composed of multiple wavevectors, including the wavevectors indicated by
arrows in the reciprocal space diagram in Fig. 3.2(c), as well as wavevectors outside
the plotted range. In the vicinity of the second-order I'-point, the resonant states are
primarily made up of fields of four wavevectors with in-plane wavenumber: (£/p,0) and
(0,£8p) (the shortest light arrows in Fig. 3.2(c)). In the case of TE polarization, the
wavevectors (+y,0) and (0,+05y) cannot couple directly, thus high-order wavevectors
needs to be introduced to explain the 2D coupling phenomenon [62]. However, the
2D coupling reported in the previous study took into account only the contribution of
low-order Fourier components of the PC refractive index profile, as only four high-order
wavevectors: (£1,+1)5y (see the four oblique light arrows in Fig. 3.2(c)) were included.
Yet, when we consider an arbitrary air-hole geometry, asymmetric air-hole shapes in
particular, contributions of higher-order Fourier components cannot be neglected. Fur-
thermore, the vertical field profile for each in-plane wavevector shown in Fig. 3.2(c)
was assumed to be identical in the previous 2D theory, this therefore is another major
limitation in describing full 3D laser device. To overcome these limitations mentioned

above, we develop a generalized CW'T formulation in a full 3D model as follows.

Here, we focus our discussion on the TE polarization because PCSELs . We choose
to start our formulation from Maxwell’s equations using the electric-field components,

because scalar wave equations for the magnetic field (H,) [62] cannot include waves
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diffracted in the vertical direction (see the yellow arrows in Fig. 3.1). In a 3D waveguide
structure as shown in Fig. 3.1, the electric field can be expressed as E(r,t) = E(r)e™t.

By eliminating the magnetic field from Maxwell’s equations, we obtain
V x V x E(r) = k§n?(r)E(r), (3.2)

where ko(= w/c) is the free-space wavenumber, w is the angular frequency, c is the
velocity of light in free space and 7 is the refractive index (a complex number) that
satisfies [66]

k30 (r) = kin(r) + 2ikon(r)a(r) — a*(r), (3.3)

where n(r) is the real part of 7(r) and @&(z) represents the gain (& > 0) or loss (& < 0)
in each region. In the following derivation, we neglect the third term &2(z) because
|&| << kong [66]. The TE polarization fields E(r) = (E,(r), Ey(r),0) can be expanded

according to Bloch theorem
= Z Ej i (2)e~mPoz=inboy 1 — g o, (3.4)
Besides, we expand the refractive index profile as

n?(r) = nj(z) + Z Emon(2)e”TmPoz—infoy (3.5)

m7#0,n#0

Here, m,n are arbitrary integers; n3(z) = eo(2), €o(2) is the average dielectric constant
of the material at position z, and &, »(z) is the high-order Fourier coefficient term. We
note that &, ,,(2) is zero outside the PC region Inside the PC region, n3(z) = &4, and
Emon(2) can be expressed as mn(2) = 25 ffa(/j2 (z, y)emPor+inBoydydy. In order to
simplify the formulation, we have assumed that air holes within the PC region have
perfectly vertical sidewalls (a formulation for air holes with tilted sidewalls will be given

elsewhere [85]) such that n2 and &, , are independent of z within this region.
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By combining Eqgs. (3.2) -(3.5), and collecting all terms that are multiplied by the factor

e~ mPor—infoy e obtain

0? .~
(2= + kgnd + 2iakono(2) — n2B2) Exmn + mnBa Eymn

022
= _kg Z Em—m’,Ex,m’,n’a (36&)
m’'#m,n'#n n—n'
0’ .
[ﬁ + kind + 2iakono(2) — m2 B3] Eymn + mnBa By mn
= _kg Z ém—m/,Ey,m’,n’a (36b)
m/#m,n'#n n—n'
0
55 M Eemn + nEymn] = 0. (3.6¢)

In this work, the derivative terms of E, and E, with respect to x and y have been
eliminated because we assume an infinite periodic PC structure (the corresponding for-

mulation for a finite periodic PC structure will be given elsewhere).

The wavevectors can be classified into three groups according to their in-plane wavenum-

ber, vVm?2 + n?f;.

e Basic waves: vm?2 +n? =1,
e High-order waves: vm?2 + n? > 1,
e Radiative waves: m = 0,n = 0.
It is possible to solve Eqgs. (3.6a)-(3.6c)) using the method of separation of variables

by assuming a separable form of solutions for the fileds. In the resonant case at the

second-order I'-point [62], the basic waves can be expressed as

Ezio0 = 0, Eyi10=R;00(2), (3.7a)
Ey10 = 0, Ey_10=5:00(2), (3.7b)
Eyo1 = RyOo(2), Eyo1=0, (3.7¢)
Eror = 8,00(2), Eyo_1=0. (3.7d)

Here, R, and S, represent the amplitudes of basic waves propagating in the +x and
—x directions, respectively, and likewise R, and S, represent the amplitudes of waves
propagating in the +y and —y directions, respectively. These four basic waves are
assumed to have identical field profiles in the z-direction, denoted by ©g(z), which is
the same as the field profile of the fundamental waveguide mode for a waveguide with no

periodic structure [66, 67]. We express the wave equation for the fundamental waveguide
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mode in terms of O¢(z) as

020y

.2 T [kgng(2) — 8100 = 0, (3.8)

where f3 is the propagation constant. The solutions for § and GOy(z) in Eq. (3.8) can be
obtained by employing the transfer matrix method (TMM) [74].

In order to obtain the equations satisfied by the basic waves, Eqs. (3.7a)-(3.7d) are
substituted into Egs. (3.6a)-(3.6¢) for (m,n) = {(1,0),(-1,0),(0,1), (0,—1)}. Without
any loss of generality, we focus here on the case where (m,n) = (1,0). We then only
need to consider Egs. (3.7a) and (3.6b). Substitution of Eq. (3.7a) into Eq. (3.6b) gives

20

04 (kgng + 2iakong(z) — ,63)@0]}290
= —k2 Z &1t Byt - (3.9)

77’1/7/:1, —n/
n’'#£0

[

Next, Eq. (3.8) is substituted into Eq. (3.9) to yield

(B2 = B3RO0 + 2idkono(z)R.O

= _ko § 51 m’ Ey,m n’ (3'10)
m/#1, —n'
,750

Specifically, we express the radiative waves, i.e., the field amplitudes of the waves with
(m,n) = (0,0) as

Ez00=AEy(z), Ey00 = AEy(2). (3.11)
Finally, we can obtain the coupled-wave equation for (m,n) = (1,0) by multiplying
Eq. (3.10) by ©§(2) on both sides and integrating over (—oo, c0) along the z direction.
Three more coupled-wave equations for (m,n) = {(—1,0), (0, ) (0,—1)} can be derived

in analogous fashion. We write the four coupled-wave equations in the following form:

]{?2
(0 +i)Ry = K0Sy — 051,0/ AE,(2)0y(2)dz

k2

- §1 m/ Eymn @0( )d (312&)
250 St

m +n



Chapter 3. Three-dimensional modeling of wave interactions 38

(5+ia)5x = K_ 20R —75 10/ AE @0 )d
kO
- 5 1 m, E ,mn @0( )d 2, (312b)
260 m2+n

k2
(0 +ia)R, = /fo,gSy—Oéo,l/ AE,(2)04(z)dz

_ K /Emn )0 (2)dz, (3.12¢)

260 2
m +n

(0 +ia)Sy = ko—2R, — 50 -1 AE (2)05(2)dz

5
kg

- % T _1n/ By (2)00(2)dz, (3.12d)

m2

Here, § = 8 — By = nesp(w — wo)/c is the deviation from the Bragg condition, wy is the
Bragg frequency, n.sy is the effective refractive index of the PC layer, and « is the mode
gain/loss given by
o= ko /OO no(2)a(z)|00(2)|?dz, (3.13)
Bo J oo

where O(z) is normalized as [%_|0g(z)[?dz = 1.

The parameters K490, ko,+2 are the conventional 1D (forward-backward) coupling coef-

ficients given by

]{72

K+2,0 = —mﬁﬂo/c ]@o(z)|2dz, (3.14a)
k‘2 9

Ko42 = ~ 25 2 ﬁ/c\@o(Z)] dz. (3.14b)

The integrals in Eqgs. (3.14a)-(3.14b), as well as those in Eqs. (3.12a)-(3.12d), extend

only over the PC region because &,,, = 0 outside that range.

As the fields of the radiative waves (AE,(z), AE,(z)) and the high-order waves (Ey 1.1 (%),
Eymn(z)) are unknown, we cannot yet evaluate the right-hand sides of Eqs. (3.12a)-
(3.12d). In order to determine these fields, Egs. (3.6a)-(3.6c) must be solved for these
waves. Details concerning the solutions of AE,(2), AEy(2), Exmn(2), and Ey p n(2)
are shown in the Appendix. Finally, we find that the coupled-wave equations can be

treated as an eigenvalue problem in the form

(6 +ia)V = CV, (3.15)
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where

t
V= ( Ru, Su, Ry Sy ) : (3.16)
C=Cip+C,uq+Cop. (3.17)

Here, the three matrices, Cip, C,.q and Csop correspond to the first, second, and third
terms on the right-hand sides of the couple-wave Eqs. (3.12a)-(3.12d), respectively. All
their matrix elements are dependent on the PC geometry and the multilayer waveguide

structure, as will be defined analytically in the next section.

It is informative to examine the physical interpretation of the three matrices: Cip, C,q4,
Csyp. Cip represents the conventional 1D coupling effects, i.e., the feedback coupling
between two counter-propagating basic waves. C,,q represents coupling between the
radiative waves and the basic waves, i.e., the out-of-plane coupling coefficient arising
from first-order diffractions. Unlike the previous 2D theory [63], this term is explicitly
derived in a 3D model, allowing an accurate prediction of the device output (surface
emission). Cop represents the 2D optical coupling coefficient via high-order waves. As
the infinite summations were taken into account, the 2D coupling described by our
coupled-wave equations is far richer in nature than previous 2D theory, thus making it
possible to capture all the important 2D optical coupling effects in 3D systems. The
generalized formalism above is capable of treating air holes of any arbitrary shape by

inclusion of the appropriate high-order Fourier components.

3.2.1 Analytical solutions of partial waves

The partial waves, i.e., radiative and high-order waves included on the right-hand side
of the coupled-wave eqs.( 3.12a)-(3.12b), can be solved analytically, by assuming that:
(1) Only basic waves are important in generating radiative waves and high-order waves;

(2) & is small and thus may be neglected [66].

First, we consider the radiative waves AE,(z) and AEy(z) for (m,n) = (0,0). In this

case, Egs. (3.6a)-(3.6b) are reduced to the following two expressions:

2
(53 TRnE(IAE:() = K Y o mwBomtar
m’,n'#0
= —k§(Go—1Ry +£0.15,)00(2), (3.18a)
52
[@+k§n3(z)}AEy(z) - _k(% Z gfm’,fn’Ey,m’,n’
m’,n'#0

12

—kg(f_ljoRx +§1705x)@0(z). (3.18b)
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These equations can be solved by employing the Green’s function approximation [67],
where the Green’s function G(z, 2') satisfies

2

0
552 T konolG(z,2) = —0(2, 2), (3.19)

which gives G(z,2') ~ —ﬁe*i@'z*z/' with 3, = kono(z) represents the wavenumber
of radiative waves in the z direction (for simplicity, here we use an approximate form
of the Green’s function that neglects reflections occurring at the lower-index-contrast
waveguide layer interfaces. A more accurate expression is derived in Ref. [85] to improve

accuracy). In terms of G(z, 2'), the radiative waves can then be expressed as

AFE,(2) = k3 (¢ 1Ry + £0.15y) /PC G(z,2")0¢()d7, (3.20a)
AE,(z) = k3 (¢-10Re + €10S:) /P . G(z,2")00(2)d7 . (3.20D)

As a consequence, the second terms of the right-hand sides of the coupled-wave equations

(3.12a)-(3.12d) can be replaced by terms only associated with the basic waves.

Next, we obtain solutions for high-order waves, Ey 1, n(2) and Ey m n(2), where vVm?2 + n?
1. Tt is difficult to solve Eqs. (3.6a)-(3.6¢) directly, thus we introduce a proper linear

combination of E, , n(2) and Ey , n(z) and obtain a set of equations of the form

82
[@ + kgng](mEﬂc,mm + nEy,m,n) =

—k% Z fmfm’,(mE:c,m’,n’ + nEy,m’,n’), (3213)

m/Emn £n n—n'

82
[7822 + k‘gng — (m2 + n2)ﬁg](nEx7myn —mEymn) =
~ky > b, (nBogi = mEyua),  (3.21b)
m/#m,n/#n n—n'
0
% [mEx,m’n + nEy,m,n] = 0. (321C)

The substitution of Eq. (3.21c) into Eq. (3.21a) yields

n% (mEﬂC»myn + nEy,m,n) == Z gm—m’,(mEm,m’,n’ + nEy,m’,n’)' (3'22)
m Emn/#£n n—n'

It is worthwhile noting that Eq. (3.22) is equivalent to the transversality constraint; i.e.,
V- (D(r)) = V- (e(r)E(r)) = 0 must be satisfied. Next, we solve Egs. (3.21b) and
(3.22) to obtain solutions for the high-order waves Ej . (2) and Ey ;. (2). The linear

combination (nEg ., — MEymy) can be solved from Eq. (3.21b) by using a similar
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Green’s function approach. The Green’s function G, ,(z,2’) satisfies

2

[a 2 + kOnO (m2 + TLQ)Bg]Gm,n(Z, Z/) = —5(Z, Z/)a (323)

where G, (2, 2') >~ e~ Pamnlz=l wwith B, 0 = /(Mm% +n2) 2 — k3n2(2). Then,

- ﬂzmn

we obtain
2
(nEm,m,n - mEy,m,n) = k() E gm—m/, :
miAmn'#n NN

/ (NEy g (2') = mEy o (2) G (2, 2')d2. (3.24)
PC

Under the assumption that only the basic waves are important in generating high-order

waves, Eqs. (3.22) and (3.24) can be rewritten as

. (nfm 1,Rz +n§m+1S +m§m R, —i—m§m v)©0(2)

mEymn+nEymn ~ 2
0

(1>

z), (3.25a)
NEymmn — MEymn =~ kj(—m&m_1, Ry — m&Em+1,Sy +ném, Ry +ném, S,) -
n n n—1 n+1

Grmn(z,2)00(2")dz'
pPC

E~(2). (3.25D)

[I>

We then obtain
Eomn(z) \ _ 1 [ n m ) [ E()
( Eymn(2) ) - m?+n? ( o n ) ( B (2) ) (3.26)

By multiplying both sides of Eq. (3.26) by ©(z) and integrating over the PC region,

we obtain

Jpc Eemn(2)05(2)dz - 1 noom\
fPC Eymn(2)05(z)dz C omP+n?\ g
—mpl) —mpla® ) Y v
( ) van® ) mu > ’
(1,0) (-1,0) (0,1) (0,-1)

gzmn gmmn Sz,mmn  Sz,m,n
= ( (Lo)  (=1,0) (0,1) (07_1)>V, (3.27)

Symmn  Symmn  Symmn  Symn
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where V = ( Ry, Sz, Ry, Sy )t,

M%fl) = k%/ Em—r,(2)Gmn(z,2)00(2)Of(2)dz dz, (3.28)
PC n—s
1
A = [ st @lene)Pds. (3.29)
pPC no(z) n—s

As a consequence, the third terms of the right-hand sides of the coupled-wave equations
(3.12a)-(3.12d) can also be replaced by terms only associated with the basic waves.
Finally, the coupled-wave equations (3.12a)-(3.12d) leads to an eigensystem that can be

written in matrix form as
(0 +ia)V = CV. (3.30)

Here, C = Cip + C,qq + Cap,

Cip = = , (3.31)

Cf,ldo) d,ol’o) 0 0
Craa = ¢ G o 0 (3.32)
rad = 0,1 0,—1 ) :
o0 ¢y oY
U e S <ot
1,0 1,0 0,1 0,—1
X;,l,g X;,l,o : Xz(/,l,c)) Xz(/,l,o :
(1,0) (=1,0) _(0,1) (0,-1)
Cop = Xy 10 Xy—1,0 Xy-1,0 Xy-1,0
= 1,0 1,0 0,1 0,—1 )
ch,o,% X(x,O,l ) Xg(c 0, i Xi 0,1 )
1,0 1,0 0,1 0,1
XQ(U,O,)—I ch,o,—% X:(p 0, )—1 ng 0, —%
(3.33)
and
i = g [ GratresG OO N
(3.34)
78 k; T8 .
Xfmt? - 2500 Z Ep—m.q— ngz(m)n»l =Y. (3.35)

Vm2+n?>1
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Note that matrices Ci1p, C,qq, and Cop correspond to the conventional 1D feedback
coupling, radiative coupling, and 2D couplings via high-order waves, respectively. It
should also be noted that Cip and Cop are Hermitian matrices, whereas C,.,4 is not an

Hermitian one.

3.2.2 In-plane and vertical field profiles

As described above, we have developed a 3D CWT formulation by incorporating high-
order effects. The formulation allows us to obtain various quantities of interest, includ-
ing: in-plane electromagnetic-field pattern, vertical field profile, radiation constant, and
mode frequency of the resonant modes. In all the following calculations, the waveguide
structural parameters listed in Table 3.1, the dielectric constants ¢, = 1.0, g, = 12.7449,
and the lattice constant a = 295 nm are used. Unless otherwise stated, we include a
large number of high-order waves by truncating the summation terms in matrix Cop at

|m,n| < 10 (the effects of the wave truncation order will be discussed later).

Figure 3.3: (Color online) In-plane E-field vector distribution (arrows) and H-
field patterns (in color) of four band-edge modes (A-D) at the 3D structure.
The thick black triangles indicate the shapes and locations of air holes. The
E-fields (E,, E,) are calculated by using Eq. (3.4). In the calculation, we use
the waveguide parameters shown in Table 3.1, ¢, = 1.0, g, = 12.7449, FF=0.16,
and a = 295 nm. A large number of high-order waves are included by truncating
the summation terms in matrix Cap (see Appendix) at |m,n| < 10.

Fig. 3.3 shows in-plane E-field vector distribution (arrows) and H-field patterns (in
color) of four band-edge modes (A-D) at the 3D structure. The fields at the center of
the PC layer (see Fig. 3.1) are plotted for square-lattice PC with right-angled isosceles
triangular (RIT) air-hole shapes. It can be seen from the figure that, these band-edge



Chapter 3. Three-dimensional modeling of wave interactions 44

modes are characterized by different field patterns distributed in two dimensions. Modes
C and D correspond to the symmetric mode (leaky mode) of 1D-DFB lasers, and thus
have significant loss. In contrast, modes A and B correspond to the anti-symmetric
mode (non-leaky mode) of 1D-DFB lasers, and lase more easily than modes C and D

[47, 48]. Therefore, we restrict the following discussion to modes A and B only.

(a) (c) (d)

16
1.5 A
(SN (z) Toe Ey,l.,l(z) Ey,l,B(Z) n-clad layer
_ j (AlGaAs)
g B woe
3 —e-
g Active layer
£0.0 | = ? e PC layer
2 GaAs layer
-9
p-clad layer
(AlGaAs)
-1.5
0 100 160 5 10 0 5 10

Electric field (arb. units)

Figure 3.4: (Color online) Vertical field profiles for wavevectors with different
in-plane wavenumbers: (a) basic waves, (b) radiative waves, high-order waves
with (¢) (m,n) = (1,1) and (d) (m,n) = (1,3). The shaded regions indicate
the PC layer. The vertical field profile of basic waves is the same as that of the
fundamental waveguide mode Og(z) described by Eq. (??). The vertical field
profiles of radiative and high-order waves are plotted for the mode A (similar
features are observed for other modes) and are calculated based on Egs. (77)
and (6.25), respectively (field outside the PC layer is calculated by imposing
continuity conditions on E-field at the layer interfaces). Parameters used in the
calculation is the same as those shown in Fig. 3.3.

In addition to the in-plane (xy plane) field patterns, our 3D formulation also allows
us to calculate the field profile in the vertical (z) direction for each wavevecor. As
mentioned above, wavevectors involved in the couplings are classified into three groups:
basic waves, radiative waves and high-order waves. Fig. 3.4 shows the vertical electric-
field profiles for these wavevectors that are calculated by employing Egs. (3.8), (3.20b)
and (3.26), respectively. Here, we show the results for right-angled isosceles triangular
air-hole shapes with FF=0.16 (similar results are obtained for other shapes). The basic
waves (see Fig. 3.4(a)) have the same field profile as the fundamental waveguide mode
Oo(z) described by Eq. (3.8), the amplitude of which has a peak at the active layer
and decays slowly towards the upper and lower cladding layers. The radiative waves
(see Fig. 3.4(b)) possess an oscillating field (see the dashed blue line that represents
the real part of the electric field) along the z direction and emanate in the direction
normal to the PC plane to constitute the laser output (surface emission). The field
amplitude (red line) is constant and non-zero at both sides of the PC layer, quantifying

the energy leaking out of the PC laser cavity. The field profile of the high-order waves
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is more complicated. As an example, here we show the profiles of high-order waves with
(m,n) = (1,1) and (m,n) = (1,3) in Fig. 3.4(c) and (d), respectively. It is apparent
that the high-order waves are more strongly confined within the PC layer compared to
the basic waves, and that they decay evanescently outside the PC layer. In addition, it
can easily be found that the field profile is largely dependent on the order of the waves
(m,n): the higher the wavevector order, the more strongly the field is confined in the
PC layer. In short, the field profiles for the individual wavevectors in a 3D structure
are extremely complicated, which represents the fundamental difference between 3D
and 2D systems. Therefore, each field profile must be treated very carefully in order
to accurately quantify the coupling effects in a 3D system. In the previously reported
CWT analyses [62, 63], an approximation based on the effective refractive index [31]
was used in the 2D calculations to compensate for the effects of the 3D nature. This
approximation implies that all the individual wavevectors have the same field profile
in the vertical direction as the fundamental waveguide mode. Failing to reflect these

complicated field profile changes can lead to significant inaccuracy.

3.2.3 Analysis results and comparison with 3D FDTD simulation

By solving the coupled-wave Eq. (3.15) as an eigenvalue problem, we can directly
evaluate two most important properties of the band-edge modes, i.e., the radiation
constant «,. (a, = 2a: the modal power loss due to the surface emission) and the mode
frequency w. In order to understand the effects of asymmetric air-hole shapes, we present
numerical results for the three shapes shown in Fig. 3.2(a): circular (CC), equilateral

triangular (ET), and right-angled isosceles triangular (RIT) shapes.

When solving Eq. (3.15), we need to truncate the summation terms at an appropriate
order of m and n. Here, we define a quantity D such that |m,n| < D. For a given wave
truncation order D, the total number of the included waves is (2D + 1)2. The effects of
truncating the summations can be observed by plotting the radiation constant and the
mode frequency as a function of the wave truncation order D, as shown in Fig. 3.5. For
illustration, we only show results for the asymmetric RIT air-hole shape (FF=0.16), the
modeling of which requires the inclusion of many more high-order waves than the CC
and ET shapes. It is apparent from Fig. 3.5 that the radiation constant is more sensitive
to D than the mode frequency, which indicates that a large number of wavevectors must
be included in order to calculate the radiation constant accurately. Both the radiation
constant and mode frequency converge well when D is larger than 10, hence we use

D =10 in all of the following calculations.
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Figure 3.5: (Color online) Radiation constant and mode frequency as a function
of the wave truncation order D. The total number of the included waves is

(2D + 1)2. These plots are calculated by using the same parameters shown in
Fig. 3.3.

In order to confirm the accuracy of the above CWT analysis results, we also performed
3D-FDTD simulations [79, 80] for the structure shown in Fig. 3.1. We used a computa-
tional cell of 40 x 40 x 640 pixels (z X y X z), corresponding to 1 x 1 x 16 lattice periods,
with absorbing boundary layers in the z direction and periodic boundary conditions in
x and y. The @ factor obtained by the 3D-FDTD method was used to compute the

radiation constant via the following relationship [69]:
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Figure 3.6: Radiation constant as a function of FF for (a) CC, (b) ET, and (c)
RIT air-hole shapes. The CWT data are calculated by using D=10,¢e, = 1.0,
ep = 12.7449, a = 295 nm and the waveguide parameters shown in Table 3.1.
The 3D-FDTD data are calculated for the same structure. Some 3D-FDTD
points are missing in the case of the CC shape because @ is infinitely large.
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Figure 3.7: (Color online) Mode frequency as a function of FF for (a) CC, (b)
ET, and (c) RIT air-hole shapes. Parameters used for the calculations are the
same as those shown in Fig. 3.6.

Figures 3.6 and 3.7 show the radiation constant and mode frequency as a function of
FF, obtained by both the CWT and 3D-FDTD methods. It is clear that the CWT
results are in good agreement with the 3D-FDTD simulations. Deviation between the
two methods, increasing for large FF, can be attributed to numerical effects (i.e., low
resolution of 3D-FDTD) as well as the approximations used in our theory: separation of
variables (see Egs. (5.1-5.4)) and Green’s functions neglecting the reflections occurring at
the low-index-contrast waveguide layer interfaces. It is possible to improve the accuracy
by employing an iterative technique described in Ref. [68] and a generalized Green’s
function incorporating the reflection effects [69, 85]. Nevertheless, the current treatment
still allows us to obtain qualitatively reliable results even at large filling factors. The
calculation time required for the two methods is markedly different. For a specific FF,
the 3D-FDTD simulation takes ~ 4 hours using a supercomputer system (64 cores and
9.0 GB memory), whereas the CWT analysis takes less than 1 second with a personal
computer (1 core@2.20GHz and negligible memory usage). Although a large number
of wavevectors were included in the CWT analysis, the calculation time is nevertheless
short due to the semi-analytical nature of the algorithm.

Destructive Partial constructive
interference interference

e OO o
R A R N

Circular hole Triangular hole
(@) (b)

Figure 3.8: Schematic illustration of the interference occurring in the vertical
direction for (a) circular holes and (b) triangular holes. The arrows represent
the propagation directions of the basic waves and radiative waves, and the
sine curves represent the phases of the fields for these waves. The destructive
interference is suppressed when air-hole shape becomes asymmetric.
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It is noteworthy that the radiation constant for the symmetric CC air-hole shape is zero
(corresponding to an infinite @ factor in the 3D-FDTD method) at every value of FF,
whereas it increases with FF when the air-hole shapes are asymmetric (ET or RIT). This
difference can be physically interpreted by considering the interference occurring in the
vertical direction, as illustrated in Fig. 3.8. The radiation field depends on the phase
difference of the waves diffracted vertically, which arise from counter-propagating basic
waves in the PC plane. In the case of the symmetric CC air-hole shape, the two basic
waves propagating in the z or y direction are intrinsically out of phase [47] and their
diffracted waves thus have a phase difference of m. Therefore, destructive interference
occurs and the two diffracted waves cancel each other out. In contrast, when the air-
hole shape is asymmetric, such as for the ET and RIT shapes, the counter-propagating
basic waves are no longer out of phase and the phase difference of the diffracted waves
will deviate from 7. The destructive interference is consequently suppressed, giving rise
to partial constructive interference. Therefore, a higher output power can be expected

when asymmetric air-hole shapes are used.
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Figure 3.9: (Color online) Mode frequency for CC air holes as a function of
FF, calculated using the CWT and 2D-PWEM approaches. This figure replots
the CWT data shown in Fig. 3.7(a). The 2D-PWEM data are obtained by
using 441 plane waves with modified dielectric constants (calculated by using
the structural parameters shown in Table 3.1 based on the effective refractive
index approximation described in Ref. [46]).

We note that the mode frequency plotted in Fig. 3.7 was calculated for a 3D structure,
which should be different from that calculated for a 2D structure. In order to elucidate
the difference between 3D and 2D calculations, we evaluated the mode frequency for
the CC air-hole shape using the 2D-PWEM approach [31], which is plotted versus FF
in Fig. 3.9 together with the CWT results of Fig. 3.7(a). A total of 441 plane waves
were used in the 2D-PWEM calculation and the effective refractive index approximation

[46] was employed. Comparing the results for the two methods, it is apparent that the
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mode gap between modes A and B (wp —wy4) calculated using the present CWT model
is significantly larger than that calculated using the 2D-PWEM approach. We suggest
that a physical explanation can be found by considering the fact that in a 3D structure,
the high-order waves (generated by basic waves) are more strongly confined in the PC
layer, as depicted in Fig. 3.4(c-d). As a consequence, the 2D optical coupling strength
is greater in a 3D structure than in a 2D structure, leading to a larger mode gap in a

3D structure.

3.3 Extension to non-I'-point modes

In the previous section, for simplicity, we have restricted our analysis to band-edge
modes (i.e., I'-point modes). However, lasing action of non-I'-point modes has also
been observed in the experiments. Therefore, it is important to theoretically study and
understand the physical principles and properties of this kind of lasing modes. In this
section, we present a coupled-wave analysis on non-I’-point modes by extending our

previous CWT formulation.

3.3.1 Extended coupled-wave formulation

The non-I'-point modes are deviated from the I' point band edges as shown in Fig.
3.10(a). The schematic diagram of coupled-wave model for these modes is shown in
Fig. 3.10(b), which is similar to the case of I'-point modes except that the four basic
waves (gray arrows) have a small wavenumber deviation Ak (red arrows) from the T’
point. Note here that, the wavenumber deviation Ak can be in an arbitrary direction. In
addition to the four basic waves, the high-order waves also have a wavenumber deviation

Ak and contribute to the 2D coupling.

The Bloch vector Ak at a non-I" point implies that the wavevectors of the four basic
waves have different amplitudes, and they no longer lie along primitive vectors. There-
fore, the phase matching conditions of the four basic waves are slightly different in
principle, and hence, their vertical profiles are not identical. However, since A,By and
Ay o are considerably small, we assume that the basic waves have an identical vertical

profile Oy(z) . For (m,n) = {(1,0),(—1,0),(0,1),(0,—1)}, we have

Ea:,mn = pmnAmn@O(z)a Ey,mn = nmnAmnGO(Z) (337)
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Figure 3.10: (a) Non-I'-point modes in the square-lattice band structure (red
circle). (b) Schematic diagram of coupled-wave model at non-I'-point modes.
Gray arrows represent basic waves, and red arrows represent a small wavenum-
ber deviation Ak from the I' point.

with

O = Ny mn T, = Mz,mn
mn — s limn — ™

2 2 2 2
mx,mn + ny,mn m:c,mn + ny,mn

(3.38)

where A, = {Ry, Sz, Ry, Sy} for the given (m,n), respectively, and it does not depend
on z,y because an infinite periodical PC structure is assumed here for simplicity. In
fact, pmn, Mmn denote the perturbation of the basic waves’ polarizations; then, from Eqgs.
(3.6a)-(3.6¢) we obtain

02
[t 3k — (m2 +n2)8ly/m2 + n300(2) Auun =
_k(Q) Z Em—m (nyEz,m’n’ - mmEy,m’n’) (3.39)

m n—n'
Under resonant conditions, the basic wave profile ©¢(z) can be determined by the waveg-
uide mode profile. It is noteworthy that since the phase matching conditions for the four
basic waves are different, the corresponding waveguide mode frequencies are also differ-
ent. The wavenumber is denoted by as ko.my for the case of Ay, and ©g(z) satisfies
as

0?0

22 T (NG kmn — (M2 +12)B5]00(2) = 0 (3.40)

The above equation can be solved numerically by the transfer matrix method (TMM)[74,
84]. Combining Eq. (3.39) with Eq. (3.40), then multiplying the complex conjugate
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field ©f(z) on both sides, and integrating over (—oo, c0), we obtain

(kO_ kO;mn)Amn = Z K%Z)Ars (341)
r?+52|=1;
r#m,s#n

/{2
. Z ém*m,'ny /PCEx,m’n’QS(Z)dZ

mn |m/2+4n/2|#1

k2
—1—70 Z Em,m/mx /pc Eym/n/@f)(z)dz

mn Im/24n’2|£1 n—n'

where

k‘2
= - o A 0 gg—g(ny,mnprs - mz,mnnrs)|(—)0(z)|2dza
mn N—

i

and

homn = 2ko.mny/m2 + n%/ £0(2)00(2)0(2)dz.

Here, the normalization condition [%_©0(2)0(z)dz = 1is used. However, the radiative
wave and high-order profiles E, ,,/,/(2) remain unknown; they will be determined in the
Appendix, and they only depend on the PC geometry and the multilayer waveguide
structure. Since all the terms in Eq. (3.41) are solved analytically, similar treatment
of other basic waves gives the eigenvalue problem equations for the basic wave vector
V = (R, Sy, Ry, Sy)" with the coupling matrix C:

koV = CV (3.42)

The complex frequencies w can be obtained from the eigenvalues by solving Eq. (3.42)
with w = kgc. In this case, the Q factors of the band-edge modes can be determined
from the real and imaginary parts of w, as Re(w)/|2Im(w)|, and directly compared with
the FDTD simulation results without using any ambiguous definition of the effective

refractive index. Hence, the radiation constant is given by Eq. (3.36).

3.3.2 Band structure analysis and comparison with 3D FDTD simula-

tion

Fig. 3.11 shows the calculated results using the extended CWT model of the band
structure for a square-lattice PCSEL. The air-hole filling factor f = 0.12. The real
part of the eigenvalues corresponds to the mode frequency, and the imaginary part

corresponds to radiation constant (i.e. vertical radiation loss). For the infinite periodic
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structure with circular air holes, radiation constant of both modes A and B becomes zero
at the band edges (I" point) because destructive interference due to the perfect symmetry.
On the other hand, band-edge modes C' and D have a large radiation constant due to

their symmetric nature. Therefore, modes A and B are usually favored for lasing. When
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Figure 3.11: (a) Calculated band structure of a square-lattice PC laser structure
calculated by CWT. (a) Frequency (real part), (b) Radiation constant (imag-
inary part). The plot was calculated for circular air holes with air-hole filling
fraction f = 0.12.

the wavenumber is slightly deviated from I' point, radiation constants of both modes A
and B increase, and hence, ensure the lasing stability of I' point modes. However, it
is worthwhile to note that there also exist no-I'-point modes with a very lower group
velocity (almost zero at |[Ak| = 0.018 — 0.022) at band B along I' = X direction. We
refer to these modes as flat-band modes. In close view of Fig. 3.11(b), we find that
these flat-band modes have a noticeably low radiation constant (loss), which indicates

that these modes may compete with band-edge modes for lasing.
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Figure 3.12: (a) Comparison of photonic band structures calculated by CWT
and 3D-FDTD method. (a) Frequency, (b) Radiation constant. The plot was
calculated for circular air holes with air-hole filling fraction f = 0.12.

In order to confirm the accuracy of the CWT analysis results, we also performed 3D-

FDTD simulations for the same structure (FF=12%) [80]. Here, we focus on the modes
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located on bands A and B because they are more favored for lasing. The comparison of
CWT results with 3D-FDTD simulations are shown in Fig. 3.12. The CWT results are
in good agreement with 3D-FDTD simulations, thereby confirming the validity of the
extended non-I'-point CW'T model.

3.4 Summary

This chapter presented a fully 3D CWT model for square-lattice PCSELs with TE
polarization. We have derived a generalized formulation for both the I'-point band-edge
modes and non-I'-point modes by including a large number of high-order wavevectors
and carefully treating the vertical field profile of each wavevector in a full 3D model.
Our general coupled-wave formulation can be applied to air holes of arbitrary shape.
The accuracy of our 3D CW'T model has been confirmed by comparison with 3D-FDTD

simulations, which require significantly greater computation time.

In the first main section, we focus our analysis on the band-edge modes. We have
shown that not only the inclusion of a sufficiently large number of in-plane high-order
wavevectors but also a 3D treatment incorporating the vertical field profile is important
for an accurate study of the band-edge modes. The surface emission, our principal
feature of interest, and 2D coupling effects can be explicitly modeled based on our model,
neither of which can be accurately described by the previous 2D model. We have also
discussed the essential differences between 3D and 2D systems. We find that the vertical
field profile of the wavevectors is extremely complicated in a 3D system and the effective
refractive index approximation employed in the 2D calculation cannot compensate for
the complexity caused by the 3D nature. By evaluating the radiation constant and mode
frequency of the band-edge modes for several different air-hole shapes, we have found
that asymmetric air holes are beneficial for improving the output power of 2D PCSELs
because destructive interference in the vertical direction can be suppressed, which is in

agreement with our experimental findings.

In the second main section of this chapter, we further extend our analysis to the on-I'-
point mode analysis. The essence of this extension is to introduce a small wavenumber
deviation to the individual wavevectors. The perturbed wavevectors would slightly vary
the polarization directions of basic waves and accordingly modify the overlapped fields
between the individual partial waves. The extended model allows us to calculate the
complex band structure (including both real and imaginary parts of the mode frequency),
which provides an important insights to the radiation nature of each band. The accuracy
of the calculated was compared with 3D-FDTD and good agreement was found. In

particular, we find that the radiation constant (loss) of the flat-band modes located
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in the I' — X direction of band B is found to be noticeably small and may influence
the mode stability of PCSELs. This well explains our experimental observations where

lasing action sometimes occurs at these undesirable modes.

To the best of our knowledge, the coupled-wave theory presented in this chapter is the
first to provide a full 3D model for describing the surface emission and 2D coupling
effects in PCSELs. For the first step of constructing our theoretical framework, we have
restricted our analysis to infinite periodic square-lattice PC structures with perfectly ver-
tical sidewalls. However, the framework presented dhere can be extended to the analysis
of finite-size structures, triangular-lattice PCs, and more complicated PC geometries
with tilted sidewalls without modifying the basic methodology. These extension will be

presented in subsequent chapters.



Chapter 4

Finite-size coupled-wave analysis

4.1 Introduction

As presented in the previous chapter, we developed a 3D CWT model that affords an
exact analytical treatment of the full 3D structure of typical laser devices and achieves
a very accurate and efficient analysis of the surface emission properties. This theory
incorporates the key issues in modeling surface-emitting-type PC lasers, i.e. the surface
emission in the surface normal direction and the in-plane higher-order coupling effects

[84], neither of which was appropriately described in the previous works [33, 61-63].

Nevertheless, in the previous chapter, for simplicity we restricted our analyses to infi-
nite periodic structures [84]. To predict and improve the performance of the practical
PCSEL device, however, it is essential to consider a finite-size structure. For example,
following the arguments of the analysis results in the previous chapter, two antisym-
metric band-edge modes of PCs with circular air holes should be excited simultaneously
without emitting a laser beam because both of their radiation constants (i.e. parameters
quantifying the surface radiation loss) are shown to be zero. This is in contrast to the
experimental results where a laser with a doughnut-shaped beam pattern operating sta-
bly at one of the two antisymmetric modes was demonstrated [35, 46, 51]. The physical
mechanism of this lasing behavior cannot be explained without considering the finite-
size effects of the laser device, as we will show later on. This is our motivation for the
present work, where we develop a 3D CW'T model capable of treating the finite-size laser
device by extending our previous framework [84]. Our objective in this chapter is not to
exhaustively quantify the dependence on the large number of parameters that determine
device behavior. Rather, we focus on clarifying the underlying physical mechanism of

the effects caused by finiteness of the device.

55
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The remainder of this chapter is organized as follows. Section 4.2 describes derivations
of the coupled-wave equations for finite systems. Section 4.3 presents analysis results
and discusses the finite-size effects including mode selectivity and mode stability. Com-

parison with experiments will also be presented. Section 4.4 concludes with our findings.

4.2 Coupled-wave equations for finite-size structures

In this section, we will present the derivations of the coupled-wave equations for finite
systems. We shall not give a complete description of the formulation, but highlight
only the major differences from our previous study. For a more detailed derivation and

discussion, please refer to the previous Chapter. 3.
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Figure 4.1: (a) Schematic structure of square-lattice PCSEL device with circular
(CC) and equilateral triangular (ET) air holes (inset: scanning electron micro-
scope images). (b) A typical photonic-band structure calculated by 2D-PWEM.
There exist four band-edge modes in the vicinity of the second-order I' point,
which we refer to as modes A, B, C and D, in order of increasing frequency.

The schematic structure of PCSELs is shown in Fig. 4.1(a), in which the electric field
can be expressed as E(r,t) = E(r)e™!. By eliminating the magnetic field from Maxwell’s

equations, we obtain
VxVxE([r)= k‘gsz(r)E(r), (4.1)

where ko(= w/c) is the free-space wavenumber, w is the angular frequency, c is the
velocity of light in free space and 7 is the refractive index (a complex number) satisfying
k3n2(r) =~ k3n?(r) + 2ikono(2)a(z) [66, 84], where n?(r) is a periodic function of z and
y, no(z) represents the average refractive index of the material at position z, and &(z)
represents the gain (& > 0) or loss (& < 0) in each region. Here, we still focus our analysis
on the transverse electric (TE) polarization because the lasing mode has been identified
experimentally as being a TE mode [46]. For TE polarization, E(r) = (E,(r), Ey(r),0)

can be expanded according to Bloch’s theorem

Ej (I‘) = Z Ej,m,n(x7 Y, Z)e—imﬂox—inﬁoy’j =T,Y, (42>
m,n
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and the periodic function n%(r) can be expanded as

n?(r) = nd(z) + Z Emon(2)e”TmPoz=infoy (4.3)
m#0,n#0

Here, By = 27 /a, a is the lattice constant, m,n are arbitrary integers, and &, (%) is
the high-order Fourier coefficient term. We note that &, ,(z) is zero outside the PC
region. For simplicity, we assume that air holes within the PC region have perfectly
vertical sidewalls (tilted case is discussed in Ref. [85]) such that n3(z) represents the
average dielectric constant of PC and that &, , is independent of z within the PC
region. By substituting Eqs. (4.2) and (4.3) into Eq. (4.1) and collecting all terms that

are multiplied by the factor e~"mB0T=15oY e obtain

s 2,2 . ~ 2 52 - OBympn P Eyma 2
[55 + kono(2) + 2ikono(2)a(z) — n°Bgl Eemn  —  2inSo + 5 +mnByEy man
0z Jy dy
O’E , OF OF
_ﬁ + 1,,80 (m 5#71,71 +n gf’n) — —]{;(2] Z gm—m’,n—n’Ex,m/,nlv (44)
Y Y m/#m,n/#n
0* , . . OF O0’E
[@ + k2nd(2) + 2ikono(2)a(z) — mQBg]Ey’m,n — 2imfBy g::m + OZan + mnﬁgEx’m’n
O*E , OE OFE
,# +iBo(m g,m,n +n gxmn) = k2 Z Em—mt mn' Byt gty (4.5)
Y Y m/#m,n/#n
0 . 0F 1)) ,
@[( gxmn + gym") — ifo(MEzmn + nEymn)] = 0. (4.6)

Here, as we are considering a finite system, we have retained the spatial derivative terms
of £, and E, with respect to « and y. As defined previously [84], the wavevectors can
be classified into three groups according to their in-plane wavenumber, vm?2 + n2fo:
basic waves (vm2 +n2 = 1), high-order waves (v/m2 +n2 > 1), and radiative waves
(m =n =0). By assuming a separable form of solutions for the fields, we can solve Egs.
(4.4)-(4.6) analytically. In the resonant case at the second-order I' point shown in Fig.

4.1(b), the four basic waves can be expressed as

E:10 = 0, Ey10=Rs(7,y)00(2), (4.7)
Er—10 = 0, Ey_10=S5:(z,9)00(2), (4.8)
Ero1 = Ry(x,y)00(2), Eyo1=0, (4.9)
Ero-1 = Sy(v,y)00(2), Eyo-1=0. (4.10)

Here, R,(x,y) and S,(x,y) represent the amplitudes of basic waves propagating in
the +2 and —z directions, respectively, and likewise, Ry(z,y) and Sy(z,y) represent
the amplitudes of waves propagating in the +y and —y directions, respectively. These

four basic waves are assumed to have identical field profiles in the z-direction, denoted
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by Op(z), which is the same as the field profile of the fundamental guided mode for a
multilayer structure without PCs [66]. We express the wave equation for the fundamental

guided mode in terms of Oy(z) as

020y

a2 T [kgng(2) — 8100 = 0, (4.11)

where 3 is the propagation constant, which satisfies 8 ~ 3y in the vicinity of the second-
order T" point. In this chapter, we calculate 5 and ©¢(z) in Eq. (4.11) by employing the

transfer matrix method [74] and normalize ©(2) as [*_|Oo(z)[*dz = 1.

In order to obtain the coupled-wave equations, Eqs. (4.7)-(4.10) are substituted into Eqs.
(4.4)-(4.6) for (m,n) = {(1,0),(—1,0),(0,1),(0,—1)}. Here, without loss of generality,
we focus on the case for which (m,n) = (1,0). We then only need to consider Eqs. (4.7)
and (4.5). Substitution of Eq. (4.7) into Eq. (4.5) gives

0%0 , . . OR,
[6720 + (k:gn%(z) + 2ikono(z)a(z) — Bg)@O]R:c — 218 o O
=—k5 Y &emw By (4.12)

m/#1,n'#0

Here, the basic wave R, is assumed to vary slowly compared to exp(—ifyz) so that
its second spatial derivative terms in Eq. (4.5) can be neglected. Then Eq. (4.11) is
substituted into Eq. (4.12) to yield

(B2 — B2)Ry©0 + 2ikono(2)a(z) ReOg — 2if0

OR
6; ©p = _k(Q) Z fl—m’,—n’Ey,m’,n’-
m/#1,n'#0
(4.13)

The term E, .,/ s on the right-hand side of Eq. (4.13) represents all the waves that
may couple to R, including basic, high-order, and radiative waves as described above.

Specifically, we express the radiative waves [for which (m/,n) = (0,0)] as
EL[)’() = AEx(Z), Ey7070 = AEy(Z). (4.14)
Finally, we can obtain the coupled-wave equation for (m,n) = (1,0) by multiplying

Eq. (4.13) by ©§(z) on both sides and integrating over (—oo, 00) along the z direction.
Three more coupled-wave equations for (m,n) = {(—1,0), (0,1), (0,—1)} can be derived
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in analogous fashion. We write the four coupled-wave equations in the following form:

_iaRx + (0 +i0)R; = Ko S — ki)é / AE, ()00 (2)dz
aﬂf T T 2,00z 2[80 1,0 e Y 5
k2 )
_ﬁ Z glm,n/ Ey,m,n(Z)@O(z)dz, (4.15)
0 Vm2ZnZ>1 PC
125 (5 1ia)S = kosoR _Léé / AB, ()85()dz
Ox x = 208 = 55610 OBy :
k2 )
_ﬁ Z 5—1—m7—n/ Ey7m7n(2)@0(z)dz,(4.16)
0 vVm24n2>1 PC
.aRy . k:(?) .
_287 + ((5 + ZOZ)Ry = I€0725y — 2—50’1 AE:L‘(Z)@O(Z)dZ
Y Bo PC
k2 )
_ﬁ Z é—m,l—n/ Em,m,n(Z)G)O(Z)dZ, (4.17)
0 VmZn2>1 pPC
Z% + (0 +ia)S, = Ko _oR, — Lgé AE,(2)03(2)d>
% ’ O 2800 Jpe T Y
k2 )
_ﬁ Z €—m7—1—n/ Ez,m,n(Z)@O(Z)dZ(418)
O VmTEnZ>1 PC

Here, § = (8% — 82)/2B0 ~ B — Bo = neys(w — wp)/c is the deviation from the Bragg
condition, wy is the Bragg frequency, n.ys is the effective refractive index for the funda-
mental guided mode, and «a is the mode loss given by a = % > no(2)a(2)|0g(2)|*dz.

k+20 and Ko +2 are the backward coupling coefficients defined as

ki2

K420 = —20512,0/ 100(2)|%dz, (4.19)
Bo PC
k2

Ko,4+2 = —2050¢2/ 1©0(2)[*dz, (4.20)
Bo PC

respectively, which are equivalent to the conventional one dimensional (1D) coupling
coefficients [65]. The second and third terms on the right-hand sides of Eqgs. (4.15)-
(4.18) represent the out-of-plane and 2D optical couplings, respectively. It should be
noted that integrals in Eqs. (4.1)-(4.4), as well as those in Eqgs. (4.19)-(4.20), extend

only over the PC region because the Fourier coefficient £,,,, = 0 outside that range.

The solutions of the radiative waves (AE,(z), AEy,(z)) and the high-order waves (Ey mn(2),
Eymn(2)) can be expressed analytically by terms only associated with basic waves, as

derived in Chapter 3. Then, the coupled-wave Eqgs. (4.15)-(4.18) can be rewritten in
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matrix form as

Sa S, 98,/0

(6 +ia) —C +i /9 | (4.21)
R, R, OR,/dy
S, S, 95, /9y

Here, C is a 4 x 4 matrix (see Appendix A). By considering a finite laser cavity area
with 0 < z,y < L (L: laser cavity length in both x and y directions) and defining
appropriate boundary conditions, Eq. (4.21) can be discretized using the staggered-
grid finite-difference method [82]. This creates an eigenvalue problem with eigenvectors
(R%’k, S%’k,Rg’k,Sé’k,R§;+l’k, Sﬁ;ﬂ’k,Réﬂ’k,SgH’k, ...)t and normalized eigenvalues (§ +

ia) L.

4.3 Analysis results

In this section, we will show numerical results of the calculated lasing properties. By
solving the coupled-wave Eq. (4.21), we can obtain various properties of interest, in-
cluding mode frequency, threshold gain, field intensity envelope profile within the device,
far-field patterns (including the polarization profile) of the band-edge modes. The effects

of finite size on these properties will be discussed.

The structural parameters of the laser structure [see Fig. 4.1(a)] to be studied are
shown in Tab. 4.1. The PC layer is embedded inside the multilayer structure, which is

assumed to support only a single guided mode. The average refractive index of the PC

layer is given by ng, = \/ fn2+ (1 — f)n2, where n, is the refractive index of air, n, is
the refractive index of the background dielectric material (GaAs), and f is the air-hole
filling factor (i.e., the fraction of the area of a unit cell occupied by air holes). In this
work, we focus our analyses on two typical air-hole shape designs [see the inset of Fig.
4.1(a)]: circular (CC) and equilateral triangular (ET), both of which have been studied
experimentally in our previous works [35, 51]. We consider a boundary condition that

is defined as

which includes fixing the field amplitude to zero at only one of two sides, generalizing
a similar concept for 1D distributed feedback (DFB) laser structrue originally proposed
by Kogelnik and C. V. Shank [65]. Unless otherwise noted in the following examples,
the lattice constant ¢ = 295 nm and the air-hole filling factor f = 0.16, the device length
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L=70 pm (all these values were inferred from experimental data). Here, it is important
to note that L=70 pym approximately corresponds to a 240a x 240a lasing area, which

is almost impossible to use 3D FDTD method to compute.

Table 4.1: Structural parameters of the 2D PCSEL device.

Layer ‘ Thickness (nm) ‘ Refractive index
n-clad (AlGaAs) 1500 3.307
Spacer (GaAs) 30 3.524
Active (3QW, InGaAs/GaAs) 64 3.553
Spacer (GaAs) 40 3.524
Cladding (AlGaAs) 40 3.279
GaAs 22 3.524
PC 118 Naw
GaAs 20 3.524
p-clad (AlGaAs) 1500 3.307

4.3.1 Threshold gain and field intensity profile

In finite systems, mode frequency and threshold gain correspond to the real part and
imaginary part of the normalized eigenvalue of Eq. (?7?), (§ 4+ i«)L, respectively. As
an example, we show in Fig. 4.2(i) a plot of the normalized threshold gain (aL) as a
function of deviation from the Bragg condition (§L) for a PCSEL with ET air holes.
Though a large number of modes exist due to the numerical calculation, we identify
the four band-edge modes (A, B, C and D) using the techniques described in Ref. [63].
First, we evaluate the field intensity envelope of the individual modes throughout the
laser cavity, which modulates the fast-varying Bloch waves in the PC lattice and can be

determined by [63]
P(z,y) = |Ru(z,y)* + [Su (2, y)|* + |Ry(z, y)* + Sy (z. y) > (4.23)

We extract the solutions of interest that have a singled-lobed profile throughout the
laser cavity. Then, we further identify the four band-edge modes by plotting their
field distribution patterns inside a unit cell located at the center of the cavity and
comparing these patterns with those calculated by 2D-PWEM. Figure 4.2(ii) shows the
field intensity envelope profiles of the individual band-edge modes, indicating that energy
can be well confined inside the laser cavity. Figure 4.2(iii) shows field distributions
of each mode inside a unit cell located at the center of the cavity. Modes A and B
correspond to the antisymmetric (nonleaky) mode of 1D DFB lasers, whereas modes C

and D correspond to the symmetric (leaky) mode of 1D DFB lasers [47].
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Figure 4.2: (i) Normalized threshold gain («L) as a function of normalized
mode frequency deviation (0L) for a PCSEL with ET air holes. The four band-
edge modes A-D are indicated by arrows. (ii) Field intensity envelopes of the
individual band-edge modes. (iii) Field distributions inside a unit cell located
at the center of the cavity, in which colors and arrows represent H- and E-fields,
respectively. Thick black triangles indicate the air holes. In the calculations,
we use the structural parameters shown in Tab. 4.1, the air-hole filling factor
f = 0.16, the lattice constant a=295 nm, and the device length L=70 pm.The
laser is divided into 14 sections for which the eigenvalues (oL and L) converge
well.

Table 4.2: Normalized threshold gain («L) of the four band-edge modes A-D
for CC and ET air-hole shapes (f = 0.16, a=295 nm, and L=70 pm).

’ Shape ‘ ausl ‘ aplL ‘ acL ‘ aplL ‘
cC 0.23 0.52 2.18 2.18
ET 0.43 0.57 2.08 2.01

The normalized threshold gains of modes A-D are shown in Tab. 4.2 in which the values
for the CC air-hole case were obtained in the same manner. We note that modes C
and D exhibit a much higher threshold gain compared with modes A and B, which is
attributed to the symmetric nature of their electric-field distributions with respect to
the air holes as shown in Fig. 4.2(iii). As the lasing action occurs at the mode with the
lowest threshold gain (loss), Tab. 4.2 indicates that mode A is favored for lasing for both
CC and ET air holes when the device length L = 70 pum, with a large threshold-gain
discrimination of over 20 cm ™! against mode B. This is consistent with the experimental

observations [46, 51] where stable single-mode operations at mode A were demonstrated.

It is important to note that the single-mode lasing behavior at mode A cannot be
explained based on the infinite solutions [84]. For an infinite periodic system with the
vertical structure shown in Tab. 4.1, the radiation constants a;,s of modes A and B
are Qpf A = Qnp = 0 cm~! for CC and QingA = 12.35 cm ™!, Qingp = 0.82 cm~! for
ET air holes, respectively. From these results, one might expect that both modes A and
B are favored for lasing for the CC air holes because both of their radiation constants
(losses) are equal to zero; and for the ET air holes, mode B lases due to its much smaller

radiation constant compared with that of mode A. Apparently, these predictions are in
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contrast to our finite analysis results and experimental findings. We suggest that the
in-plane loss of finite structures might have a great impact on the mode selection of

PCSELs, which will be discussed in detail in the following sections.

4.3.2 Far-field pattern and polarization

The far-field pattern and polarization of the output laser beam is one of the most unique
features of 2D PCSELs. As demonstrated in Refs. [29, 35], both far-field pattern and po-
larization can be tailored by appropriately engineering the PC geometry. Theoretically,
it is possible to calculate the far-field patterns of 2D PCSELs based on our 3D CWT
model since the the radiation field emanating from the surface of the finite-size laser
structure is formulated explicitly (see Sec. 3.2.1). The time-dependent amplitude of the
far field Fj—,, (subscripts denote the x and y components, respectively), a function of
the deflection angle (6, 6,) from the surface normal, can be found by taking the Fourier
transform of the radiation field and multiplying by an obliquity factor (cos 8, +cos 6, —1)
[97],

L
F;(05,0y,t)  (cos by + cosfy — 1) // AEj(z,y,z = dpc/2)e™"
0

e~ tho(tanbrattanbyy)l gy, j = gy (4.24)

where AEj(z,y, 2 = dpc/2) is the complex radiation field just above the PC surface (see
Egs. (3.20a)-(3.20b) and note the z and y dependence of AE}), dpc is the depth of the
PC layer, and z = 0 is defined at the center of the PC layer. Then, the time-averaged

far-field intensity (i.e. beam pattern) is given as

(B(0z,0y)) = (Be(0z,0y)) + (By(0z,0y)), (4.25)
where
1 T
(B;(6:,6,)) = T/o Re[Fy(00, 0y )] 2L, G = vy, T =27/, (4.26)

By calculating the x and y components of the far field using Eq. (4.26), we can directly

evaluate the effect of the air holes on the polarization of the output beam.

Figures 4.3(a) and (b) show the calculated far-field patterns of mode A (i.e. the lowest
threshold mode) for the two air-hole shapes. A doughnut-shaped profile is obtained for
CC, whereas a single-lobed profile is obtained for ET air holes. The insets show the
x and y components of the far field, indicating that CC air holes exhibit an azimuthal

polarization, and ET ones exhibit an almost linear polarization in the y direction. These
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semi-analytical results closely match our experimental observations shown in Figs. 4.3(c)
and (d) [35, 51]. The beam divergence angle of all of the far-field patterns is around 1°,
reflecting the large area of coherent oscillation. The small side lobes of the calculated
far-field patterns are caused by the abrupt termination of the radiation field at the edges

of the laser cavity.

Max

|

Ex
Ey

(c)

Figure 4.3: Calculated far-field patterns (FFPs) of mode A (i.e. the lowest
threshold mode) for (a) CC and (b) ET air holes and experimentally observed
FFPs for (¢) CC and (d) ET air holes. The insets in (a) and (b) represent the
x and y components of the far field. Parameters used for the calculations are
the same as those shown in Fig. 4.2. The yellow arrows in (c¢) and (d) indicate
the directions of polarization.

It is interesting to note that the quantity of surface emission for the symmetric CC
air-hole shape is zero when an infinite periodic structure is considered [84], whereas it
has a finite value for a finite periodic structure. This difference can be understood by
considering the effect of finite device length on the electromagnetic field distribution
within the device. For an infinite periodic structure, the light from mode A cannot be
coupled to the external system because perfect destructive interference occurs every-
where due to the antisymmetric field distribution pattern with respect to the perfectly
symmetric air holes. On the other hand, the mode field is spatially restricted for a finite
system, leading to a small shift of the electromagnetic field with respect to the air holes.
Figure 4.4(a) shows the electromagnetic field distribution patterns at (i) the center of
the device and toward (ii-vi) the edges of the device. Although the mode field is kept
antisymmetric with respect to the air holes in the center region, the field in the regions
away from the center is no longer antisymmetric with respect to the air holes, thereby

resulting in an imperfect destructive interference.

To examine the resultant interference effect in further detail, we plot in Fig. 4.4(b) the

intensities of basic waves propagating in the 4z directions (i.e. |R.|? and |S.|?) and
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the radiation field intensity along the line y = L/2. The radiation field intensity can
be represented by |R, + S;|?, which reflects the interference effects of the two counter-
propagating basic waves R, and S, (see Egs. (3.20a)-(3.20b) by noting that Fourier
coefficient terms &, ,, for CC air holes are real numbers). From Fig. 4.4(b), we can
clearly see that the interference is indeed perfectly destructive at the center but becomes
imperfect toward the edges of the device. The situation for ET can be understood in the
same manner except that even at the central region the perfect destructive interference

is suppressed because of the asymmetric air-hole effects [89].
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Figure 4.4: (a) Hlustrative field distribution patterns (plotted in a single unit

cell) of mode A for CC air holes at the center of the cavity (i): (4, £) and toward

the edges (ii): (%, %), (iii): (%, %), (iv): (%, %), and (vi): (%, %) Colors and
arrows represent H- and E-fields, respectively. Thick black circles indicate the
locations of air holes with respect to the unit cell. (b) Field intensities of basic
waves propagating in the 4z directions, |R;|* and |S;|? (red and blue curves),
and the radiation field intensity represented by | R, +S,|? (black curve) along the
axis y = L/2. Note that R, and S, are zero at x = 0 and = = L, respectively,

which corresponds to the boundary condition described by Eq. (4.22).

The divergence angle of the far-field pattern is closely related to the finite size of the
device. When the device is infinitely large, the surface emission is strictly in the surface
normal direction. However, the realistic device has a finite length L, and therefore allows
a wavenumber fluctuation of 6k ~ 27 /L from the I' point, which was demonstrated by
3D FDTD simulations for finite structures [78, 79]. In fact, this wavenumber fluctuation
corresponds to the slightly shifted electromagnetic field distributions discussed above
[see Fig. 4.4(a)]. Due to this fluctuation, the emitted beam deviates from the surface
normal direction with a deflection angle 66. The relation between §6 and the wavenumber

fluctuation can be expressed as

ko sin(d0) = ok, (4.27)
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where kg = 27/X\ (A: the resonance wavelength in free space). For example, when
A =960 nm, L=70 pum, 60 ~ 0.8°, which is a good approximation of the results shown
in Fig. 4.3.

4.3.3 Device length dependence of threshold gain

The analysis for an infinite system corresponds to the case when L — oo. In this
case, threshold gain and mode selection properties are determined only by the surface
radiation loss (for simplicity, in this work we do not consider absorption loss). However,
for a finite structure, influence of the in-plane loss (i.e. the power escaping from the
edges of the laser cavity) has to be taken into account. To clarify the effects of the in-
plane loss and highlight the difference between finite and infinite analyses, we investigate

the threshold dependence on device length.
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Figure 4.5: Normalized mode frequency (a, b) and threshold gain (c, d) as a
function of the device length L for CC and ET air holes (f = 0.16 and a=295
nm). The solid curves and dashed lines are calculated for finite and infinite
structures, respectively.

We plot in Fig. 4.5 the normalized mode frequency and threshold gain as a function
of the device length L for CC and ET air holes. Also included as dashed lines are the
infinite solutions (§ and « are first calculated for infinite periodic structures and then
normalized by using (6 + 5o)/(nefrfo) [84] and oL, respectively). From Figs. 4.5(a)
and (b), we note that mode frequency increases with respect to L and converges quickly
to the infinite solutions (dashed lines). The threshold gain, in contrast, shows a quite
different behavior: as shown in Figs. 4.5(c) and (d), in both cases, the laser threshold

gain (solid curves) initially decreases with increasing L and then begins to be asymptotic
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to the infinite solutions (dashed lines). This behavior can be intuitively understood as
follows. For small values of L, the dominant loss mechanism in the laser is the in-plane
loss. In particular, at very short lengths, the optical power exits the gain region at the
edges of the laser cavity without being diffracted out of the PC surface, leading to a
high threshold gain. However, for larger values of L, the in-plane loss steadily decreases
and the surface radiation loss becomes dominant. In fact, infinite solutions can correctly
predict the lasing mode (i.e. the lowest threshold mode) of the device only when L is
large enough, e.g. L > 400 um (see Fig. 4.5). For a relatively small L, e.g. L < 100

pm, the influence of the in-plane loss on threshold behavior should not be neglected.

To evaluate the influence of the in-plane loss quantitatively, we derive a formula (Ap-
pendix B) to describe the power flow in 2D PCSELS by extending the energy conservation
theorem developed for 1D DFB lasers [90], which can be expressed as

Pstim = Pedge + Prad- (428)

Here, Pstim, Pedge, and Prqq represent the stimulated emission power, the power escaping
from the edges of the laser cavity (i.e. the in-plane loss), and the surface radiation power,
respectively. Therefore, the percentage of the in-plane loss power with respect to the

total stimulated power is given by

Pedge/Pstim =1- Prad/Pstim' (429)

Table 4.3: Percentage of the in-plane loss with respect to the total stimulated
power, Peqge/Pstim for CC and ET air holes with different device lengths (f =
0.16 and a=295 nm).

| Shape/mode | L=70 ym | L=400 um |

oc mode A 67% 26%
mode B 69% 26%
BT mode A 58% 2%
mode B 1% 19%

Table 4.3 shows the calculated Pegge/Pstim of modes A and B for CC and ET air holes
with different device lengths. We can clearly see that, for both air-hole shapes, when
L =70 pm, the in-plane loss is indeed noticeably larger than the surface radiation loss,
indicating that in-plane loss plays a very important role in the mode selections of the laser
device. While when L=400 pm, the in-plane loss drastically decreases and its influence
on mode selections might be neglected. Here, it is important to note that, in the case of
ET air holes, when the device length L is increased from 70 pm to 400 pm, the lasing

mode likely switches from mode A to mode B which has a smaller radiation constant
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[see Fig. 4.5(d)]. This kind of mode switching will be experimentally demonstrated in

the following section.

4.3.4 Demonstration of mode selectivity controlled by cavity length

Understanding the mechanism of the mode selection behavior is particularly important
in designing PCSELSs, because the lasing mode may be possibly favored at different band-
edge states which exhibit completely different surface emission nature. In this section, we
experimentally demonstrate that the lasing band-edge mode can be selectively controlled
by changing the laser cavity length L. Here, for the PC air-hole shape design, we adopted
a right-angled isosceles triangle (RIT) because this shape provides identical feedback in
both the x and y directions and lasing action tends to occur at the ban-edge modes
[59, 60].

Figure 4.6(a) shows the calculated band structure of a PC with right-angled isosceles
triangle (RIT) air-hole shape. The field patterns of band-edge modes A and B are shown
in the insets. Figure 4.6(b) presents the calculated threshold gain (aL) as a function of L
for band-edge modes A and B. As the lasing action occurs at the mode with the lowest
threshold, Figure 4.6(b) indicates that mode A is favored for lasing when the cavity
length is less than 100 pm, and when L is increased further mode B will be favored for

lasing.
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Figure 4.6: (a) Calculated band structure of a PC with right-angled isosceles
triangle (RIT) air holes. Field patterns of modes A and B are shown in the
insets.(b) Calculated threshold gain as a function of the device length L for the
RIT air holes. In the calculation the air-hole fraction f = 0.20 and the lattice
constant a=295 nm). The solid curves and dashed lines are calculated for finite
and infinite structures, respectively.

Next, to demonstrate the mode selectivity behavior, on the same wafer we fabricated two
samples that have different cavity lengths: L=50 pm, and L=200 pm. The measured
band structures of these two samples are shown in Figs. 4.7(a) and 4.8(a), respectively.

These band structure were measured well below the laser threshold and showed similar
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features. The spontaneous emission spectrum at the I' point is shown in Figs. 4.7(b)
and 4.8(b), respectively. Above the laser threshold, the L=50 pym sample lased at the
band-edge mode A but the L=200 um sample lased at the band-edge mode B. This

is the direct experimental demonstration of the theoretical prediction presented in Fig.

4.6(b).
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The experimental FFPs observed from these two samples are presented in Fig. 4.9.
The L=50 pm sample exhibited a single-lobed FFP, whereas the L = 200 pum exhibited
a doughnut-like FFP. These results are in good agreement with the calculated FFPs
(lower pannels). Here, it should be mentioned that, in the calculation, the roundness
of the experimental RIT shapes were taken into account. A curvature ratio r/a = 0.08

(r: radii of circles that represent the roundness of the RIT angles) was used, which was

inferred from the SEM images of the fabricated samples.
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Figure 4.9: Far-field patterns (FFPs) of the (a) L = 50 pm and (b) L = 200
pm samples. The upper and lower panels show the experimental and calculated
FFPs, respectively.

4.3.5 Single-mode stability in large-area PCSELs

In general, a large device dimension is beneficial for improving output power. However,
in the field of distributed-feedback (DFB) lasers, it is widely recognized that single-
mode DFB lasers with a large coupling-coefficient-length product kL become unstable
under high current levels, where x is the coupling coefficient between counterpropogat-
ing basic waves and L is the laser cavity length [91]. This is due not only to reduced
modal discrimination at a large L [66, 109], but also to the spatial hole burning (SHB)
effect that is closely associated with kL [91]. For multidirectional distributed-feedback
PCSELSs, the situation becomes more complicated; this is because the coupling mecha-
nism in PCSELSs is represented by two kinds of coupling coefficients: x1p and kop [84].
The former represents the direct coupling strength of basic waves propagating along
one axis and corresponds to k in DFB lasers. The latter represents the indirect two-
dimensional (2D) coupling strength via oblique partial waves and does not exist in DFB
lasers [63, 84]. The combined effect of these coupling coefficients determines the unique
2D resonant characteristics of PCSEL cavities [29, 31, 35, 40] and distinguishes PCSELSs
from conventional DFB lasers. In this letter, as the first step to study the influence of
the coupling-coefficient-length product on mode stability in PCSELs, we focus on kipL
and investigate mode stability in large-area PCSELs in which x1pL exceeds 6. We show
that, contrary to single-mode operation obtained near threshold, other competing modes
are excited at higher currents above threshold. The origin of the observed competing
modes will be clarified by our theoretical analysis. The influence of the cavity length

and the SHB effect on the mode stability is also discussed.
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400 um

PCarea

Figure 4.10: (a) Schematic structure of a PCSEL device. Lower left panel illus-
trates bottom side view of circular p-electrode with diameter L. (b) Scanning
electron microscope (SEM) images (top and cross-sectional views) of fabricated
PCs. Lattice constant a = 295 nm and air-hole depth h = 108 nm. Corners of
the fabricated right-angled isosceles triangle (RIT)-shaped air holes are rounded
and described in the text.

Figure 4.10(a) shows a schematic of the PCSEL, which was fabricated using a wafer
bonding technique [34, 46]. The vertical multilayer structure is the same as that previ-
ously described [86]. The embedded PC has a square patterned area of 400 pmx400 pm.
Fig. 4.10(b) presents SEM images of a portion of the fabricated square-lattice PCs. We
adopted a right-angled isosceles triangle (RIT)-shaped air-hole design because its asym-
metry is beneficial for efficient out-of-plane coupling [84]. The p-electrode at the bottom
of the device is circular and its diameter is L (lower left inset). Since the p-electrode is
located ~2 pm below the active layer, the active cavity area is approximately equal to
the p-electrode area. In this work, on the same wafer we fabricated two samples, which
have identical PC geometry (Fig. 4.10(b)) but different active cavity areas: L = 200 pym
and L = 150 pym. Note that even at L = 150 pm the active cavity area is seven times

larger than those previously reported [34, 35, 46].
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Figure 4.11: (a) Calculated TE-mode band structure. Insets show the H-field
patterns (in color) of band-edge modes A and B, where triangles indicate air
holes. (b) Mode spectra calculated for a finite-size PCSEL with L = 200 pm.
Band-edge modes A and B are grouped with blue and red circles, respectively;
each group includes multiple resonant states with different field intensity en-
velopes (e.g., insets labeled as Ay, By, and B1-Bs). Additional modes between
A and B (highlighted in yellow) are artifacts due to the numerical algorithm
(63, 86].
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Figure 5.4(a) shows the calculated band structure using the three-dimensional coupled-
wave theory by assuming a periodic boundary condition [84, 87]. In the calculation,
we used the experimental parameters shown in Fig. 4.10(b). The experimental air-hole
shape takes the form of a RIT with rounded corners. The curvature of the 45° and 90°
corners are found to be accurately described by circles with radii of 18 nm and 27 nm,
respectively. The length of the short side of the RIT obtained by drawing a tangential
line to the outer edges of each pair of circles is 185 nm. From Fig. 5.4(a), we see
four band-edge modes A-D exist in the vicinity of the second-order I' point, in order of
decreasing wavelength. We are especially interested in band-edge modes A and B with
lower frequency (insets: H-field patterns within one unit cell), because they are more
favorable for lasing due to their less radiative nature.[84] To understand the threshold
behavior of modes A and B within the finite-size laser cavity, we present in Fig. 5.4(b)
the calculated mode spectra [86] (normalized threshold gain oL versus normalized mode
frequency 0L) for L = 200 pm. For simplicity, we have neglected the material absorption

loss and assumed square cavity area with a side length of L.

In Fig. 5.4(b) we identified band-edge modes A and B (blue and red circles) by examining
their relative spectral positions and field patterns as described previously [63, 86]. Note
that, in contrast to the infinitely periodic structure where only one band-edge mode A
or B exists, a group of multiple resonant states exist for each mode due to the quantized
wave vector within a finite-size laser cavity [65, 67]. The multiple resonant states are
characterized by different field intensity envelopes. For example, modes By-Bs shown in
the insets of Fig. 5.4(b) all have the same H-field pattern within a unit cell but different
field intensity envelopes. The mode that has only one antinode is called fundamental
mode By, and modes that have multiple antinodes are called high-order modes Bi-Bs, in
order of increasing wavelength. Similar denotation also applies to mode A; fundamental
mode Ag is shown in the inset. The mode (wavelength) spacing between modes Ay
and By is 2.8 nm, in correspondence with that of the infinitely periodic structure (Fig.
5.4(a)). Since the lasing action is onset at the mode with the lowest threshold gain (o),
Fig. 5.4(b) indicates that mode By (at,=26.9 cm~!) will be the first mode to reach the
threshold. The second and third lowest-threshold modes are Ay and By with a4,=40.3
cm ™! and oy =44.7 cm™!, respectively. Note that the additional modes between A and
B (highlighted in yellow) are artifacts resulting from our numerical algorithm based on

finite-difference method [63, 86] and, hence, are not considered for lasing.

Figure 3(a) shows the measured surface-emission spectra of the L = 200 pum sample
under room temperature pulsed condition (1 kHz, 500 ns). The measurement was made
in the surface-normal direction (corresponding to the I point) using a spectrometer with
~0.045 nm resolution. The threshold current I;;, was 230 mA. Below threshold, band-
edge modes A-D are apparent, as indicated in the lower panel of Fig. 4.12(a). The
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Figure 4.12: Surface-emission spectra measured at three different current levels
for samples with (a) L = 200 gm and (b) L = 150 pm. Spectrum measured
at each current is normalized and shifted in vertical ordinate for clarity. Below
threshold, four TE-mode resonant peaks (A-D) appeared with an additional
TM-mode peak [46] between B and C (lower panels). Just above threshold,
both samples exhibited single-mode operation at mode B (middle panels). Far
above threshold, however, multimode lasing was observed(upper panels). The
insets show the enlarged spectra of the multimode lasing.

mode spacing between modes A and B was 2.9 nm and closely matches the calculated
spacing (2.8 nm) between modes Ay and By (Fig. 5.4(b)). When above-threshold
current 1.11;, was injected, single-mode lasing was observed at mode B, corresponding
to lowest-threshold mode By in Fig. 5.4(b). Therefore, resonant peaks A and B in the
lower panel of Fig. 4.12(a) correspond to modes Ay and By, respectively. The single-
mode operation was maintained up to a current level as high as ~2.0l;;,. However, at a
higher current around I = 2.11;;,, a competing mode at the longer wavelength side also
began to lase. The mode spacing between this competing mode and the main mode was
0.18 nm. In Fig. 4.12(b) we show similar measurements performed for the L = 150 pum
sample. This sample exhibited similar behavior as the L = 200 um case; single-mode
operation initially occurred at band-edge mode B, and a competing mode was excited
at the longer wavelength side of the main lasing mode at a higher current level. In
the sub-threshold spontaneous emission spectrum, the mode spacing between resonant
peaks A and B (2.9 nm) did not change while the cavity length decreased. However,
when compared in more detail to the L = 200 ym device, we note that the competing
mode of the L = 150 pm device had relatively larger mode spacing (0.30 nm) with the

main lasing mode and was onset at a higher current level (3.914, with I, = 185 mA).

From the calculated mode spectra in Fig. 5.4(b), we note that the third lowest-threshold
mode Bj is located at the longer wavelength side of By (i.e., the observed lasing mode)
with fairly narrow wavelength spacing. Therefore, we predict that the competing side
mode observed above threshold stems from B; (and/or By considering the fabrication
imperfection and disorders). To examine our prediction, in Fig. 4.13(a) we calculated

the resonant wavelength of modes B; and By as a function of L (for simplicity, hereafter
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Figure 4.13: Calculated (a) wavelength and (b) threshold gain of modes B;
and By versus L. Mode spacing (A)g,1) and threshold margin (Aayg 1) of these
two modes are shown in the lower panels. Dashed lines in the lower panel of (a)
indicate that, AXg1=0.17 nm at L = 200 ym and Al ;=0.26 nm at L = 150
pm, in good agreement with the mode spacings shown in the upper panels of
Fig. 4.12.

our discussion focuses on B; because By shows almost the same behavior). The mode
spacing between these two modes (A)g 1) is shown in the lower panel. We can clearly
see that the resonant wavelength of each mode and A)g; decrease with increasing L.
In particular, at L = 200 pm and L = 150 pm, AXg; equals 0.17 nm and 0.26 nm
(dashed lines), respectively. This closely matches the measured mode spacings (upper
panels in Fig. 4.12). This result therefore suggests that the multimode lasing observed
in our experiments originates from high-order mode B; (and/or Bs). Figure 4.13(b)
presents the calculated threshold gain (a) dependence on L. The threshold gains of
modes By and B and their threshold margin (difference) Aayg,; steadily decrease when
L is increased. Aag; equals 26.5 cm™! at L = 150 pum and decreases to 17.8 cm™!
at L = 200 pm. Since Aag; determines the suppression of the competing mode B
and hence, single-mode operation, the smaller Aag; at L = 200 pm explains why the
L = 200 pm laser more easily encounters multimode lasing than the L = 150 pm case
(Fig. 4.12).

It is important to note that, although the calculated threshold gain of mode Ay is lower
than that of mode By (Fig. 5.4(b)), we did not observe any mode competition originat-
ing from Ay above the threshold. We attribute this to the spatial hole burning (SHB)
effect [91], which can be understood as follows. When the laser initially operates at
fundamental mode By, most of the photons are confined near the cavity center (Fig.
5.4(b)). Consequently, the carrier density near the center is depleted due to the stimu-
lated recombination and the local optical gain at the center is reduced. This modified

spatial gain overlaps more effectively with high-order mode B; than fundamental mode
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Ay (Fig. 5.4(b)), reducing the effective threshold gain of By and threshold margin Aoy 1
[110].

Rigorous analysis of the above-described SHB effect involves complex laser dynamics [94]
and will be presented elsewhere. However, a simple but useful evaluation can be made
by considering an F' factor that quantifies the flatness of the mode intensity distribution
at threshold [91, 94]. To evaluate the mode intensity flatness in PCSELSs, we extend the
definition of F' factor for DFB lasers [91] as follows:

F = / / . (P(z,y) —1)* /L2dzdy, (4.30)

P(z,y)/L?dxdy = 1

and the laser cavity covers an area of 0 < x,y < L. Figure 4.14 presents the calculated

where mode intensity distribution P(z,y) is normalized as || fcavity
F' as a function of L and k;pL. A minimum value (~0.02) of F' was obtained around
L =40 pm (k1pL = 1.6). However, F increased remarkably with increasing L: F' = 0.6
at L = 150 pm (kipL = 6.1) and F' = 0.8 at L =200 um (kipL = 8.1). At these large
F values, highly inhomogeneous P(x,y) was observed (insets). Note that the calculated
F values at L = 150 ym and L = 200 pum are comparable to those (~0.8) reported for
strongly-coupled quarter-wave-shifted DFB lasers (kL = 3.6), in which SHB induced

multimode lasing [91].
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Figure 4.14: (a) Calculated flatness (F') factor of mode By versus L (lower
axis) and ripL (upper axis). x1p = 405 cm~!. Small F features flat intensity
distribution P(z,y). Upper-left insets show normalized P(x,y) at different Ls:
50 pm, 150 pm, and 200 pm (dashed arrows). Cross-sectional plots of P (which
includes the peak intensity) at these Ls are shown in the bottom-right inset.
The slightly asymmetric distribution of P is due to asymmetry of the RIT air
holes.

We therefore conclude that SHB’s influence on mode stability in our lasers is critical.
To achieve stable single-mode operation at a higher current level, PCSELs must be

designed to have both a large threshold margin Acayp ; and a small F factor. Vertically
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asymmetric air-hole geometry with a smaller filling fraction, which provides weaker in-
plane confinement but features larger out-of-plane coupling, might be a good candidate
[85]. Furthermore, a double-hole unit cell is favorable for reducing x1p and obtaining
uniform mode intensity distribution [52]. We believe that designing such unit cells with
a reduced k1p but a moderate xkop would be a promising approach. Lastly, extending
structures such as chirped gratings [109, 111], multiple-phase-shift gratings [92], and
nonuniform pumping [110] that were proposed for suppressing SHB in DFB lasers may be
feasible. To explain the above experimental results, we will develop an above-threshold

theory in Chapter 6.

4.4 Summary

In this chapter, we developed a CWT model for finite-size square-lattice PCSELs with
TE polarization by extending the 3D CWT framework presented in the previous chapter.
Using this model, we calculated various properties of 2D PCSELs, including threshold
gain, mode frequency, field intensity envelope within the device, and the profile of the
output beam (far-field pattern and polarization), threshold dependence on cavity length.
The theoretical predictions of the lowest threshold mode and the output beam profile, as
well as the mode selectivity dependence on cavity length, showed good agreement with
our experimental findings, thereby affirming the validity of our analyses. In the final
section, we further investigate the mode stability in large-area PCSEL cavities towards

designing single-mode high-power PCSEL:s.

Our finite-size analysis results demonstrate that finite device length indeed strongly influ-
ences surface emission and mode selection properties of the PCSEL device. Phenomena
that cannot be explained by the infinite CW'T analysis are clarified by considering the
finite-size effects of the device. We showed that the finite device length may lead to
a small shift of the electromagnetic field with respect to the air holes. This slightly
shifted field suppresses the otherwise perfect destructive interference and thus enhances
surface emission from the regions away from the center of the cavity, which accounts for
the finite surface radiation loss emitted from the non-radiative (antisymmetric) mode
of the CC air holes. By investigating the cavity length dependence of threshold gain,
we find that, the mode selectivity is very sensitive to the cavity length L. At a very
large L regime (e.g. L > 200 um), the finite-size analysis results become asymptotic
to the infinite solutions, and therefore the mode with the smallest radiation constant
will be selected for lasing. In contrast, at a relatively small L (e.g. L < 100 pum), the
predicted lasing mode obtained using the finite-size analysis may be quite different from

the infinite solutions. This mode selection mechanism is attributed to the in-plane loss,
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which can be noticeably large at short device lengths. The mode selectivity behavior

controlled by L was clearly demonstrated by our experiments.

The mode stability in PCSELs with a large-area (L > 150 um or kipL > 6) was
studied, and mode competition was observed at high current levels above threshold.
Competing modes are found to be in close correspondence with the high-order band-
edge modes manifested by our theoretical analysis. We also found that the threshold
margin (Aa) between the main lasing mode and the competing high-order modes, which
determines the single-mode stability, steadily decreases with increasing cavity length;
these findings well explained our experimental observations. Multimode lasing observed
above threshold suggested the influence of spatial hole burning (SHB), which results
from highly inhomogeneous mode intensity distribution. To achieve stable single-mode
operation far above threshold, PC structures with both a large A« and a reduced SHB
must be considered. This issue and design strategy will be discussed in detail in Chapter
6 by incorporating the SHB effects into the 3D CW'T.



Chapter 5

Extended analysis of a generalized

photonic-crystal geometry

5.1 Introduction

In the previous chapters, we have demonstrate the accuracy and efficiency of our devel-
oped 3D CWT model by comparing its analysis results with FDTD and experimental
results. Nevertheless, from the viewpoint of PC geometry that can be treated, there
are still several limitations in our current theory. First, we have focused our analyses
on the square-lattice PCs [84, 86]. Second, while our theory is able to treat air-hole of
any arbitrary shape in the PC plane, the sidewalls of the air holes have been assumed
to be uniform within the PC layer. In order to further exploit the design freedom of
PCSELs, it is important to investigate different crystal geometries. For example, in the
earlier PCSEL works, the triangular lattice has been widely studied [27, 28, 30, 31].
This lattice structure has six-fold rotational symmetry and is expected to have stronger
two-dimensional couplings [63, 70]. More recently, with the advances of PCSEL fabri-
cation technology, metal organic chemical vapor deposition (MOCVD) and molecular
beam epitaxy (MBE) have been adopted to fabricate PCSELs [50, 54]. In the these
fabrication process, the developed PC air holes are usually nonuniform in the vertical
direction. It is important to develop a theoretical model to treat these more complicated
PC geometries. In this chapter, we first extend the 3D CWT frameworks [84, 86| to de-
velop a coupled-wave model for triangular-lattice PCSELs. Various modal properties
of interest, including the band structure, radiation constant, threshold gain, field in-
tensity envelope profile, and far-field pattern (FFP). The calculated results of the band
structure and FFP of the predicted lasing mode are compared with experimental data

to validate our theory. Next, we further extend the CWT model to investigate effects
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of the vertical sidewalls on the laser properties of PCSELs including radiation constant
and FFP, etc.

5.2 [Extension to triangular lattice

In this section, three-dimensional coupled-wave theory is extended to model triangular-
lattice photonic-crystal surface-emitting lasers with transverse-electric polarization. A
generalized coupled-wave equation is derived to describe the sixfold symmetry of the
eigenmodes in a triangular lattice. The extended theory includes the effects of both
surface radiation and in-plane losses in a finite-size laser structure. Modal properties of
interest including the band structure, radiation constant, threshold gain, field intensity
profile, and far-field pattern (FFP) are calculated. The calculated band structure and
FFP, as well as the predicted lasing mode, are compared with experimental results. The

effect of air-hole size on mode selection is also studied and confirmed by experiment.

5.2.1 Generalized formulas
5.2.1.1 Derivation of 3D couple-wave equations for triangular lattice

A schematic of the PCSEL device investigated in this chapter is shown in Fig. 5.1(a).
The PC layer is embedded inside a multilayer structure that is assumed to support only

a single fundamental guided mode. Details of the device are described in [46, 86]. The

average refractive index of the PC layer is given by ng, = \/ fn2 + (1= f)ng, where n, is
the refractive index of air, ny is the refractive index of the background dielectric material
(GaAs), and f is the air-hole filling factor (i.e., the fraction of the area of a unit cell
occupied by air holes). For circular-shape air holes, f = (27/v/3)r?/a?, where r is the
hole radius and a is the lattice constant. A typical band structure calculated by the 2D
plane-wave expansion method [31] is shown in Fig. 5.1(b). We are particularly interested
in the band-edge modes in the vicinity of the second-order I point (red circle), where
the group velocity of light becomes zero. At these band edges, the PC lattice serves
both to provide the 2D distributed feedback and to couple the in-plane guided waves

into the surface normal to construct the output.

Figure 5.2(a) shows a schematic of a triangular-lattice PC. The primitive translation

vectors of the triangular lattice, a; and ag, can be expressed as

a; = (V3a/2,—a/2), az=(V3a/2,a/2). (5.1)
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Figure 5.1: (a) Schematic structure of a photonic-crystal surface-emitting laser
device with a triangular lattice. (b) Band structure of triangular-lattice PCs
calculated by the 2D plane-wave expansion method for transverse-electric (TE)
mode [31]. The red circle indicates the second-order I' point. The inset shows
the high-symmetry points at the corners of the irreducible Brillouin zone (shaded
light blue).

Then, the corresponding reciprocal lattice vector shown in Fig. 5.2(b) is given by

m-+n _ 3(n —
2 B°m+\f(2

m N ~ A~
Boy = moz(m, n)Bod + noy(m,n)Bod,

(5.2)

G = mby +nbg =

where the primitive reciprocal lattice vectors are by = (8y/ 2,—\/550/ 2) and bg =
(Bo/2,V/300/2), Bo = 47/\/3a, and m and n are integers.

(b)
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Figure 5.2: (a) Schematic of a triangular-lattice PC in real space. The blue
arrows denote the primitive translation vectors a; and as, and a is the lattice
constant. (b) Reciprocal lattice space of a triangular-lattice PC. The colored
arrows indicate the six basic waves: Ri, S1, Ro, So, R3, and S3 at the second-
order T point, whose wavenumber is equal to Sy = 4m/+/3a.
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o O O

Light propagating inside a PC must obey Bloch’s theorem, and the Bloch wave state

u(r) can be expressed as

U(I') = Z amn(z)e_i(Ak'i‘Gmn)'r’ (53)
Gmn
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where a,,, represents the field amplitude of a wave of the order of (m,n) and Ak =
Ay BoZ + AyPBoy represents the wavenumber deviation from the I' point [87]. Specifically,
in the vicinity of the second-order I' point (Ak ~ 0), only the field amplitudes of the
waves with |Gy.,| = fo are dominant [31, 84, 87]. We refer to these waves as basic
waves: Ry, S1, Ra, Sa, R3, and Ss, as illustrated in Fig. 5.2(b).

By following Refs. [84, 86, 87], we seek solutions to
V x V x E(r) = k372 (r)E(r), (5.4)

where the time dependence of the electric field E(r) is e?, ko(= w/c) is the free-space
wavenumber, w is the angular frequency, c is the velocity of light in free space, and 7 is
the refractive index (a complex number) satisfying k27i?(r) ~ k3n?(r) + 2ikono(2)a(z)
[86]; no(z) represents the average refractive index of the material at position z, and &(z)
represents the gain (& > 0) or loss (& < 0) in each region. For TE polarization, the

electric field can be assumed as (E,, Ey,0) and expanded as

Ej(z) — ZE,’m’n(z)e—imac,mnﬂoar—iny,mnﬁoy, j =x,v, (5.5)
m,n

where Mg mn = moz(m,n) + Az and nymn = noy(m,n) + A,. Similarly, the periodic

function of n?(r) can be expanded as

) =)+ Y Emlz)e o, (5.6
m#£0,n#0

where &, »(2) = 0 outside the PC layer, and air holes within the PC region are assumed
to have perfectly vertical sidewalls [85]; thus, n3(z) and &, are constant within every

region.

By substituting Egs. (5.6) and (5.5) into Eq. (5.4) and collecting all terms that are

multiplied by the factor e~""=for=inyBoy e obtain

0? , 3 . . OFE
[ + k(%n%(z) + 22kO”O('Z)O‘(Z) - ”12,5(2)] Ex,m,n + mxnyﬁgEy,m,n - 22nyﬁoﬂ

072 Ay
. OF OF

+Z,BO <mxg7m7" + Ny 5;71771) — _,I{j(Q] Z gm—m/,n—n’Ea:,m/,n’J (57)

Yy m/Z£m,n'#n

o 2,2 ; ~ 2 92 2 : IEym.n
.2 + king(z) + 2ikono(2)a(z) — myB5 | Eymmn + Many By Exmn — QZmIﬁOT
. OFE. OE.

+ifo (mx gq;nn + nyg;m> = —k? Z Em—m ' Byt s (5.8)

m/#£m,n'#n

0 |:8Ex,m,n 8-Ey,m,n

& Or 83/ - ZﬁO(mex,m,n + nyEy,m,n):| =0. (59)
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Here, we have neglected the second-order spatial derivatives [86].
By introducing a proper linear combination of Ey ,, »(2) and Ey .0 (2), i.e., (nyEpmn —

Mz Ey mn) as described in [84, 87], we obtain

0? . -
[822 + k‘%n% + 2ikong(z)a(z) — (mi + nf/)ﬁg} (nyErmmn — MaEymn)

OE OE oF OFE
+i080 [mxnyg;n’" — (m? + 2n§)§;n] + i {—mxny gz:mn + (ng + 2m§)7y;”7”
= _kg Z gmfm’,nfn’(nyEz,m/,n’ - mey,m’,n’)- (5.10)

m/#£m,n'#n

We are interested in the modes in the vicinity of the second-order I' point, for which
Az, Ay < 1. We assume that all of the six basic waves have an identical vertical field
profile O (z) [87], which satisfies

520
872” + [k2n2 — 8%)00(2) =0, (5.11)

where the propagation constant 5 (5 ~ ) and the vertical field profile ©¢(z) can be
calculated by employing the transfer matrix method (TMM) [84], and ©¢ is normalized
as [7° O0(2)0f(z)dz = 1. We further assume that basic waves are transverse waves.

Thus, for basic waves, we can express the E, ,,, , and Ey ,, , as

Eimm = pmnAm,n(xv y)@0<z)7 Ey,m,n = nmnAm,n(xy y)@()(z): (5-12)
with
Pmn = Ty.mn y lmn = — Tz mn s (513)
m%,mn + ng%,mn m%,mn + n?j,mn

where (m,n) € {(1,0),(-1,0),(0,1),(0,-1),(1,1),(—1,—1)} which correspond, in or-
der, to {Ry1, S1, Ra, Sa, R3, S3} for Ay, n(z,y), as shown in Fig. 5.2(b); pmn and mmn
denote the perturbation of the basic waves’ polarizations [87]. By substituting Egs.
(5.12) and (5.13) in Eq. (5.10), we obtain

0? , - , 0 0
[(922 + k2nd 4 2ikono(2)a(z) — (m2 + nZ)ﬁg A n©o(z) — 2y (mx&b + ny(9y> A n©o(2)

= —k% Z Em—m/ n—n/ (pmnE:Jc,m’,n’ + nmnEy,m’,n’)- (5.14)

m’,n’
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By substituting Eq. (5.11) in Eq. (5.14), multiplying ©f(z) on both sides, and integrat-

ing over (—o0, 00), we obtain a coupled-wave equation of the following form:

{5 +ia+ (1 —y/m2 + n%)ﬁo)} Ay — i (mxaax + nyaay> Amn
= Z “%Z)AT,S

|r2+s2|=1;r#m,s#n

k’2

e Z é-m—m’,n—n’/ (pmnEx,m’,n’ +nmnEy,m’,n’)®8(Z)dZ7 (515)
260 PC

22 1
where
(rs) k(z) 2
Koynn = — 55 &n—r,n—s(ﬂmnprs + anLTITS)’@O(z)’ dz (516)
260 Jpc

represents direct couplings between basic waves, 6 = — o = neffw/c— By is the devia-
tion from the Bragg condition, n.yy is the effective refractive index for the fundamental
guided mode, « is the modal loss defined by a = %ffooo no(2)a(2)|O0(2)|?dz. Note
that the integrals in Egs. (5.15) and (5.16) extend only over the PC region because
&mn = 0 outside that range. The field profiles [i.e., E; p n/(2) and E 5/ (2)] of radia-
tive (m’ = n/ = 0) and high-order (|m'2 4+ n/2| > 1) waves can be expressed in terms of

basic waves as described in Appendix B.

The 3D coupled-wave Eq. (5.15) derived above includes both the in-plane high-order
coupling and vertical diffraction effects, neither of which was included or appropriately
described in the previous 2D CWT models for triangular-lattice PCSELs [33, 63, 64]. It
is important to note that, Eq. (5.15) is a very general formula capable of treating any
type of centered-rectangular lattice [44] by replacing the basic waves terms. Furthermore,
the derivative terms of the basic waves, which are crucial factors for treating the finite-
size laser structures but not considered in the previous 3D CWT model for centered-

rectangular lattices [87], are now included.

5.2.1.2 Staggered-grid finite-difference method on hexagonal grids

The coupled-wave equation for finite systems can be solved by using a staggered-grid

finite-difference method. We rewrite the coupled-wave Eq. (5.15) for the band-edge
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modes (for which A, = A, = 0) in the following form:
i ] i ] [ 18R V3OR, ]
I Ry Tor 2 oy
198 39S
51 51 35+ P
Ry Ry l% + ﬂ%
(6 +ia) = [C] g | 209z 7 2 0y (5.17)
1 95S: V398 ’
52 52 ~29r T2 oy
Rs Rs s
| S5 | R I

where C is a 6 x 6 matrix composed of coupling coefficients defined by Egs. (B7)—(B11)

in Appendix B.
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Figure 5.3: (a) Location of field components (basic waves) and coupling coeffi-
cients in the vicinity of the (j, k)th hexagonal cell of the grid. Positions of the
unknown field components (colored hollow dots) are staggered from the posi-

tions of the known coupling coefficients (solid dots).

The colored hollow dots

correspond to the points that are updated using the finite-difference scheme,
while the solid points are points that are not solved. (b) Schematic of a circular
computational domain (yellow shaded region) discretized on the hexagonal grids
with L = 2h (L is the radius of the circular shape and h is the distance be-
tween two adjacent grid points). The green hollow dots inside the black squares
indicate the boundary of Rs; these are set to be zero in the calculations.

To model a triangular-lattice PC having a sixfold symmetry, we discretize the computa-

tional domain on a hexagonal grid (see, e.g., Sec. 3.7.2 of Ref. [83]). The location of the

six basic-wave components and the coupling coefficients in the vicinity of the (j, k)th
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hexagonal cell of the grid is illustrated in Fig. 5.3(a). Then, Eq. (5.17) becomes

R{'H,k +R{,k R{H,k _{_R{',k i i R{'Jrl,k _ le‘,k

S{—H’k n S{’k S{—H’k + S{’k —S{—H’k + S{’k

1 i Ré’,k—&-l n R%',k 1 o Rg,k-&-l I Rg,k 1 R%',k-i-l B R%‘,k
5( + i) sg’”““ N Sg’k = 5[ ] ng’““ n S%',k + ‘5 _Sg,k—H n S%',k
R§+1,k+1 n Rg,k R%“’Hl i Ré’k R§+1’k+1 _ Ré’k
S§'+1,k+1 +S§,k S§+1,k+1 4 Sg,k _S§+1,k+1 +S§,k

(5.18)

where h is the distance between two adjacent grid points and the coupling coefficients
Cmn (1 < m,n < 6) are assumed to be constant throughout the laser cavity. Figure
5.3(b) shows a schematic of the circular-shape computational domain (yellow shaded
region) considered in this work. The computational domain physically corresponds to
the gain region determined by the electrode geometry. Because the shape of the electrode
at the bottom of the fabricated device is circular (see Ref. [44] for details), we consider
a circular computational domain. We define the radius of the circular-shape gain region
as L = Nh (N: integer). Schematic depicted in Fig. 5.3(b) corresponds to the case
when N = 2. By multiplying 2L on both sides of Eq. (6.24), we obtain

j+1,k i,k j+1,k i,k i j+1,k i,k
R+ R R + Ry R — Ry

i+1,k ik i+1,k ik i+1,k ik
SiTT+ 5 SiTF 4+ 8 =S+ 5

Jrk+1 ok J,k+1 J,k Jok+1 g,k

L(J + i) ‘ ; = L[C] . ; + 2N . 4
R%—l—l,k-i—l + Rg,k R%-&-l,k—&-l _i_Ré,k R§+1’k+1 o Ré’k
S§+1’k+1 +S§7k S§+1,k+1 +S§’k _S§+1,k+1 +S§,k

which can be treated as a generalized eigenvalue problem with spatially dependent eigen-
vectors (le',k’ S{"k, Rj’k, Sj’k, Rj,lc7 Sj,k’ R{H’k, S{—i—l,kz’ R%H’k, S§+1’k, R%-i-l,k’ S§+1’k, Ly
and normalized eigenvalues (§ + ia))L. In this work, we assume the following absorbing
boundary condition: The field amplitude of the basic waves always starts from zero at
the boundaries. This generalizes a similar concept for the 1D distributed feedback laser
structure originally proposed by Kogelnik and Shank [65]. The boundary consists of the
set of points lying immediately outside but closest to one half of the circular domain
on the side opposite to the wave’s propagation. As an example, the boundary of Rj3 is
indicated by black squares in Fig. 5.3(b). We investigated the impact of discretization
on the solutions of Eq. (5.19) by varying N and confirmed that well-converged solutions
can be obtained at N = 7 with a short calculation time (~1 minute with a personal

computer).

(5.19)
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5.2.2 Analysis results for triangular lattice

In this section, we present numerical results of the coupled-wave equations derived above.
By solving the coupled-wave Eq. (5.15), we can obtain various properties of interest,
including the band structure, radiation constant, threshold gain, field intensity envelope
profile within the device, and FFPs. To validate our CWT analysis, we also compare
some of the calculated results with experimental observations. Unless otherwise noted
in the following examples, the lattice constant a = 341 nm, the air-hole shape is circular
with air-hole filling factor f = 0.15 (corresponding to an r/a ratio of 0.20, where r is the

air-hole radius), and the laser vertical structural parameters are described in Ref. [86].

5.2.2.1 Band structure and radiation constant
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Figure 5.4: Calculated (a) band structure and (b) radiation constant of the
eigenmodes in the vicinity of the second-order I' point for a triangular-lattice
PCSEL with circular air holes. Six modes near the I' point are referred to as
modes: A, By, B, C, D1, and Dy, in the order of increasing frequency. Modes
B and By, as well as Dy and D, are doubly degenerate at the I" point. (c) E-
field vector distribution (arrows) and H-field patterns (in color) of the individual
band-edge modes. The black circles indicate the air holes. Band-edge modes
A and C are known as hexapole and monopole modes, respectively [31]. In
the calculations, the lattice constant a = 341 nm, and the air-hole filling factor
f=0.15.

By considering an infinitely periodic structure, that is, by neglecting the derivative
terms in the coupled-wave Eq. (5.15), the band structure in the vicinity of the second-
order I' point can be obtained. The calculated band structure in the two characteristic
directions of the triangular lattice (I'-X and I'-J directions) is shown in Fig. 5.4(a),
where the six eigenmodes are referred to as A, Bi, Bs, C, D1, and Ds, respectively,
in the order of increasing frequency. The leakiness of these eigenmodes is quantified in
terms of the radiation constant «; (o, = 2a: the modal power loss due to the surface
emission) [84, 87]. Figure 5.4(b) shows the calculated radiation constant plotted against
the in-plane wavevector. It can be seen from the figure that modes D1 and D5 lead to a

substantial radiation loss at the band edge (i.e., at the I" point), whereas modes A, B,
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By, and C' are not leaky (o = 0). This contrast is closely related with the symmetry of
their field patterns with respect to the air holes. Figure 5.4(c) shows the calculated field
patterns of the band-edge modes A-Dy. We note that the electric fields of modes Dy and
Dy are symmetric with respect to the air holes, and thus, they lead to significant loss.
In contrast, the electric fields of modes A, By, Bs, and C' are antisymmetric, leading to
zero radiation loss [31, 84]. As a consequence, the antisymmetric (nonradiative) modes
are favored for lasing. The lasing mode is determined, as described in the following
section, by taking into account the total losses (both the surface emission and in-plane

losses) in a finite-size laser structure.

A noteworthy fact is that as the in-plane wavevector is slightly detuned from the band
edge, most of the antisymmetric modes start to become significantly more lossy, re-
gardless of the directions, thereby ensuring that band-edge modes keep lasing stably.
However, the only exception is mode C', which has a slow-group-velocity region in the
I'-J directions. (We refer to modes in this region as flat-band modes.) Because the
radiation constant becomes noticeably small within this region, the flat-band modes
may also participate in lasing mode competition. This type of mode competition was
reported in Ref. [72], where a multiple-mode lasing action occurring at both the band

edge and the flat-band modes in the I'-J direction was observed.

5.2.2.2 Threshold gain and field intensity envelope

In this section, we solve the coupled-wave Eq. (5.15) in a finite-size system to evaluate
the threshold gain of the eigenmodes. We discretize Eq. (5.15) by using the staggered-
grid finite-difference method [86]. It is important to note here that, for the triangular-
lattice PC configuration, it is crucial to both discretize the computational domain on
a hexagonal grid [83] instead of the commonly used square grid and use appropriate
boundary conditions (Section 5.2.1.2). We focus our analysis on the antisymmetric band-
edge modes mentioned above (i.e., modes A, B;, Bs, and C), which are most likely to be
lasing modes. In the following calculations, we assume an absorbing boundary condition
and the radius of the circular-shape computational region L is set to be L = 30 pum
(Section 5.2.1.2).

For finite-size structures, threshold gain and mode frequency correspond to the imagi-
nary and real parts of the normalized eigenvalue, (0 +ia)L [86]. As an example, we show
in Fig. 5.5(a) a plot of the normalized threshold gain (aL) as a function of deviation
from the Bragg condition (6L). Though a large number of modes are found to exist
as a result of the numerical calculation, we identify the fundamental modes (indicated

by arrows) using the techniques described in Refs. [63, 86]. We note that there exists
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an additional mode that has a low threshold comparable to that of the fundamental
band-edge modes. We refer to this mode as the W mode. The normalized threshold
gains of the low-threshold modes indicated by arrows in Fig. 5.5(a) are listed in Table
5.1. As the lasing action occurs at the mode with the lowest threshold gain (loss), Table
5.1 indicates that mode C' [indicated by red arrow in Fig. 5.5(a)] is favored for lasing
with a large threshold-gain discrimination of over 20 cm™! against the competing side
modes (i.e., modes By and Bs). This fact reveals that stable single-mode operation at

mode C can be possibly achieved for triangular-lattice PCSELs.
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Figure 5.5: (a) Normalized threshold gain (aL) as a function of normalized mode
frequency deviation (6L). The fundamental band-edge modes (A, B;, B, and
() and an additional mode W are indicated by arrows. (b) Field intensity
envelopes of the modes indicated by arrows in (a). The data are calculated
by using the same parameters as specified in the caption of Fig. 5.4. Note
that the field intensity envelopes are plotted on hexagonal grids with a circular-
shape computational domain (dashed circle). The radius of the circular domain,
L = 30 pm, is discretized to span seven grid cells for which the eigenvalues
converge well.

Table 5.1: Normalized threshold gain (aL) of the low-threshold modes indicated
by arrows in Fig. 5.5(a).

’Mode‘ A ‘ w ‘BLQ‘ C ‘
| aL ] 0256 [ 0.184 [ 0.176 | 0.133 |

To gain insight into the nature of the modes indicated in Fig. 5.5(a), it is useful to
examine their field intensity envelopes throughout the entire laser cavity. The slowly-
varying envelope profile (function) modulates the fast-varying Bloch waves in the PC

lattice and can be determined by [63, 86]

3
I(z,y) =Y |Ri(a,y)* + [Sk(z,y) > (5.20)
k=1
Figure 5.5(b) shows the field intensity envelopes of the individual modes. We note that
energy of the fundamental band-edge modes (A, By, By, and C) is relatively confined

to the central part of the laser cavity, whereas mode W exhibits a null intensity in the



Chapter 5. Eztended analysis of a generalized photonic-crystal geometry 89

center. The exact physical interpretation of the origin of mode W is not yet clear. From
the character of the doughnut-shape intensity envelope, we suggest that mode W might
be a whispering-gallery-like mode that was discussed in Ref. [38]. We also note that the
threshold-gain discrimination between the individual modes, otherwise equal to zero in
infinitely periodic structures, may result from the differences in their in-plane losses [86].
A closer examination of the field intensities [Fig. 5.5(b)] distributed at the boundary
(dashed circle) of the laser cavity reveals that the lowest-threshold mode C' possesses
the smallest amount of energy that escapes from the boundary (i.e., the in-plane losses).
In contrast, mode A exhibits a much higher threshold because of the relatively larger
in-plane losses. This intuitive explanation is confirmed by a quantitative study of the
in-plane losses based on the formula derived in Ref. [86]. We find that, for the laser
structure specified in Fig. 5.5, the in-plane losses dominate the threshold and that the

in-plane losses of mode A are a factor of 2.7 larger than those of mode C.

5.2.2.3 Comparison of band structures and FFPs

Figure 5.6(a) shows the measured band structure of a fabricated device with the same
structural parameters as specified above. The band structure was mapped out around
the T" point by measuring the angle-dependent spontaneous emission spectra well below
the lasing threshold [46]. The threshold current (Iy,) at room temperature continuous
wave (CW) operation was 25 mA. The measurements were performed in the I'-X and
I'-J directions under a CW current level of 0.91;, and in the measurements the sample
was attached on a heat sink. The dashed curves in Fig. 5.6(a) replot the data shown in
Fig. 5.4(a) in order to enable a direct comparison with the experimental results. It can
be seen that the measured and calculated band structures are in satisfactory agreement.
The slight discrepancy may be mainly attributed to the experimental details, such as the
change in refractive index owing to carrier injection and thermal effects. We note that
in the measured band structure, several additional bands (e.g., bands existing between
modes D; and C near the I" point) were also observed. These bands are considered to be
TM modes as discussed in Ref. [87]. As the laser structure is not completely symmetric
in the vertical direction [86], TM mode usually coexists with TE mode and may derive
some optical gain from the multiple quantum-well active layer. However, since the
optical gain is greater for the TE mode than for the TM mode [33], the existence of
the TM bands rarely becomes an issue for our laser devices. It is also interesting to
note that, especially near the I' point, the intensity of spontaneous emission from the
antisymmetric modes A—C' is extremely weak compared to that from modes Dy and Ds.
This is due to the difference in their radiative nature, as presented in Fig. 5.4(b). The

lasing spectrum at the I' point measured at 1.2[y}, current level is shown in Fig. 5.6(b),



Chapter 5. Extended analysis of a generalized photonic-crystal geometry 90

which evidently suggests that single-mode lasing indeed occurs at band-edge mode C'

(vellow dashed line). This observation is consistent with the lasing mode predicted

above.

(a) 0,352 Min: - ax i (b)

0.350 1N

Intensity (a.u.)

J
Wavevector (2m/a)

Figure 5.6: (a) Comparison of the measured (in color) and calculated (white
dashed curves) band structures. (b) Lasing spectrum measured above the lasing
threshold in the direction normal to the PC plane. The threshold current ()
at room temperature CW operation was 25 mA. Band structure and lasing
spectrum were measured at CW current levels of 0.9y, and 1.21;y,, respectively.
The frequency of the lasing peak in (b) is 0.3434 (a/)), indicating that the
lasing mode is band-edge mode C (yellow dashed line).

(a) — E (b)
EX i
o

Figure 5.7: (a) Calculated and (b) measured FFPs of mode C. A scanning
microscope image of the fabricated PC with @ = 341 nm and f = 0.15 (where
the r/a ratio is 0.20 and r is the air-hole radius) is shown in the left inset of
(b). E, (E,) displayed in the right insets represents the x (y) component of
the FFP. Parameters used for the calculations are the same as those shown in
the caption of Fig. 5.5. The yellow arrows in (b) indicate the directions of the
measured beam polarization. The beam divergence angle of the FFPs for both
cases is around 1°, reflecting the large area of coherent oscillation.

Next, we examine the FFP and polarization profile of the lasing mode (see Ref. [86] for
details of the calculation method for FFP). Figure 5.7(a) shows the calculated FFP of
mode C. A doughnut-shape beam with a divergence angle of around 1° is obtained; this
closely matches the measured FFP shown in Fig. 5.7(b). The polarization profiles shown
in the insets indicate that mode C exhibits an azimuthal polarization, which stems from

the monopolar nature of its field pattern, as depicted in Fig. 5.4(c).
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5.2.2.4 Lasing mode control by tuning air-hole size

As has been demonstrated in the previous works on triangular-lattice PCSELs [31, 43],
single-mode lasing action may also be achieved at band-edge mode A (i.e., the hexapole
mode). Based on our CWT analysis, we find that by tuning some structural parameters,
e.g., by varying the air-hole size, mode A may be favored for lasing. As an example,
we list in Table 5.2 the normalized threshold gain of the low-threshold modes A-C for
air holes with a larger filling factor of f = 0.26. The data given in Table 5.2 suggest
that mode A is the lasing mode with a threshold-gain discrimination of around 20 cm™!
against the competing modes (i.e., modes By and Bs). The calculated FFP and polar-
ization profile of mode A are shown in Fig. 5.8(a). It is seen that mode A exhibits a
doughnut-shape pattern with hexagonal symmetry and possesses a characteristic polar-
ization: The electric-field vector is rotated 47 around the circumference of the doughnut
beam (instead of 27 for the monopole mode C'). The weak side lobes of the calcu-
lated FFP result from the radiation field being terminated abruptly in the numerical
calculation.
Table 5.2: Normalized threshold gain (aL) of the low-threshold modes A-C.

Parameters used for the calculations are the same as those shown in Fig. 5.5
except that a larger air-hole filling factor f = 0.26 is used.

[ Mode | A [ W | Bip | C |
| oL [ 0294 [ 0.548 | 0.324 | 0.400 |

Ey

Figure 5.8: (a) Calculated and (b) measured FFPs of mode A. A scanning
microscope image of the fabricated PC with ¢ = 341 nm and f = 0.26 (where
r/a = 0.27) is shown in the left inset of (b). E, (E,) displayed in the right insets
represents the x (y) component of the FFP. Parameters used for the calculations
are specified in the caption of Table 5.2. The yellow arrows in (b) indicate the
directions of the measured beam polarization.

To further demonstrate the predictive power of our CWT analysis, we fabricated another
device with f = 0.26. By measuring the band structure and the lasing spectrum in the
same manner as described for Fig. 5.6, we confirmed that lasing indeed occurs at band-
edge mode A. The measured FFP and polarization profile are shown in Fig. 5.8(b),
and they are in good agreement with the calculated FFP shown in Fig. 5.8(a). The
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slight asymmetry in the measured FFP (e.g., the weak streak in the central part of
the doughnut-shape beam) can be attributed to the nonuniform electrical pumping or
the asymmetric geometry of the gain region determined by carrier diffusion in practical

experimental situations.

5.3 Treating air holes with arbitrary sidewalls and back-

side reflection effect

Eigen
Vectors Sx

e

Figure 5.9: Field distribution and eigenvectors of modes A and B, for the: (a)
CC air holes, and (b) RIT air holes. The color pattern in the field distribution
shows the magnetic field distribution, and the black arrows show the electric field
distribution. The eigenvectors of modes A and B are illustrated in coordinate
space, with the dashed arrows showing the propagating directions of four basic
waves; the red and blue arrows show the amplitudes and polarizations of their
electric fields, and the gray arrows show the amplitudes and polarizations of the
radiative waves determined by Egs. (3.20a)-(3.20b).

Figure 5.9 shows the field patterns and eigenvectors of modes A and B for the CC
and RIT air holes in real space. The eigenvectors solved from Eq. (3.15) are complex
values that represent the amplitudes and phases of the four basic waves, with their
polarizations given by Eqgs. (3.20a)-(3.20b). For convenience, only the amplitudes are
plotted in Fig. 5.9; the lengths of the red and blue arrows indicate the amplitudes, and
the arrow directions indicate the electric field polarization of the waves. Because of the
perfect symmetry of the CC air holes, the four basic waves have equal amplitudes, while
the asymmetric RIT air-hole shape results in different amplitudes between R,, R, and

Sz, Sy, as shown in Fig. 5.9.

As is evident in Fig. 5.9 and the fact that E is a vector while H is a pseudovector,
mode A with CC air holes is antisymmetric with respect to the Y = X and ¥ = — X
axes, but mode B is symmetric with respect to the same axes. As a result of these

symmetries and the equal amplitudes of the eigenvectors, the combination of these four
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basic waves according to Egs. (3.20a)-(3.20b) leads to complete destructive interference,
which minimizes the radiative power and yields a large Q factor for modes A and B, as
confirmed by the FDTD simulation [80]. The RIT air holes, on the other hand, break
the symmetry in one of the two axes, and as a result, complete destructive interference
is no longer applicable but partial constitutive interference appears. Therefore, a high
radiation power and a low Q) factor are obtained for modes A and B. The symmetries
also determine the polarization of the radiative waves. As shown in Fig. 5.9, cancellation
of the four basic waves results in the the polarization of radiative wave in the Y = — X

direction for mode A but in the Y = X direction for mode B.

From this discussion we confirmed that the in-plane asymmetries of the air holes play
a crucial role in achieving high-power PCSELs since the asymmetry determines the
interference of the individual modal eigenvectors. Partial constructive interference is en-
hanced by such asymmetries, which can result from in-plane asymmetric air-hole shapes

or vertically tilted sidewalls.
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Figure 5.10: Radiation constant vs. tilt angle 6 for modes A and B in the
tapered case: (a) CC air holes; (b) RIT air holes. The solid and dashed shapes
in the insets show the up and down facets of the air holes, respectively; both
CWT and FDTD results are plotted.

5.4 Summary

A full 3D CWT was developed for triangular-lattice PCSELs with TE polarization by
extending our previous CWT model [84, 86]. When compared to the previous model,
the key feature of the extended theory is that six basic waves were introduced in the
coupled-wave equation to describe the Cg, symmetry of the eigenmodes in the vicinity of
the second-order I' point; additionally, both surface radiation and in-plane losses, which
are critical for analyzing the finite-size laser structure, were included. By solving the
extended coupled-wave equation, modal properties, including the band structure, radia-

tion constant, threshold gain, field intensity profile, and FFP were studied. Comparison
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of the calculated band structure and FFP of the lasing mode with experimental results
showed good agreement. Single-mode lasing at the monopole mode C predicted by our
threshold gain analysis was confirmed by experimental data. Furthermore, it was shown
that the hexapole mode A can be favored for lasing by using a larger air-hole size; this

was also confirmed by the experiments.

Another extension of our theory is the inclusion of the refractive index variation in the
vertical direction. To investigate the effects of the vertically asymmetric sidewalls on
the device output, two kinds of tapered air-hole geometries (circular and RIT) without
and with center-of-gravity shifts, are investigated. PCSELs without center-of-gravity
shift in the tapered air holes basically exhibit similar output properties as the uniform
ones with an effectively averaged air-hole filling fraction. In contrast, PCSELs with
center-of-gravity shift in the tapered air holes show remarkably different behaviors. The
properties of the radiation constant, threshold gains (mode selectivity), and the FFP
profiles can be modified in a fairly different manner depending on the distance and
direction of the shift. Particularly, the radiation constant, i.e., the output power, can
be improved significantly by intendedly breaking the symmetry of the in-plane field
distributions. This suggests that air-holes with appropriate tapered sidewalls might be

a promising geometry suitable for single-mode high-power operation.

Although the analyses performed in this chapter were restricted to circular or RIT air
holes, the power of our theory lies in the fact that it can be applied to air holes of any
arbitrary shape as it inherently incorporates a large number of high-order waves [84].
Moreover, the general coupled-wave equation is applicable not only to triangular lattice
but also to centered-rectangular lattices with Cyy or Cg, symmetry [44, 87], thereby
unifying the analysis of the modal properties of PCSELs.



Chapter 6

Above-threshold coupled-wave

analysis

6.1 Introduction

As described in Chapter 1, one of the most advantageous features is that PCSELs
can potentially achieve single-mode operations with the largest cavity area and the
highest output power. Recently, the side length of the laser cavity has been progressively

increasing, with the aim of further improving the output power [54-57].

Generally, the output power scales naturally with the square of the cavity side length L.
However, the small mode spacing (including both the mode frequency and threshold-gain
margin), decreasing with the square of the cavity dimension, fundamentally limits the
cavity size for single-mode operations. Moreover, the long cavity length usually tends to
result in a highly inhomogeneous profile of the photon density, which in turn induces a
spatially nonuniform carrier density. This is so-called spatial hole burning (SHB), which
has always been a bottleneck for the family of high-power semiconductor lasers based on
one-dimensional (1D) gratings [e.g., DFB (distributed feedback) and DBR (distributed
Bragg reflector) lasers] or facing-mirror resonators [e.g., (vertical-cavity surface-emitting
lasers) VCSELs] [97]. SHB effects in these conventional laser cavities have been studied
extensively [99]-[102]. These studies suggest that spatial inhomogeneity of photon and
carrier density, particularly in the strongly coupled case (i.e., a large value of kL, where &
is the coupling coefficient), could lead to decreased output efficiency and mode instability
at injection currents above the lasing threshold. As to the 2D PCSELs, theoretical works
thus far have been limited to the linear case and are only applicable to the analysis at the
threshold [84, 86-88]. An above-threshold model is required to understand the impact of

SHB to mode stability and its implication in laser design optimization to achieve higher
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peak powers. In this chapter, to provide insights into the the single-mode lasing range, we
first present an analysis of the mode spacing between the main and side modes based on
our previous linear theory. Then, we develop an above-threshold model by incorporating
rate equation into the linear coupled-wave equations. In our new model, we takes into
account of both the spatially-varying effective refractive index and local gain variation
caused by SHB effect. By solving the nonlinear coupled-wave equations using a self-
consistent technique, we study the impact of SHB on laser stability at various injection
currents above threshold. We find that the local gain variation might be the dominant
mechanism that degrades the mode stability of large-area PCSEL devices operating at
current levels, which well explains the observed experimental data. Our findings present
new guidelines for high-power PCSEL designs, in which SHB imposes additional limits

on increasing cavity length beyond which laser performance deteriorates.

6.2 Laser behavior above threshold

6.2.1 Spatial hole burning

Below the laser threshold, the stimulated emission term can be neglected in the longitu-
dinal carrier rate equation. In this case, a uniform carrier injection current J causes a
uniform carrier distribution N along the laser. However, above the threshold, an optical
power distribution builds up and this power distribution is rarely uniform. The stimu-
lated recombination will consequently cause a nonuniform carrier distribution. In other
words, areas of strong optical field intensity will show a lower carrier density. This is

called spatial hole burning (SHB), and here it occurs in the zy plane.

The place along the laser cavity where SHB occurs is also related to the strength of
the coupling of the periodic structure. Basically, three coupling strengths can be distin-
guished kL < 1 or undercoupling, kL ~ 1 or critical coupling, kL > 1 or overcoupling.
For overcoupling lasers, spatial holes tend to appear in the middle of the periodic struc-
ture. For undercoupled lasers, spatial holes tend to appear at the edges of the periodic

structure. For critical coupling, the carrier distribution shows less pronounced holes.

6.2.2 Interaction between photons and carriers: laser rate equation

A phenomenological approach is used to described behaviors of diode lasers through
a set of coupled rate equations related to the balances for carriers and photons. The
standard equations generally assume uniform longitudinal distributions of carriers and

photon densities within the laser cavity. This is, however, not the case in high-power
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laser diodes, in which carrier and photon inhomogeneity is significant particularly at

high current.

To incorporate the SHB effect, the rate equation for the carrier and photon densities
are modified. We assume that only one mode is lasing. Rate equation for the carrier
density N(t) (cm™3) and the photon density P(t) (cm™3) can be written as [97]

dN(t) J(t) N(t)

By~ o we(N)P) + DUV (D), (6.1)

where

N (t) = electron density (cm™3)

7; = injection quantum efficiency

e = electric charge (1.6 x 10~ Coulomb)

Ts = carrier lifetime (s)

vg = ¢/ng = the group velocity of light (cm/s)
P(t) = photon density (cm™3)

J= injection current density (A/cm?)

d= thickness of the active region (cm)

g(N)=the gain coefficient (cm~1)

The first term on the right hand side of Eq. (6.1), n;J/ed is the injected number of
carriers into the active layer per unit volume per second. The second term accounts
for the carrier loss due to the radiative and non-radiative recombinations. The third
term vgg(n)P is the carrier loss due to simulated emissions. The last term accounts for
carrier loss due to carrier diffusion. For simplicity, we neglect the carrier diffusion effect
at the laser boundaries because diffusion length of the injected carrier is much smaller

than the laser length (e.g., 3 pm < 70 pm).

In the steady state (dN(t)/dt = 0), we can derive the net carrier density in the active

region as

J.T.

e Tsvgg(.f, y)P(x7 y)7 (62)

Nu(z,y) = o

where we assume that the current is injected to the active region uniformly with a current
density of J. (J. = n;J). The photon density P(z,y) is inhomogeneous particularly at
strongly-coupled case (with a large value of kL), as shown in Fig. 6.1(a). When we
assume that the current is injected uniformly with current density of J, the net carrier
density Ny(z,y) exhibits an inhomogeneous profile as shown in Fig. 6.1(b): The carrier
density at the central part of the laser cavity, is reduced due to the relatively larger

stimulated recombination rate. This is the illustration of the SHB effect.
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Stimulated recombination
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Figure 6.1: Schematics of the (a) photon density distribution, (b) carrier density
distribution, (c) refractive index distribution, and (d) gain profile induced by
the spatial hole burning effect.

6.2.3 Spatial variation of refractive index

Inhomogeneous carrier density within the active region gives rise to a spatially-varying
refractive index. This mechanism was explained by the plasma effect of free electrons in
the conduction band or the band-gap change due to the injected carriers. The resultant

refractive index nj(x,y) of the active region can be expressed as

ni(z,y) = nio + (dn/dN)Ny(z,y). (6.3)

Here, the carrier induced refractive index is a negative number for GaAs-based semicon-
ductor materials. In Ref. [96], dn/dN = —(1.9 4 0.1) x 1072° cm? was reported for a
InGaAs/GaAs quantum-well laser.

The effective refractive index neg(x,y) is expressed in terms of the optical confinement

factor I'y as

ne(z,y) = Igni(z,y) + (1 — Ty)ne. (6.4)

where ng is the refractive index contributed by the guide layer and cladding layer. Here,
ng can be assumed to be constant because its change is much smaller than that of the

active layer.
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Combining Eqs. (6.2-6.4), we obtain the following equation

neff(wa Z/) = TMNeffio + Fg(dn/dN) [(JcTs/ed - Tsvgg(xv y)P(@', y) - Nth]
= MNefio + Fg(dn/dN) [Nth(Jc/Jth - 1) - Tsvgg(xa y)P(xa y)]
= Neff0 T A?’L(J), y)> (65)

where n.go is the effective refractive index at threshold. MN;, is the threshold carrier
density, Jy, is the threshold current density, and An(x,y) is the change in the effective

refractive index, nego and An(z,y) are given as

neo(x,y) = Tenio(z,y)+ (1 —Tg)ng + Le(dn/dN)(7sJin/ed)
= Dgnio(z,y) + (1 —Tg)ng + Te(dn/dN)7s Ny, (6.6)
and
An(z,y) = Tg(dn/dN) [Nen(Je/Jon — 1) — Tsvg9(z, y) Pz, y)] - (6.7)

The schematic of An(z,y) is depicted in Fig. 6.1(c), showing a bell-shaped profile similar
to the photon (optical field) intensity profile P(x,y).

6.2.4 Spatial variation of gain distribution

It should be stressed that the local gain is also a function of the carrier density N. Here,
we employ a simplified gain model used by G. P. Agrawal [92], in which the so-called

amplitude-gain coefficient o, (in the coupled-wave equation) is given by
ay = (g — aint) /2 (6.8)

where ajy accounts for the internal losses and ¢ in the power gain. In the linear-gain

approximation, g is related to the carrier density N inside the active region by
g(N) =TgAg(N — Nyy). (6.9)

where I'y is the confinement factor, Ay (= dg/dN) is a proportionality constant (differ-
ential gain), and Ny, is the carrier density required to overcome the intrinsic material
loss (transparent carrier density). Therefore, a, exhibit a reverse-bell-shaped profile as
shown in Fig. 6.1(d).
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6.2.5 Above-threshold coupled-wave equations

The derived 3D nonlinear coupled-wave equation are expressed in the following form:

|:(5v + iy, + (1 Y/ m% + n%)ﬂo)} Am,n —1 <mx88$ + ny(-fy> Am,n
= Z H%Z)Ar,s

|r2+s2|=1;r#m,s#n

k’2
B ST e [ (o Bt By O3 (2)dz, (610
Im/2+n/2‘7él

where 0, = 8, — Bo = negs — Bo is the deviation from the Bragg condition, neg is the
effective refractive index for the fundamental guided mode, « is the modal loss. Here,
It should be stressed here that, because of the spatially-varying refractive index due to
SHB, both the coupling coefficients /@7(77;%) and ¢ is no longer constants. Here we neglected
a spatial dependence of the coupling coefficients. On the other hand, we must take a
spatial dependence of 4, into account. J is modified as the following equations using

An(z,y) of Eq. (6.7)

51} - (neffO + An)% - BO
= 0+ A(z,y)(6 + Bo)

where 0 = ne0% — o (0 < Bo), and

Az,y) = An(z,y)/nemo
= Dy(dn/dN) [Nen(Je/Jon — 1) — Tove9(x, y) P(x,y)] /1o (6.12)

Here, P(x,y) represents the photon density.

At lasing, the gain must balance the threshold gain. We applied this requirement to our

model with an inhomogeneous gain distribution. The lasing condition is

// g(z, y)dacdy/L2 = 200 + Moss, (6.13)

where g is the threshold gain of the lasing mode and «yegs is the internal power loss in
the laser cavity. In the linear gain approximation, gain is related to the carrier density

N inside the active region by

g = TgAo(N — Np)
— Ty(AoN — am), (6.14)
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where Ay and a4y, are constants. Ay = dg/dN is the material differential gain (typically
Ag = 3.0 x 1071%cm?), and Ny is the transparent carrier density (1-1.5x10*®¥cm=3) [92].

Rewriting Eq. (6.13) using Eq. (6.2) and Eq. (6.14), we have

/ / Ty (Ao (Jurs fed — T5039(, 1) P2, y)) — aum)] dady /L2 = 200 + aioser  (6.15)

At threshold, ginh = I'g (AgNtn — iin), thus Eq. (6.13) becomes

// AONth - aln)] d:Edy/L = 20 + Qoss, (616)

Combining Egs. (6.15) and (6.16), we have

// (Jo7s/ed — Ny — Tsvgg(z, y) P(2,y)) dedy/L* = 0, (6.17)

Note that Ny, = Jyn7s/ed, the the injection current is related to the photon density in

the active region by

Jo/Jgn—1 = // TsVeg(x,y) P(x, y)dzdy/ (NthLQ) ,

= TsUggo //Cav P(z,y)dxdy/ (NthLQ) , (6.18)

where we approximated that g(z,y) is equal to the constant gg, and we performed the
integration only for P(z,y) because the change in g(z,y) is much smaller than that in
P(z,y) [91].

Substituting Eq. (6.18) into Eq. (6.12), we have

A(z,y) = Tg(dn/dN)Ny (Tsvggo/ P(x,y)dxdy/ (NthL2)> /Mefto
_Fg (dn/dN)TsngOP(xv y)/neffo

= Ty(dn/dN)Tsvgg0 (//Cav P(ac,y)dxdy/L2> /Nefio

—Dg(dn/dN)Tsvgg90 P (2, y)/Netio (6.19)

The photon density P(x,y) and its integral over the whole laser cavity, are related to

the optical field intensity of the lasing mode as follows

P(L, L2
Pla) = o) i 1 ra)

//Ca (x,y)dxdy = // (x,y dxdlexEE igip, (6.21)

(6.20)
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where I(z,) = [Ro(2,y)|> + |So (2, 9)|* + [Ry (2, y)|* + |Sy (=, y)|*.

By substituting Egs. (6.20) and (6.21) into Eq. (6.19), A(z,y) can be expressed as

A(z,y) = Ty(dn/dN)rvegoP(L,L/2)/ (|Ru(L, L/2)*neL?) / / I(x,y)dzdy
—Ty(dn/dN)rsvegoP(L, L/2)/ (|Re(L, L/2)*nero) I(z,y), (6.22)

and Eq. (6.18) becomes

Je/ Jon — 1 = 70590P(L, L/2)/ (|Ra(L, L/2)|* Nep L?) / / I(x,y)dzdy.  (6.23)

6.2.6 Self-consistent calculation procedure

( a) | Ap=0, initialization using threshold theory | (b)
KL=9, L=150 um
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Figure 6.2: (a) Self-consistent calculation procedure for solving the above-
threshold coupled-wave equation. (b) Convergence of the eigenvalues calculated
for a PC-SEL with circular air holes.

The above-threshold coupled-wave equations derived above need to be solved self-consistently
[99]. A flowchart of the calculation procedure is shown in Fig. 6.2(a). For the numerical
calulation, we divide A(z,y) into a constant term A,(x,y) and a spatial dependent term

Ab(l’, y) as

A(.I, y) = Aa(xvy) + Ab(%y% (624)
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where
Balayy) = =By [[ I y)dedy/ (Ro(LL/2)P22) (6.25)
A(ey) = Apl(e.y)/ (RelLoL/2)P), (6.26)
A, = —Tg(dn/dN)1sveg0P (L, L/2)/neso (6.27)

By varying the amplitude of A,(z,y), we can calculate the normalized threshold gain aL
and the normalized lasing wavelength d L at any injection current level above threshold.

In our calculation, we normalized the field intensity as follows

/ / N I(x,y)dxdy/L* = 1. (6.28)

When we express the injection current, we introduced the normalized injection current

density
— Lg(dn/dN)Nin(Je/Jin — 1) = —neioAa (6.29)

A typical example showing convergence of eigenvalues at a normalized injection current

of 2.0 x 107 (corresponding to a 3.7 times of threshold current) is shown in Fig. 6.2(b).

6.3 Above-threshold analysis

’ Case I: Bell-shaped refractive index profile and uniform gain ‘
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Figure 6.3: Threshold gains («) of the fundament mode By and the next com-
peting mode Bj versus the normalized injection current. (b) The threshold-gain
margin (Aa) of mode By and Bj versus the normalized injection current. The
cross-point the dashed red line indicates single-mode lasing condition: Aa=10
cm™1. In the calculations, the the air-hole filling factor f = 0.20 and the device
length L=200 pm.
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By self-consistently solving the above-threshold couple-wave equations, we can calculate
the modal properties at any injection current level above threshold. The threshold
gains of the fundament mode By and the next competing mode Bjp, as well as their
threshold gain margin, are plotted as a function of the normalized current injection
[—Tg(dn/dN)Nen(Je/Jen — 1)), in Figs. 9(a) and (b), respectively. In the calculation,
we assumed a bell-shaped refractive index profile and a uniform local gain profile. The
PC structure (inset) consists of square-lattice right-angled triangles with filling factor
f = 0.20, coupling coefficient k3=454 cm™', L = 200 pm, and lattice constant a = 295

nin.

From Fig. 6.3, it is found that threshold gain of the individual mode slightly increases
with the increasing injection current and their threshold margin. The physical explana-
tion of the increased modal threshold gains and the threshold margins is very interest.
When the refractive index in the laser cavity exhibits a bell-shaped profile as shown in
Fig. 6.1(c), the band gap between the symmetric modes (C' and D) and anti-symmetric
modes (A and B) shifts and forms a V-shaped well for photons. This implies that the
effective reflectivity induced by the band edges is decreased, which makes the modes
(anti-symmetric modes) much more leaky in the in-plane directions. Therefore, as the
injection current increases, threshold gain is steadily increased. Overall, the resultant
threshold-gain margin is increased around 2 cm ™! when the injection current is increased
around 3.7 times. Therefore, inhomogeneous refractive index profile due to SHB cannot

explained the two-mode operation observed experimentally in Fig. 4.12.

| Case II: Uniform refractive index profile and reverse-bell-shaped gain

(a) (b)

60.0 200
50.0
_ ~ 150
7 400 !
1
. ——t————t 5
= 300 | g 5 100
S ] =t=3 B0 <
200 T =2 1 <o
0.0 . . . . . , 0.0 . . . . . ,
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Gain variation (cm™):  -T AN, (J/J, -1) Gain variation (cm™):  -T' AN, (J/J, -1)

Figure 6.4: (a) Threshold gains («) of the fundament mode By and the next
competing mode B; versus the local gain variation. (b) The threshold-gain
margin (Aa) of mode By and Bj versus the normalized injection current. The
cross-point the dashed red line indicates single-mode lasing condition: Aa=10
cm™1. In the calculations, the the air-hole filling factor f = 0.20 and the device
length L=200 pm.
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Next, we assume a uniform refractive index profile and a reverse-bell-shaped gain profile.
The calculated threshold gains of modes By and By and their threshold gain margin are
shown in Figs. 6.4(a) and (b), respectively. We find that modes By and B; exhibit
totally different behavior: Threshold gain of the fundamental mode By is slightly in-
creased, whereas mode B decreases remarkably with increasing gain variation (which is
proportional to the injection current). Consequently, the threshold gain margin signifi-
cantly decreases from 15 cm ™! to 4 cm~!. This indicates that the single-mode operation
can be obtained near threshold, but two-mode operation with modes By and B; occurs
at high current levels (i.e., output power), which well explains our experimental obser-
vation presented in Fig. 4.12. The above results in Fig. 6.4 can be understood with
fundamental laser physics. In any laser structure the overlap factor between the gain
spatial distribution and that of the modal intensity is crucial and proportionate. In
semiconductor lasers, once the pump power is strong enough to induce the population
inversion, the medium starts to amplify light. The lasing threshold is determined by
equating the modal loss with the modal gain; and the modal gain is proportional to
the overlap integral between the spatial distribution of the gain and that of the modal
intensity. Therefore if one assumes that, to the first order as in Eq. (6.9), the gain is
proportional to the carrier density over the transparency, then the overlap between the
spatial distribution of the gain and that of the fundamental mode (Bjy) intensity (Fig.
6.1(d)) is reduced, therefore giving rise to a higher threshold. In contrast, the overlap
between the gain and the high-order mode (Bj) is enhanced and finally could efficiently

excite the high-order side mode.

Case III: Uniform refractive index profile and bell-shaped gain
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Figure 6.5: (a) Threshold gains («) of the fundament By and the next competing
mode Bj versus the the local gain variation. (b) Threshold-gain margin (A«)
of mode By and Bj versus the normalized gain. The cross-point the dashed red
line indicates single-mode lasing condition: Aa=10 cm™1. In the calculations,
the air-hole filling factor f = 0.20 and the device length L=200 pm.
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Finally, to confirm our intuitive understanding of the effect of gain profile on threshold-
gain margin, we assume a bell-shaped gain profile (which has a peak gain near the
center of the laser cavity). This kind of nonuniform gain profile can be realized by using
separated p-side electrodes similar to the one-dimensional scheme proposed in Ref. [108].
As demonstrated in Fig. 6.5, this nonuniform gain profile gives rise to an improved mode

stability even at high current levels.

6.4 Summary

In summary, we have performed an above-threshold 3D CW'T analysis of the modal
properties of the band-edge modes in PCSELSs by incorporating rate equation into the
linear couple-wave theory. In particular, we focused our analyses on the threshold-gain
variation and threshold gain margin, as well as their dependence on the device length
L and injection currents. Two critical issues that may greatly affect the single-mode
high-power operation of the laser cavity are presented and discussed. The first issue
is the limitation of increasing L to achieve high-power operation. Based on the linear
theory, we find that the threshold-gain margin between the lowest threshold (fundamen-
tal) modes and the next high-order modes steadily decreases with a increasing device
length. This threshold degeneracy may limit the increase of L for high-power opera-
tion, particularly at extremely large-L regimes The second issue is the degraded mode
stability encountered at high injection current levels. When the inhomogeneous pho-
ton and carrier density caused by spatial hole burning (SHB) are taken into account,
the threshold-gain margin between the fundamental modes and the high-order modes,
which determines the mode stability of the extremely large-L devices, becomes much
smaller. The agreement between the theoretical prediction and experiments supports
the hypothesis that modified gain profile is the dominant mechanism that accounts for

the high-order mode lasing observed at high current levels.

Future investigation will be devoted to improvement of the nonlinear (above-threshold)
CWT model by incorporating the more complicated nonlinear effects such as gain sat-
uration, carrier diffusion, and thermal effects. Meanwhile, further analysis based on
the present model will be performed to optimize the PC structures for higher power

operation and improved mode selectivities.



Chapter 7

Conclusions

7.1 Summary

In this thesis we have presented a 3D CW'T model for PCSELs. Instead of simply ex-
tending the previous 2D CWT model, we built up a new 3D model which analytically
describes the complex wave interaction in a full 3D system. The capability of our 3D
model is far beyond the previous 2D model and the conventional numerical computer
simulation methods such as plane-wave expansion method (PWEM) and finite-difference
time-domain method (FDTD). Our theory is now able to treat PC geometries of any
arbitrary shape in the PC plane, any lattice structures that enables 2D resonance (i.e.,
the generalized centered-rectangular lattice), and arbitrary sidewalls in the direction
normal to the PC plane. We have demonstrated that our theory provides an efficient,
accurate, and reliable analysis of a variety of modal properties of interest by compar-
ing with the numerical computer simulations and experimental results. Moreover, the
modal properties that can be treated are not limited to the threshold condition but
have been extended to the above-threshold regime. The results included in this thesis

are summarized below.

Chapter 1 described the background of PCSELs by giving an overview of their recent
progress and breakthrough. Motivation of this thesis was presented after emphasizing

the importance of developing an analytical tool for PCSELs.

Chapter 2 started with a brief description of the basic laser structure to be investigated
and the lasing principles. The conceptual coupling diagram in reciprocal lattice space
was introduced to explain how a 2D cavity mode can be formed. Next, conventional

theoretical methods: 2D PWEM, FDTD and 2D CWT model were described; and

limitation of each method was pointed out. In particular, we reviewed the previous
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2D CWT model in more detail. We found that the previous CWT is not able to treat
general PC air-hole shapes because of its limited number of wave vectors included in
the coupling diagram. More importantly, a 2D structure was assumed in the coupled-
wave formulation, which intrinsically restricted its application to the realistic 3D laser
structure. To overcomes drawbacks of the previous 2D CW'T model, a full 3D model

must be developed.

Chapter 3 established the framework of the 3D CW'T. Starting with the F—field based
Maxwell’s equation, we derived a full 3D coupled-wave equation by including a large
number of high-order wave vectors and carefully treating the vertical field profile of each
wave vector in a full 3D structure. The new 3D CWT is capable of treating arbitrarily-
shaped air holes; moreover, the surface emission, which determines the device output, can
be directly calculated. To further emphasize the fundamental difference between the new
3D and previous 2D, we investigated the electric field profile of the individual waves and
the mode gaps induced by the wave couplings. Next, the accuracy and the validity of the
3D CWT was confirmed by comparison with 3D-FDTD simulations. The computational
time which typically takes ~4 h for 3D-FDTD on a paralleled supercomputer system

was significantly reduced to less than 1 s.

Chapter 4 presented the main body of the analysis results for square-lattice PCSELs
and several important experimental demonstrations. First, the coupled-wave equation
was extended for finite-size structures by including the slowly-varying envelopes of the
resonant modes. Differing from the infinitely periodic structures, the finite-size analysis
includes both the surface radiation loss and the in-plane loss leaking from the laser cavity
boundaries. Therefore, the laser threshold gain and the far-field pattern (FFP) can be
evaluated. Two kinds of air-hole designs: circular and equilateral triangular shapes were
studied by analyzing their threshold gains and FFPs. Both of these analysis results are
in good agreement with the experiments. Interestingly, we revealed that the in-plane
loss plays an important role in enabling the stable single-mode operation, which could
provide a large threshold-gain discrimination of over 20 cm™1. By further investigating
the threshold gain dependence on laser cavity length L, we found that the lasing mode
could be switched by changing L. This kind of mode selectivity is provided by the balance
of the in-plane loss and the surface emission loss. Next, we experimentally demonstrated
this mode selectivity behavior by fabricating samples with different cavity lengths with
L = 50 pm and L = 200 pm. With increased L, clearly lasing mode switching from
band-edge mode A to B was observed by measuring the band structure and the lasing
spectrum. Further investigation of the threshold gains in larger-area PSEL devices lets
us notice the single-mode stability issue resulted from the high-order band-edge modes.
In the final part of this chapter, we studied single-mode stability in large-area (L > 150

pum) PCSELs. We experimentally observed clear mode competition above the laser
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threshold within large-area samples which initially exhibited singe-mode operation. The
physical mechanisms of this mode competition were found to be attributed to decreased
threshold gain margin between the fundamental lasing mode and high-order band-edge
modes, as well as the spatial hole burning effect due to the highly inhomogeneous modal
field intensity distribution. These findings presents new insights into designing single-
mode high-power PCSELs where strategy of suppressing these high-order modes much

be considered.

Chapter 5 presented an extended CWT model that is able to treat more generalized PC
geometries. Two important extensions were realized. First was the lattice structures.
In contrast to the square-lattice with Cy, symmetry, a triangular lattice with higher
symmetry Cg, was considered. A generalized coupled-wave equation was derived by
introducing six basic waves into the coupled-wave model for both I'-point and non-I'-
point modes. The key point is the careful treatment of the more complicated overlaps
between the polarized fields. The derived coupled-wave equation actually is applicable
to any type of centered-rectangular lattice with Co, by simply replacing the basic wave
terms. By solving the derived finite-size coupled-wave equation on a hexagonal grid, we
studied the band structure, radiation constant, threshold gain, field intensity profiles,
and FFP of the resonant modes. Comparison with experiments confirms the accuracy
and the validity of our theoretical analysis. Furthermore, we also demonstrated the
lasing monopole mode can be switched to the hexapole mode by using a larger air-hole
size. The second part presented extension for air-hole geometry with arbitrary sidewalls.
In other words, the refractive index of the air holes within the PC layer are not restricted
to the perfectly uniform case and instead can be nonuniform along the vertical direction.
To realize this purpose, we modified the 3D coupled-wave equation by incorporating the
refractive index distribution in the vertical direction. Then, as an example, we studied
tapered sidewalls with both symmetric and asymmetric in-plane air-hole shapes. We
found that the surface emission properties can be significantly modified by appropriately
introducing the vertical asymmetry. Accordingly, the FFPs and the polarization profiles
of the output beam can be engineered in a larger freedom. These findings well explained
the most recently experimental results of PCSELs fabricated using MOCVD or MBE

methods.

Chapter 6 was dedicated to developing an above-threshold laser model. In the above-
threshold regime, an inhomogeneous spatial distributions of photon density induces a
nonuniform carrier density, and therefore the refractive index and spatial gain. This
so-called spatial hole burning (SHB) in turn modifies the optical modal field profile and
may critically influence the mode stability of the laser cavity above the laser thresh-
old. To model this SHB effect, we incorporated the laser rate equations into the 3D

coupled-wave equation in which a spatially-varying effective refractive index and gain



Chapter 7. Conclusions 110

were considered. The derived coupled-wave equation was a nonlinear equation and can
be solved self-consistently. Next, by solving the nonlinear coupled-wave equation, we
investigate the evolution of the field intensity distributions and threshold gain of the fun-
damental lasing mode. We found that the field intensity distribution is flattened with
increasing increasing current and the total effective threshold gain also increased due to
the increased in-plane loss. By further performing the similar analysis for the high-order
band-edge modes, we also found that threshold gain of the high-order modes was reduced
because of the enhanced spatial overlap between these modes and the modified spatial
gain. This finally degraded the single-mode stability and resulted in multimode las-
ing. These quantitative study of the above-threshold behavior well explained the mode
competition observed experimentally in the end of chapter 4. Finally, several promising

methods for mitigating SHB effects are suggested and discussed.

7.2 Perspectives on future work

The theory developed in this work not only provides analytical insights into complex
wave interaction inside PCSELs, but also can be applied to further optimizing the design
of PCSELs for various applications. Though we have limited our attention to the case of
TE polarization, the extension to TM polarization is straightforward. By incorporating
the SHB effect, the CWT theory has now evolved into a more practical laser solver. Yet,
a laser diode is a fairly complex system in which electrical, electro-optic, and thermal
phenomena constantly interact in a nonlinear way. Describing all these phenomena in
full detail may lead to a theoretical model that is far too complex to work with. On the
other hand, introducing too much simplification may degrade the accuracy and validity
of a laser model. Therefore, the right trade-off is required. This also depends on the
laser characteristic being investigated. For high-power PCSELSs, further investigation of
thermal effects, carrier diffusion, and gain saturation is necessary. To this end, our basic
methodology developed for the nonlinear CWT can be adopted and further exploited to

combine new physical processes.

As a new type of semiconductor laser born in the late 1990s, PCSELSs have experienced
several breakthroughs which underpin its promising potential to realize various func-
tionalities that conventional semiconductor lasers can not. There are still a wide range
of choices for PC geometries that can be explored to realize other totally new function-
alities and further optimization. The 3D CWT described in this thesis enables us to
investigate PC structures in a large design space. Systematic study of the effects of
various PC geometries on the output of the device might open new directions of future

research for improving the device performance.



Appendix A

Energy conservation theorem for

PCSELs

The coupled-wave Eqs. (4.15-4.18) can be rewritten as

—i(6+ia)R, = OR,/0z —i(C11Ry + C12Sy + Ci3R, + C14S,), (A1)
~i(6 +ia)S; = —08;/0x —i(Ca1 Ry + Co2Sy + Co3Ry, + Co4S,),  (A2)
—i(§ +ia)R, = OR,/dy —i(C31 Ry + C32S; + C33R, + C345,), (A3)
—i(6 +ia)Sy, = —08,/0y —i(CaRy + Ci2S: + Ci3Ry + CuuSy),  (A4)

where Cy;(1 <4,j <4) = Cip,ij + Crad,ij + C2p,ij [see Egs. (3.31)-(3.33)]. Multiplying
Eq. (A1) by R}, Eq. (A2) by Sy, Eq. (A3) by Ry, and Eq. (A4) by S;, and adding the

four equations and their conjugates, we obtain
0 0
20(|Ral® + [Sa* + Ry +1Sy1%) = - (1Ral® = [S2[*) + 5 - (IRy[* — Sy]%)
Oz oy
+260.4(|€-1,0Ra + €109 )% + |€0,~1Ry + £0.15y1%),

(A5)

where the Cp;; and Cop;; terms have vanished due to their Hermitian property, and
4

only the term k,, ; = —Im{% [pe G(2,2")B0(2')Of(2)dz'dz} which is closely associated

with the out-of-plane coupling remains [see Eq. (3.34)]. In order to model the power

flow in the 2D PCSELSs, we integrate Eq. (Ab5) over the whole laser cavity area, i.e.,
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0 <z,y < L. Then we have

L
2@// (|Re|* + 1Su* +  |Ry|? + Sy} dady =
0
//L[a(\R 2 — 1S3 + Q(yR 1> —15,[?)]dzd
0 ax €T T ay Y Yy y

+ 2Ky //(’5—1,0395 + 1052+ €01 Ry + €015, |?)dzdy.
(A6)

For a laser structure with boundary condition given by Eq. (4.22), the field amplitudes

of basic waves at the four edges can be expressed as

R:(0,y) =0, S:(0,y) = Sex(y),
Ry(L,y) = Rex(y), Sa(L,y) =0,
Ry(x,0) =0, Sy(x,0) = Sey(x),
Ry(z,L) = Rey(x), Sy(z,L)=0. (A7)

Then Eq. (A6) can be written as

Pstim = Pedge + Prada (AS)
if we define
L
P = 2a// (Ral? + 1S: ]2 + Ry |2 +|S, ) ddy, (A9)
0
L 2 2 L 2 2
Ptge = /0 (|Real? + | Se )y + /0 (1Rey[? + Sey ), (A10)

L
Prad = 2Kui / / (I€-1.0Rs + €1.0S:> + |€0.—1Ry + 015, [})dzdy.  (A11)
0

Here, Pstim describes the total stimulated power inside the laser structure, P44 rep-
resents the power escaping from the edges of the laser cavity (i.e. the in-plane loss),
and P4 represents the radiation power emitted from the device surface [note that this
quantity is proportional to the intensity of the radiative waves described by Eqgs. (3.20a-
3.20b)], respectively. Equation (A8) states the fact that the power generated inside the
laser structure is equal to the sum of the power escaping from the edges of the structure

and the surface radiation power.



Appendix B

Solutions of radiative and
high-order waves within

triangular lattice PCs

The radiative and high-order waves [i.e., Ey v, and Ey s in Eq. (5.15)] can be
solved in a manner similar to that described in our previous works [84, 87]. The major
difference is that the number of basic waves that serve as sources to excite radiative and
high-order waves are six in this case, instead of four. Therefore, we shall only show the

final analytical solutions.

The radiative waves (for which m = n = 0) can be expressed as

AE
T = k2 G(z,2)0¢(2)d
(AEy> 0 /e (2,2')00(2")

[ &-ropro &rop-10 Co-1p01 C0apo-1 E-1-1pi1 SL1p-1-1 v
§-10mo §10m-10 So—1mM0,1 Co1mo—1 E-1-1ma1 E1am-1,-1

(B1)

where G(z,2') = —i/28, - e~P=12=%' is an approximated Green’s function [84, 85], B, =
kono(z), and V = (Ry, S1, Ra, S, R, S3)".
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The integrals of high-order waves (for which |m? +n?| > 1) included in the second term

of the right-hand side of the coupled-wave Eq. (5.15) can be expressed as

1

- (1,0)

y7m7n

where
i)
vl
Gmn(z, z/)

2 2
mg + ny

1,0 ~1,0 0,1 0,—1 1,1 1,1
Ty My Mgn,n) gn,n ) Ngn,n) gn,n ) gn,n) gn,n ) v
(1L,0) (=100 (01) (0,~1) _(L1)  (-1-1) |~
—My Ny Umm' Vmpn Unmn  Vmmn Ummn Vmmn
—1,0 0,1 0,—1 1,1 —1,—1
(é,m,n) §£,m,)n §:g,m,n) gé,m,)n §£,m,n ) vV B2
Lo o) -y 1y (1-1 |V (B2)
§y,m,n Y,m,n Y,m,n y,m,n Yy,m,n

k:g/ . Em—r, n—s(NyPrs — MaNrs) Gmn(2, 2)O0(2")O§(2)dz'dz(B3)
P

1
- / ﬁgmfr, nfs(mzprs + nynrs)|®0(z)|2dza (B4)
pC Ny
1 _ o
e Bl g =\ (M2 4 n2)B — K3n3(2).  (BD)
2Bz,m,n

As a consequence, the overlap integrals appearing on the right-hand side of Eq. (5.15)

can be replaced by terms only associated with basic waves.

Finally, a coupled-wave

equation for infinite periodic structures [for which the derivative terms in Eq. (5.15) are

neglected| can be written in the matrix form as

(0 +ia)V =CV, (B6)
where C is a 6 x 6 matrix. The matrix elements of C can be written as
C =dko,mn + Cp + C, + Cy, (B7)
where
dko:10 0 0 0 0 0
0 dko.—10 0 0 0 0
0 0 dko. 0 0 0
Ko, mn 0:0.1 ., (BS)
0 0 0 dko.0,—1 0 0
0 0 0 0 dko;11 0
0 0 0 0 0 dko.—1._1
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Here, a large number of high-order waves are included by truncating the summation

terms in Eq. (B14) at |m/,n’| < 10 [84]. Note that the matrix dkg .,y represents the

variation of the in-plane wavenumbers resulting from deviation of the individual basic

wave vectors from the second-order I' point, and Cp, C,, and Cj correspond to the

coupling effects of basic, radiative, and high-order waves, respectively.
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