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Introduction

1.1 Whispering-Gallery-Mode Microcavities

Optical resonant cavities, composed of two or more mirrors, are essential part of
ordinary lasers and have been utilized in almost all branches of modern optics and
photonics. Optical energy is recirculated inside the cavities due to the reflection on
the mirrors, and one basic property of the optical cavities is the quality (Q) factor
related to the mode lifetime for describing the light-confining ability. Mode volume
(V) is another important parameter of an optical cavity and a small V is of great
importance for realizing a compact-size integrated device. A suitable parameter,
finesse, which is defined as the ratio of the free spectral range to the resonance
linewidth, takes both the mode Q factor and the resonator size into account. For
certain applications, high-finesse microcavity with a large value of Q/V , which is
also related to the electromagnetic field enhancement factor of an optical cavity, is
very important. Compared with conventional lasers, microcavity lasers with a large
Q/V can promise lower lasing threshold. Moreover, light–matter interactions can
be greatly enhanced by storing optical energy in a small mode volume [1, 2]. The
ability to concentrate light is important to both fundamental science studies and
practical device applications [3], such as strong-coupling cavity quantum electrody-
namics, enhancement and suppression of spontaneous emission, high-sensitivity
sensors, low-threshold light sources, and compact optical add-drop filters in optical
communication.

To obtain high Q modes in optical cavities with a small V , a high reflectivity close to
unity is necessary, which can be realized by utilizing a periodic structure to construct
a photonic forbidden band, such as that in vertical-cavity surface-emitting lasers
and photonic crystal microcavities, or simply by total internal reflection (TIR) at the
dielectric boundary with a high-low refractive index contrast in whispering-gallery
(WG)-mode optical microcavities [4]. The idea of WG mode was born out of the
observation of acoustical phenomenon in [5] where sound waves were efficiently
reflected with minimal diffraction and struck the wall again at the same angle and
thereby traveled along the gallery surface. Similarly, classical electromagnetic waves
can undergo reflection, refraction, and diffraction like the sound waves when the
wavelengths of the waves are smaller than the bending radius of a reflection mirror.
Among various kinds of optical microcavities, WG-mode microcavities with simple
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Figure 1.1 Schematic diagrams of (a) circular, (b) triangular, (c) square, and (d) hexagonal
microcavities with the confined TIR light rays.

cavity geometries and suitability for planar integration play an important role in
photonics integration nowadays [6–8]. WG-mode optical microcavities formed by
various materials have been studied, such as liquid droplet, glass, crystal, polymer,
and semiconductor [8].

The concept of WG mode was subsequently extended to the radiofrequency
and optical domains for the electromagnetic waves. For WG-mode microcavities,
the optical modes will experience ultra-low loss as the light rays are guided by
continuous TIR at the boundaries. In fact, light guidance by continuous TIR is quite
common in modern optics and photonics, such as the propagating optical modes in
fibers and waveguides. The incident angles of the light rays in WG-mode microcavi-
ties are greater than the TIR criticality at all boundaries, and the light rays are mostly
like to propagate along the WG surface. There are various kinds of WG-mode optical
microcavities to maintain continuous TIR for the confined light rays. Figure 1.1
schematically shows circular, triangular, square, and hexagonal microcavities
with the confined TIR light rays. As a natural choice, WG-mode optical micro-
cavities with circular shapes, which maintain a perfect rotational symmetry, have
attracted most research interest for the demonstration of low-power-consumption
compact-size photonic devices, e.g. microdisk lasers [9]. In circular microcavities,
the light ray confined inside the cavity has a conserved incident angle above the
TIR critical angle resulting in ultrahigh Q factors and isotropic near- and far-field
patterns. However, for a practical device, efficient input or output coupling is crucial
but can be hardly achieved in the circular-shaped microcavities. By deforming the
WG microcavity to a noncircular cavity shape, the far-field emission patterns can
be modulated while high Q factor mode is maintained [10, 11].

1.2 Applications of Whispering-Gallery-Mode
Microcavities

WG-mode optical microcavities with the light rays confined by continuous TIR
at the cavity boundaries have unique mode properties, including high Q factors,
small mode volume, and planar integration capability. Due to these mode prop-
erties, there has been a wide range of applications for WG-mode microcavities in
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both fundamental physics and practical devices [12]. In this section, part of the
applications, including photonic filters, sensors, and microlasers, based on both
passive and active WG-mode microcavities, is briefly summarized.

One basic application of microcavities is photonic filter based on the wavelength
selectivity property of WG modes, including all-pass and add-drop filters. A com-
mon microcavity-based filter includes a WG-mode microcavity and optical coupler
for coupling light into or out from the WG modes [13–15]. In an optical filter, the
filtering response is relative to both the intrinsic mode Q factors and the coupling
coefficients for the WG modes. The high-order transverse WG modes have lower Q
factors but stronger coupling, which is undesirable for most filtering applications.
Hence, microrings are utilized for suppressing high-order transverse modes and
realizing high-performance optical filter. Microrings have similar mode properties
with the microdisks, as the modes are confined by the continuous TIR at the outer
boundaries [14]. A typical on-chip all-optical four-port add-drop filter includes a
microring cavity and two evanescent-field coupled waveguides. The add-drop filter
exhibits pass-band filtering characteristics with the on-resonance light dropping
through the drop port. The microring-based filters and corresponding active
devices have the advantages of compact size, narrow band, and a large free spectral
range, and have been widely studied in the silicon photonics for on-chip optical
interconnection application. The pass-band characteristics can be further improved
by using higher-order filter structure with multiple coupled microrings. Based on
the microring photonic filters, cascaded microring-based matrix switches have
been demonstrated for on-chip optical networks [16]. The networks-on-chip can
be passive networks with fixed-wavelength assignment and switching networks
with the resonance wavelength tuning by thermal effect or carrier injection. With
the structure of all-pass microring filter, silicon-based microring electro-optic
modulators were demonstrated with the carrier injection or depletion to change the
resonance wavelength of the microring cavity [17].

Another important application of WG optical microcavities is photonic sensing.
WG microcavities have been extensively investigated for their applications in
chemicals and biosensing. Strong light–matter interactions and high optical energy
intensity in the optical microcavities with a large value of Q/V can help to achieve
ultrasensitive and label-free detection. The sensing principle is to measure the
spectral changes of a WG mode in response to changes in the environment, e.g.
refractive index shift of surrounding media or nanoparticles onto the cavity surface
[18, 19]. The key feature is the strong evanescent field of the WG mode that
propagates along and extends from the surface of the microcavity leading to strong
interaction between the internal field and the external environment. The measured
transmission spectra will experience a wavelength shift and/or splitting for sensing.
The resonance shift in a microcavity is a more direct detection scheme, but it can
be easily perturbed by environmental noises resulting in a reduction of the sensing
resolution. The environmental noises are minimized in the mode splitting–based
detection scheme as the two split modes suffer the same noises. The variation of
mode splitting carries the information of particles to be measured. The detection
resolution for a passive microcavity-based sensing is limited by the linewidth of
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the WG modes. In a microcavity laser–based active sensing devices, the stimulated
emission will narrow down the linewidth, and hence the sensing resolution is
greatly enhanced [20]. For a cold cavity with a Q factor of 108, the laser linewidth
can be as narrow as a few Hertz allowing ultrasensitive detection [8].

Light sources, such as microlasers and quantum sources, are an extremely
important research direction in optics and photonics. Compared to other optical
cavities for laser application, the WG-mode microcavities have extraordinarily high
Q factor and small V , which lead to diverse applications in the study of laser physics
and the realization of compact-size microlasers. In WG-mode microcavities, the
optical density of states can be modulated by designing the cavity structure and
matching the resonance wavelength to the emission wavelength of the active mate-
rial. Thus, the Purcell factor can be enhanced greatly in optical microcavities [1].
Semiconductor quantum dot is a quasi-atom gain material; the coupling between
the quantum dot and the optical mode can be enhanced in the high Q microcavity
with a ultrasmall V . Strong coupling of a single GaAs quantum dot to a WG mode
of a microdisk has been observed, facilitating the investigations of cavity quantum
electrodynamics and single photon source [21]. High Q factor and small V also
allow the demonstration of conventional low-threshold semiconductor microlasers
[9]. The high Q factor of a WG mode guarantees a low-threshold current density
and a small V leads to a compact size for the microlaser for achieving low-power
consumption. Continuous wave lasing with a threshold of 40 μA was realized
in an InGaAsP microdisk laser at room temperature [22]. However, the nearly
perfect confinement of the mode light ray and the rotational symmetry of a circular
microcavity led to low-output power and isotropic emission to free space despite a
low-lasing threshold. This is a serious problem for most practical applications of
WG microcavity lasers. Evanescent wave coupling of a waveguide is one traditional
scheme to couple lasing light out from the circular microcavity lasers, but it has
extremely high requirements for fabrication processing technology and parameter
control. Experimental results show that a small variation in the coupling gap will
reduce the output optical power by several orders of magnitude. In addition, the
competition between the clockwise and counterclockwise modes in the circular
microcavities will cause instability of the output optical power in the waveguide.
To realize directional lasing emission, various deformed microcavities, such as
adding local boundary defects or using smoothly deformed cavity shapes, have
been proposed and demonstrated [3]. By carefully designing the cavity geometries,
directional emission, or even unidirectional emission with low divergence angle in
free space was achieved for deformed microcavity lasers while preserving high-Q
WG modes for low-threshold lasing. However, the directional or unidirectional
emission of asymmetric microcavities is still limited to free space, and the applica-
tion to on-chip photonic integration requires waveguide-coupled output. Moreover,
regular-polygonal-shaped microcavities have distinct mode properties, as the
WG modes distribute nonuniformly along the cavity boundaries. A waveguide
directly connecting to the position with weak mode field can be used for realizing
a waveguide-coupled microcavity laser without strong perturbation to the corre-
sponding high Q WG mode. Especially, a quasi-analytical solution can be obtained
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for the equilateral-triangular and square microcavities with integrable internal
dynamics, making them a reliable solution to demonstrate waveguide-coupled
unidirectional-emission semiconductor microlasers [23].

1.3 Ultra-High Q Whispering-Gallery-Mode
Microcavities

Spherical optical microcavities of liquid droplets and highly transparent silica have
been extensively investigated, which can have nearly perfect microspheres due to
surface tension of liquid and fused silica [1]. Based on liquid droplet microcavities,
cavity quantum electrodynamics with modified spontaneous and stimulated emis-
sion spectra were studied and ultralow threshold of nonlinear optical processes was
observed with fluorescent dyes. The effects of droplet deformation on the resonance
frequencies and Q factors were investigated experimentally and theoretically using
first-order perturbation theory, and the dye-lasing spectra from liquid droplet opti-
cal microcavities were observed under perturbations. By using the CO2 laser fusion
process, high-Q silica microspheres were fabricated by fusing the end of a silica
fiber. WG modes with Q factors up to 109 ∼ 1010 were observed, and low-threshold
microlasers based on silica microspheres with doped irons were realized. Droplet
microlasers as easily replaced coherent light sources were investigated for potential
applications in integrated lab-on-a-chip systems [24]. The droplet-based microlasers
can be prepared in microfluidic chip with different active media, such as live bacte-
ria. In addition, intracellular droplet microlasers were studied by injecting oil doped
with a dye gain medium inside biological cells as luminescent probes [25].

Ultra-high-Q microcavities can also be fabricated on a silicon wafer using
wafer-scale processing, in the form of a microcavity on-a-chip suitable for photonic
integrated circuits [2]. The fabrication processing is simply summarized in the
following. First, silica circular patterns were transformed from photoresist layer
to the thermally oxidized surface layer of a silicon wafer using lithography and
etching technique processes, and then silica disks were used as an etching mask
for selectively removing the underneath silicon. Finally, silica microdisks on a
silicon post were fabricated with a vertical optical confined by air for avoiding a
leaking loss into high-index silicon substrate. The WG modes with Q-factors up to
3× 106 were measured for such microdisks under optimal processing conditions.
As the mode-field distributions located near the disk periphery, the Q-factors were
mainly limited by scattering loss due to disk roughness caused by lithography
and etching. To further increase mode Q factors, a reflow process for the silica
microdisks was applied under the surface-normal irradiation of CO2 laser by
improving surface smooth of the microdisks without affecting the underneath
silicon post. The reflow process under the laser irradiation can lead to melting and
collapse of the silica at the disk periphery and form silica microtoroid on a silicon
chip. The ultra-high Q factor based on linewidth measurement is a challenge as
a loaded cavity Q factor is measured with coupled waveguide. In addition, WG
mode splits into doublets caused by weak back scattering in the microcavity, and
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thermal effects due to input optical power induce distortion of the resonance
peak. An intrinsic cavity Q factor of 4.3× 108 was obtained by cavity ring-down
measurement for a microtoroid cavity mode. The WG mode loss is negligible for
microtoroids with principal tori-radii larger than 15 μm, and measured Q values are
more than 108 in the wavelength of 1550-nm band. The ultra-high-Q microcavities
are especially suitable to study optical nonlinear processes, such as Raman and
Kerr nonlinearities. Under fiber evanescently coupling with a low-input power at
resonant frequency, high-mode field intensity can be stored inside an ultra-high-Q
microcavity for ultra-low-threshold fiber-compatible Raman lasers and parameter
oscillators. Furthermore, optical frequency combs were realized through cascaded
four-wave mixing process in a high Q microresonator [26].

In addition, chemically etched wedge resonators on-a-chip were fabricated using
conventional semiconductor processing, with a Q factor of 875 million surpassing
microtoroids [27]. The smoothness of wedge resonators was improved using post
exposure bake method to cure the roughness of photoresist patterns and extend the
chemically etched time to form wedge profiles for the resonator perimeter. Without
the reflow process of laser irradiation, the wedge resonators are of easy-to-control
size and can be integrated with other photonic devices.

1.4 Mode Q Factors for Semiconductor Microlasers

1.4.1 Output Efficiency and Mode Q Factor

For a microcavity laser, as shown in Figure 1.2, with a passive cavity mode Q factor
QR related to planar and vertical radiation losses 𝛼r and 𝛼v and an output coupling
loss 𝛼o, we can have a modified mode lifetime varied with a mode gain Gg as:

𝜏p = 1
vg𝛼i + 𝜔∕QR − Γvgg

, (1.1)

where G is the optical confinement factor, 𝛼i is an internal material absorption loss,
vg = c/ng is the light group speed with a group index ng, and 𝜔 is the mode angular
frequency. Mode QT factor, including the absorption loss, can be defined as:

1
QT

= 1
QR

+
𝛼ivg

𝜔
= 1

QR
+ 1

QA
. (1.2)

αi

αv

α0

αr

Figure 1.2 Scanned electron micrograph
image of a microdisk connected with an
output waveguide.
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For a silica microdisk without gain and 𝛼i ≈ 0, it is easy to measure mode Q factor
from the transmission linewidth because QT = QR. However, semiconductor lasers
usually have an absorption loss, which limited mode Q factors. Taking the absorption
loss 𝛼i = 1 and 10 cm−1, which corresponds to the magnitude of the absorption loss
for GaAs and InP system semiconductor lasers, respectively, we have mode QA factor
of 1.4× 105 and 1.4× 104 at ng = 3.5 and mode wavelength of 1550 nm.

Accounting for the internal absorption loss 𝛼i related to QA, output coupling loss
through the output waveguide 𝛼o, the vertical loss 𝛼v into the substrate, and the other
radiation loss, including scattering loss due to rough perimeter 𝛼r , we can define an
output efficiency as

𝜂 =
𝛼o

𝛼i + 𝛼o + 𝛼r + 𝛼v
=

𝛼o

𝛼o + 𝛼v + 𝛼r

QT

QR
=

𝛼o

𝛼o + 𝛼v + 𝛼r

QA

QA + QR
. (1.3)

The laser output efficiency will be very low for an ultra-high Q microcavity with
QR ≫QA. The material of low absorption loss with a high QA is important for realiz-
ing high-output efficiency for a microlaser.

1.4.2 Measurement of Mode Q Factor

The mode Q factors of a microlaser are usually measured as the ratio of mode wave-
length to the full-width at half maximum (FWHM) of the resonator peak at the
threshold. The mode linewidth is described by the Schawlow–Townes linewidth for-
mula below the threshold [28]:

Δ𝜆 = 𝜆2

2𝜋c𝜏p
= 𝜆2Γ𝛽Bn2

2𝜋cs
. (1.4)

Due to the gain-refractive index coupling effect with a linewidth enhancement
factor 𝛼 and carrier density clamping above threshold, lasing mode linewidth above
the threshold is given by the modified Schawlow–Townes linewidth formula [29]:

Δ𝜆 = 𝜆2(1 + 𝛼2)
4𝜋c𝜏p

, (1.5)

which is equal to (1.4) multiplying by a factor of (1+ 𝛼2)/2. The laser linewidth
enhancement near threshold was observed experimentally for semiconductor
microlasers [30].

The output characteristics of semiconductor microcavity lasers can be described
by the following single-mode rate equations

dn
dt

=
𝜂iI

qVa
− An − Bn2 − Cn3 − vgg(n)s, (1.6)

ds
dt

= vg[Γg(n) − 𝛼i]s −
s
𝜏pc

+ Γ𝛽Bn2, (1.7)

where s is the photon density, n is the carrier density, I is the injection current, 𝜂i
is the injection efficiency, q is the electron charge, V a is the volume of the active
region, A, B, and C are the defect, bimolecular, and Auger recombination coeffi-
cients, respectively, 𝛽 is the spontaneous emission factor, and 𝜏pc = QR/𝜔 is the
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passive cavity mode lifetime. The threshold gain of semiconductor lasers is usually
expressed as

Γg = 𝛼i +
𝜔

QRvg
, (1.8)

which is only approached in the steady state. From Eq. (1.7), we can obtain the out-
put term in steady state as

s
𝜏pc

= vg[Γg(n) − 𝛼i]s + Γ𝛽Bn2. (1.9)

The mode lifetime is determined by the passive cavity QR factor as Γg = 𝛼i from
(1.1), so the passive mode QR factor should be measured at the following condition

Γg = 𝛼i, (1.10)

instead of threshold gain of (1.8). However, it is difficult to determine the condition
of (1.10) from the curve of the output power vs. injection current.

In the following part of this section, we give numerical results of the rate Eqs. (1.6)
and (1.7). The gain coefficient is assumed to be a logarithmic function as [31]

g(n) = g0 ln
( n + Ns

Ntr + Ns

)
, (1.11)

where g0 is the material gain parameter, N tr is the transparency carrier density, and
Ns is a gain parameter. Taking the parameters as 𝜆 = 1550 nm, N tr = 1.2× 1018 cm−3,
Ns = 1.1× 1018 cm−3, mode group index ng = 3.5, 𝜂i = 0.8, 𝛤 = 0.1, A = 1× 108 s−1,
B = 1× 10−10 cm−3 s−1, C = 1× 10−28 cm6 s−1, g0 = 1500 cm−1, we numerically cal-
culate the steady solutions of Eqs. (1.6) and (1.7), and plot the output powers and
linewidths of Eqs. (1.4) and (1.5) vs. the injection current in Figure 1.3 at QR = 60 000,
20 000, and 6000, and 𝛼i = 4 cm−1, for microdisk lasers with a circular radius of
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Figure 1.3 Laser-mode linewidth and output power vs. injection current for semiconductor
microdisk lasers with 𝛽 = 10−3 at QR = 60 000, 20 000, and 6000, and 𝛼i = 4 cm−1. The three
horizontal dashed lines correspond to the FWHMs determined by the QR factors, and
vertical dotted line is at the condition of Γg = 𝛼i .
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10 μm, 𝛽 = 10−3, and a linewidth enhancement factor 𝛼 = 3. The output power is
related to the mode photon density as

P =
hvVas
Γ𝜏pc

, (1.12)

where hv is the photon energy. The FWHMs determined by the QR factors are marked
by the horizontal dashed lines. The FWHMs vary rapidly around the threshold, and
Q factor measured using the FWHM at the threshold will overestimate the passive
mode QR factor greatly.

The FWHMs at the vertical dashed line in Figure 1.3 should be used to calculate
QR factors, which is difficult to determine from measured curve of output power vs.
injection current. If the lasing mode output power can be divided into the first term
and the second term of the right side of Eq. (1.9) from lasing spectra, we can calculate
the derivative of the first term with respect to the output power and determine the
condition of Γg = 𝛼i by finding the zero of the derivative.

Finally, we present experimental results for a microdisk laser as shown in
Figure 1.1, with a radius of 8 μm and a 2-μm-wide output waveguide. The output
powers vs. injection currents at 288, 290, and 296 K are presented in Figure 1.4a
with magnified curves around threshold current in Figure 1.4b, where extrapolated
lines are plotted as dashed lines. The practical output powers are limited by heating
effect; even a thermoelectric cooler was used to control the temperature. The lasing
spectra at 288 K and 10 mA are plotted in Figure 1.4c with single-mode operation
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at 1540.3 nm. The FWHM of the lasing mode vs. the injection current at 288 K is
shown in Figure 1.4d, where the FWHMs in A and B regions divided by a vertical
solid line are directly measured using an optical spectrum analyzer at the finest
resolution of 0.02 nm, and estimated from the FWHM of the beating microwave
signal by mixing the outputs of the microdisk laser and a tunable laser [32]. The
measured FWHM of the beating microwave can be considered as the FWHM of
the microdisk laser, as its linewidth is much larger than that of the tunable laser.
The FWHMs of the lasing mode are 250, 166, 92.5, 20.8, 4.2, and 1.0 pm at 4, 4.5, 5,
5.5, 6, and 10 mA, respectively, which varies greatly around the threshold. We can
estimate mode Q factors of 1.7× 104, 7.4× 104, and 3.7× 105 from the FWHMs at the
currents of 5, 5.5, and 6 mA. The mode Q factor of 1.7× 104 measured at 5 mA, about
the intercept of the extrapolated dashed line with the current axis in Figure 1.4b,
is in agreement with that obtained by numerical simulation for two-dimensional
microcavity under effective index approximation. The agreement indicates that
the choice of the intercept current is a better approximation for measuring passive
mode Q factor than using the FWHM at the kink position of the power vs. current.

1.5 Book Overview

In this book, we present an overview of the principle, design, and application of
semiconductor microlasers, especially for directional emission microlasers based
on polygonal optical microcavities. In Chapter 2, we derive an eigenvalue equation
for multilayer complex slab optical waveguides, give an optical confinement factor
based on the relation between mode gain and material gain, and discuss the effective
index method for reducing three-dimensional (3D) waveguide to a two-dimensional
(2D) problem. In Chapter 3, we simply introduce finite-difference time-domain
method and Padé approximation with Baker’s algorithm for simulating optical
microcavities, and give some numerical results for simulating mode frequencies and
mode Q factors of microcavities and the transmission coefficient for optical micror-
ing add-drop filters. Chapter 4 presents an eigenvalue equation for 2D microdisk and
deformed and chaotic microcavity lasers for directional emission. In Chapter 5, we
summarize unidirectional emission microdisk lasers based on mode coupling due to
connection with an output waveguide, and propose to realize unidirectional emis-
sion hybrid microlaser on silicon wafer by wafer bonding using locally deformed
microring resonator. In Chapter 6, we derive analytical mode solution for equilateral
triangle resonator, and compare with numerical simulated results and lasing spectra
of fabricated devices. In Chapter 7, we present analytical-mode solution for square
microcavities and discuss the formation of high-Q coupled modes. Furthermore,
the enhancement of mode Q factors by circular-sided square microcavities is
discussed, and dual-mode lasing microlasers are designed and realized in addition
to single-mode microlasers. In Chapter 8, we discuss mode characteristics for polyg-
onal microcavities based on group theory especially for hexagonal microcavity,
and present lasing characteristics for hexagonal and octagonal and circular-sided
hexagonal microlasers. In Chapter 9, we consider the vertical radiation loss for 3D
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semiconductor microcavities with vertical semiconductor waveguiding, and discuss
lateral size limit for such microcavities due to the vertical radiation loss. In Chapter
10, we summarize nonlinear dynamics for microlasers subject to optical injection
and integrated microlasers with mutually optical injection. Finally, in Chapter 11,
we demonstrate a hybrid cavity composed of a Fabry–Pérot (FP) cavity and a square
microcavity for mode selection. Stable single-mode operation with high coupling
efficiency to a single mode fiber is realized, and controllable optical bistability is
achieved for all-optical signal processing.
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