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(57) Abstract: According to embodiments of the present invention, an optical light source is provided. The optical light source in-
cludes at least two reflectors arranged spaced apart from each other, the at least two reflectors defining an optical cavity thereb -
etween, wherein at least one reflector of the at least two reflectors includes an optical tuning element, and an optical gain medium
positioned in the optical cavity and in an optical path between the at least two reflectors, wherein the optical tuning element is con-
figured to allow tuning of light propagating in the optical cavity between the at least two reflectors and the optical gain medium in
response to an applied voltage to the optical tuning element. According to further embodiments of the present invention, an optical
transmitter is also provided.
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OPTICAL LIGHT SOURCE AND OPTICAL TRANSMITTER

Cross-Reference To Related Applications

[0001] This application claims the benefit of priority of Singapore patent application
No. 201205695-8, filed 31 July 2012, and Singapore patent application No. 201209174-0,
filed 13 December 2012, the contents of these being hereby incorporated by reference in

their entirety for all purposes.

Technical Field

[0002] Various embodiments relate to an optical light source and an optical transmitter.

Background

[0003] An optical light source is a key component for applications such as long-haul and
data-center optical communication and on-chip optical interconnection. Furthermore, for
optical communications, wavelength division multiplexing (WDM) is a key enabling
technology for optical transceivers. ‘

[0004] Over the past decades, academic and industrial researchers worldwide have been
feverishly exploring silicon (Si) photbnics as a possibie technology towards next-
generation multi-channel optical communications and optical interconnects for computer
communication (compcom). Thanks to the mature silicon Complementary Metal-Oxide-
Semiconductor (CMOS) fabrication processes and foundry process platform, various
micro- and nano-scale photonic structures can now be fabricated with high precision and
repeatability on silicon and silicon-on-insulator (SOI) wafers. However, as being widely
aware, silicon, as an indirect bandgap material, cannot émit light efficiently. While SOI is

a promising matérial platform for low-cost low-power-consumption devices for on-chip

interconnection and optical communications, yet it lacks of an efficient light source. This

means that it is required to adopt off-chip optical light source for signal transmission.
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[0005] In view of the above inefficiency, different approaches are employed, with

~ various degree of success, e.g. hybrid silicon laser using wafer bonding, germanium (Ge)-

based laser, doped silicon laser, and silicon Raman laser. Among these, hybrid optical
light source using -V bonding to silicon wafer is regarded as a promising technique.
{0006] Hybrid silicon laser using III/V-to-silicon bonding is widely accepted as the most
promising solution for on-chip optical light source. Over the past years, hybrid lasers with
different designs including Fabry-Perot cavity, distributed Bragg reflection cavity, micro-
ring cavity, etc. have been employed. For example, coarse wavelength division
multiplexing (CWDM) Si photonics link using integrated hybrid silicon lasers have been
employed with 50 Gb/s data transmission.

[0007] Nevertheless, major problems for the hybrid lasers using conveﬁtional oi)tical
caVities, even for the III-V lasers, include the weak control of the quality factor (Q) of the
laser cavities and the lack of tune-ability (tunability) of the resonance wavelength with a
fixed laser cavity. Other problems include issues relating to light coupling between the
[II-V gain medium aﬁd the silicon waveguide, which may be poor or inefficient,
difficulties in building the laser cavity, where conventional polished facet for III-V laser
is less applicable, and difficulties in controlling the laser reflectivity and emission
wavelength.

[0008] Furthermore, for conventional hybrid silicon laser for WDM applications, it is
very difficult to align the laser wavelengths to the WDM multiplexer. For example, for
conventional WDM transmitter, it is required to adjust the laser operation wavelengths to
align with the WDM channels. This is relatively difficult to be realized, eépecially for
large number of WDM channels, such as dense wavelength division multiplexing

(DWDM).

Summary

[0009] According to an embodiment, an optical light source is provided. The optical light
source may include at least two reflectors arranged spaced apart from each other, the at
least two reflectors defining an optical cavity therebetween, wherein at least one reflector

of the at least two reflectors includes an optical tuning element, and an uoptical gain
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- medium positioned in the optical cavity and in an optical path between the at least two

reflectors, wherein the optical tuning element is configured to allow tuning of light
propagating in the optical cavity between thg at least two reflectors and the optical gain
medium in response to an applied voltage to the optical tuning element. '

[0010] According to an embodiment, an optical transmitter is provided. The opfical
transmitter may include a first reflector, at least one second reflector arranged spaced
apart frdm the first reflector, the first reflector and the at least one second reflector
defining an optical cavity therebetween, a multipléxer element arranged in the optical
cavity, the multiplexer element including a first port, and at least two second ports,
wherein a respective second port of the at least two second ports is associated with a
respective channel wavelength, wherein the multiplexer element is conﬁgﬁred to réceive
light on each of the at least two second ports and to provide light at the respective channel
wavelength to the first port based on the respective received light, and wherein the
mulﬁple;(er element is further configured to transmit the light at the respectivé channel
wavelengths from the first port, and at least two optical gain media positioned in the
optical cavity, wherein a respective optical gain medium of the at least two optical gain
media is in-a respective optical path between the respective second port and the at least
bhe‘second reflector, the respective optical gain medium configured to emit light to be
received by the respective second port, the light including the respective channel
wavelength, wherein the at least one second reflector is configured to reflect light from
thé at least two optical gain media, and wherein the first reﬂectdr is configured to reflect
at least a portion of the light at the respective channel wavelengths transmitted from the
first port to the at least two optical gain media, so as to cause lasing in the optical cavity

at the channel wavelengths.

" Brief Description of the Drawings

[0011] In the drawings, like reference characters generally refer to like parts throughout
the different viéws. The drawings are not necessarily to scale, emphasis instead generally

being placed upon illustrating the principles of the invention. In the following
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description, various embodiments of the invention are described with reference to the

bfollowing drawings, in which:

[0012] FIG. 1A shows a schematic block diagram of an optical light source, according to
various embodiments.

[0013] FIG. 1B shows a schematic block diagram of an optical transmitter, according to
various embodiments.

[0014] FIG. 2A shows schematic views of different designs of optical light sources
incorporating at least one feedback loop with a directional coupler (DC), according to
various embodiments. |

[0015] FIG. 2B shows schematic views of different designs of optical light sources
incorporating at least ohe feedback loop with a Mach-Zehnder interferometer (MZI),
acéording to various embodiments.

[0016] FIG. 3 shows a schematic view of a loop mirror, according to various

embodiments.

'{0017] FIG. 4 shows a schematic partial perspective view of the optical light source of an

embodiment of FIG. 2A.

[0018] FIG. 5A shows a schematic partial perspective Qiew of the optical light source of
an embodiment of FIG. 2A. _

[0019] FIG. 5B shows a cross sectional view of the optical light source taken along the
line A-A’ shown in FIG. 5A.

[0020] FIG. 5C shows a cross sectional view of the optical light source taken along the

line B-B’ shown in FIG. 5A.

’ [0021] FIG. 5D shows a cross-sectional side view of the optical light source of the

embodiment of FIG. SA.

[0022] FIG. SE shows a schematic partial perspective view of an optical light source,
according to various embodiments.

[0023] FIG. 5F shows a cross sectional view of the optical light source taken along the
line C-C’ shown in FIG. SE.

[0024] FIG. 5G shows as cross-sectional views, various processing stages of forming a

reflector, according to various embodiments.
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- [0025] FIG. 6A shows optical microscope images of an indium phosphide (InP) wafer

bonded to a silicon (Si) wafer.

[0026] FIG. 6B shows a C-mode scanning acoustic microscope (C-SAM) 1mage of an
indium phosphide (InP) wafer bonded to a silicon (S1) wafer.

[0027] FIG. 6C shows transmission electron microscope (TEM) imagés of a cross éecﬁon
of an indium phosphide (InP) wafer bonded to a silicon (Si) wafer.

[0028] FIG. 7A shows a set-up for measurements of a tunable reflector.

[0029] FIG. 7B shows a plot of measured transmission and reflection responses obtained
based on the set-up of FIG. 7A. '

[0030] FIG. 8A shows a set-up for measurements of light emission based on the tunable
reflector of FIG. 7A. ' v' |
[0031] FIG. 8B shows a plot of measured light emission obtained based on the set-up of
FIG. 8A. '

[0032] FIG. 8C shows a plot illustrating an enlarged view of a peak wavelength of the

* measured light emission of FIG. 8B.

[0033] FIG. 9 shows plots of measured light emission obtained based on the set-up of
FIG. 8A, for different electrical power supplies.

[0034] FIG. 10A shows schematic views of different designs of optical light sources
incorporating at least one microring-coupled Y-splitter, according to various
embodiments. '

[0035] FIG. 10B shows schematic views of different designs‘of optical light sources
incorporating at least one microring-coupled Mach-Zehnder interferometer (MZI),
according to various embodiments. '

[0036] FIG. 11 shows a schematic block diagram of an optical transmitter, according to

various embodiments.

[0037] FIG. 12 shows schematic views of different designs for a tunable reflector,
according to various embodiments.

[0038] FIG. 13A shows échematié views of different designs for a microring resonator
based multiplexer element, according to various embodiments.

[0039] FIG. 13B shows an operation of the dual-microrihg multiplexer element of the

embodiment of FIG. 13A.
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[0040] FIG. 13C shows schematic views of different de51gns for a multlplexer element,

according to various embodiments. ‘

[0041] FIGS. 14A to 14C show schematic views of optical transmitters, according to
various embodiments. .

[0042]) FIG. 15A shows a set-up for measurements of Iight emission based on a funoble
MZI-ring reflector, according to various embodiments.

[0043] FIG. 15B shows plots of measured light emission obtained based on the set-up of
FIG. 15A. )

[0044) FIG. 16A shows a set-up for measurements of an optical transrﬁitt_er.

[0045] FIG 16B shows plots of WDM spectra obtained based on the set-up of FIG. 16A.

Detailed Descﬁption

[0046] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
sfmotural, logical, ‘optical and electrical changes méy be made without departing from the
scope of the invention. The various embodiments are not necessarily mutually exclusive,
as some embodiments can be combined with one or more other embodiments to form

new embodiments.

-{0047] Embodiments deécribed in the context of one of the devices may be analogously

- valid for the other device.

[0048] Features that are described in the context of an embodiment may correspondingly
be applicable to the same or similar featufes. in the other embodiments. Features that are
described in the context of an embodiment may correspondingly be applicable to the
other embodiments, even if not explicitly described in these other embodiments.
Furthermore, additions and/or combinations and/or alternatives as described for a feature
in the context of an embodiment may correspondmgly be applicable to the same or

similar feature in the other embodlments
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[0049] In the context of various embodiments, the articles “a”, “an” and “the” as used
with regard to a feature or element includes a referenée to one or more of the features or
elements. |

[0050] In the context of various embodiméﬁts, the phrase “at least substantially” may
include “exactly” and a reasonable variance. V

[0051] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance.

[0052] As used herein, the term “and/or” includes any and all combinations of one or

more of the associated listed items.

[0053] As used herein, the phrase of the form of “at least one of A or B” may include A

or B or both A and B. Correspondingly, the phrase of the form of “at least one of A or B
or VC”, or including further listed items, may include any and all combinations of one or
more of the associated listed items.

[0054] Various embodiments may relate to fields including silicon (Si) photonics (e.g. Si
nano/micro-photonics), optical communication system, and data center/on-chip optical
interconnect.

[0055] Various embodiments may provide an optical cavity or a laser cavity with tunable
réﬂéctivity. Various embodiments may provide tunable hybrid silicon (Si) lasers or light |
sources. Various embodiments may provide silicon passive laser cavity with tunability.
[0056] Various embodiments may'rclate to the design of hybrid optical light sources
including a silicon waveguide for laser cavity and a III-V bondihg layer which may serve
as a gain fnedium for the laser cavity. The silicon waveguide structure may include one or
more tunable loop reflectors or microring resonators that may serve as the laser cavity. In
various embodiments, the tunable loop reflector may be' made of a directional coupler, a
Mach-Zehnder interferometer (MZI), or a microring structure, and with a control system
or device. The control device may be a low-speed thermo-optical device or a high-speed
optical-electrical device. In various embodiments, the tunable microring may serve as a
resonance wavelength selector. _

[0057] Various embodiments may address issues or disadvantages associated with
conventional hybrid lasers by combining III-V material on silicon (Si) and with Si-

phoionic circuit to provide the needed reflectivity and tunablity. Various embodiments
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may provide designs for optical liéht sources with controllable cavity reflectivity, which
may increase the quality factor value (Q-ya]ue) and/or tunable resonator resonances. The -
optical cavity of 'the laser cavity may be designed for hybrid optical light sources (e.g.
hybrid silicon lasers) with tunable reflectivity and cavity resonances for easy control of
on-chip hybrid laser properties (e.g. for at least one of laser threshold or lasing
wavelength). Silicon-on-insulator (SOI) processes may'be employed fo implement or
fabricate the optical light sources of various embodiments. '

[0058] Various embodiments may provide an optical light source with at least two
reflectors. In various embodiments, any one of or each of the reflectors may include a
feedback loop or a loop mirror. Any one of or each of the loop mirrors rhay be coupled
with a directional coupler (DC) or-a Mach-Zehnder interferometer (MZI). At least oﬁe_ of
thé loop mirrors may be a tunable loop mirror. In various embodiments, any one of or
each of the reflectors may include a microring-coupled Y-splitter or a microring-coupled
Mach-Zehnder interferometer. By incorporating a tunable loop mirror, or a microring as a
resonator, the optical light source may be provided with a tuning function, with easy ,
extension to Q-switched laser, and mode-locked laser. The optical light source of various
embodiments may be a hybrid, incorporating III-V material (e.g. indium phosphide (InP))
on silicon (Si).

[0059] As compared to conventional optical laser cavities without tunability or tuning
function, e.g. the Fabry-Perot cavity formed by polishing, the Distributed Bragg reflectors
(D‘BR)_cavity, etc., the optical light source (e.g. hybrid laser) of various embodiments
may have a tunable optical cavity which may allow tunability of optical properties of the
optical light source. In addition, the tunable optical cavity of various embodiments may
be directly applicable to advanced laser sources, e.g. Q-s&itched»}asers, mode-locked
lasers, etc. |

[0060] Various embodiments of the optical light source may be provided with one or

.. more output waveguides, from which light may be transmitted or outputted. The optical

light source may allow easy coupling with fiber or other integrated waveguide(s). The

' opticél light source may have a simple structure, with tuni_ng function. The optical light

source may have a small size.
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[0061] The optical light source of various embodiments may be employed in various
applications, for example as an optical communication light source, an optical
communication tfansceiver, or an on-chip optical interconnect. The optical light source of
various embodiments may also be employed in applications relating to green data center,
Q-switched laser, mode-locked laser, and ultra-short pulse laser.

[0062] Various embodiments may also provide an optical transceiver or an optical
transmitter, for example a hybrid optical transmitter. The optical transmitter may be a
WDM transmitter, e.g. a hybrid silicon (Si) WDM self-aligned. transmitter. Various
embodiments may also provide a wavelength self-aligned WDM optiéal transceiver, e.g.
a WDM transceiver in silicon chip.

[0063] Various embodiments of the optical transceiver or opfical transmitter may iriclude
an.optical light source having an optical cavity (e.g. laser cavity). The light source may
include or may be formed by using hybrid integration of Si and III-V material. The III-V
material may be bonded on top of the Si chip and may serve as a gain material. The
optical cavity may be defined by one or more tunable reflectors and a WDM multiplexer
element (MUX) may be arranged in the optical cavity. The tunable reflector(s) may serve
as a tunable mirror for mirror reflection with tunable reflectivity. The WDM MUX may
serve as a multiplexer as well as a cavity mode selector. Furthermore, the WDM MUX
may also serve as a demultiplexer. -

[0064] The optical transmitter of various embodiments may self-align the WDM laser
wévcle_ngths to the WDM MUX channels, which may address issues or disadvantages
associated with conventional transmitters. For-example, the optical transmitter of various
embodiments may potentially address or solve the wavelength misalignment problem
between the WDM light source and the WDM MUX associated with conventional
transmitters. Furthermore, the optical transmitter of various embodiments may provide
cost effective solutions for WDM optical transceivers.

[0065] Various embodiments may provide an optical transmitter (e.g. a hybrid WDM
transmittér) with‘wavelehgth self-alignment. In various embodiments, by embedding a
WDM multiplex_er element (WDM MUX) into a laserAcavity of the hybrid WDM
transmitter for wavelength selection, the WDM laser wavelength and the WDM channel

may be self-aligned. Thg WDM multiplexer'may serve as a light combiner, as well as a
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lasing mode selector, such that only the wavelengths that at least substantially align with

| the WDM wavelengths may lase. Various embodiments of the optical transmitter may be

widely used for WDM optical communication.

[0066] Various embodiments may provide one or more of the following : (1) a tunable
reflector structure; (2) a simple structure for building an on-chip low-loss optical cax}ity;
(3) easy control of cavity reflectivity and the control of cavity Q-values, and thus the
threshold; (4) tunable resonance wavelength, for tunable emission wavelength; (5) a
structure combining an optical light source (e.g. WDM light source) and a multiplexer
element (e.g. WDM MUX); (6) simple fabrication process; (7) planar integration, with
CMOS compatible fabrication; (8 structures that may be directly applicable for advanced
laser sources, such as Q-switched laser, mode-locked laser, and so forth; (9) pofential
lafge-scale photonic integration with other optoelectronic devices; (10) cost effectiveness.
[0067] FIG. 1A shows a schematic block diagram of an optical light source 100,
according to various embodiments. The optical light source 100 may include at least two
reflectors 104 arranged spaced apart from each other, the at least two reflectors 104
defining an optical cavity 102 therebetween, wherein at least one reflector 104 of the at
least two reflectors 104 includes an optical tuning element 106, and an optical gain
medium 108 positioned in the optical cavity 102 and in an optical path between the at.
least two reflectors 104, wherein the optical tuning element 106 is configured to allow
tuning of light propagating in the optical cavity 102 between the at least two
reflectors 104 and the optical gain medium 108 in reéponse to an applied voltage to the
optical tuning element 106. The line represented as 110 is illustrated to show the
relationship between the at least two reflectors 104, the optical tuning element 106 and |
the optical gain medium 108, which may include electrical coupling and/or mechanical
coupling and/or optical coupling. A

[0A068] In other words, the optical light source 100 may include at least two
reflectors 104, for example a first reflector and a second reflector, which may be arranged

spaced apart from each other. The optical light source 100 may include an optical

cavity 102 defined by the at least two reflectors 104. This may mean that each of the at

least two reflectors 104 may define a respective boundary of the optical cavity 102. A
light propagating within the optical cavity 102 may be reflected by the at least two

10



10

15

20

25 -

30

WO 2014/021781 PCT/SG2013/000321

reflectors 104.. The optical light source 100 .may further include an optical gain

" medium 108 arranged in the optical cavity 102 and in an optical path between the at least

two reflectors 104. This may mean that the optical gain medium 108 may be provided or
integrated on the same chip incorporating the optical light source 100, meaning an on-
chip optical gain medium 108. The optical gain medium may provide optical gaih fbr a
light propagating within the optical cavity 102. This may mean that a light propagating
within_ the optical cavity 102 may be reflected by the at least two reflectors 104 and may
pass through the optical gain medium 108, one or more times, where the light may be
amplified. The at least two reflectors 104 and the optical gain medium 108 may cooperate
to cause lasing within the optical cavity 102. Therefore, the optical cavity 102 may act as
a laser cavity or lasing cavity that may enable amplification of light within the dptipal

ca\}ity 102. The light, which may have been amplified, may exit or be transmitted via at

least one of the at least two reflectors 104. In various embodiments, at least one

reflector 104 of the.at least two.reflectors 104 may include an optical tuning element 106,
where a voltage applied thereto may control the optical tuning element 106 to allow
tuning of light propagating in the optical cavity 102 between the at least two
reflectors 104 and the optical gain medium 108, for example, as a result of a change in
the reflectivity of the reflector 104 incorporating the optical tuning element 106.

[0069] In various embodiments, the optical tuning element 106 may be integrated with
the optical light source 100. In the context of various embodiments, the optical tuning
element 106 may be integrated with the at least one reflector 104 of the at least two
reflectors 104. This may mean that the optical tuning element 106 may be integrated on
the same chip incorporating the optical light source 100, meaning an on-chip optical
tuning element 106.

[0070] In various embodiments, each of th¢ at least two reflectors 104 may include a
respective optical tuning element 106. This may provide a higher degree of tunability for
tuning of the light propagating in the optical cavity 102.

[0071] In various’ embodiments, any one of or each of the at least two reflectors 104 may
include a feedback loop. The feedback loop may form part of the optical tuning
element 106. Thé feedback loop may be in the form of a waveguide (e.g. a planar

waveguide), for example a silicon (S1) waveguide.

11



10

15

20

25

30

WO 2014/021781 PCT/SG2013/000321

[0072] In various embodiments, the optical tuning element 106 may be controlled by a
thermo-optical device. or an electro-optic device. The thermo-optical device or the
electro-optic device may be part of the optical tuning element 106.

[0073] In various embodiments, the optical tuning element 106 may include a reﬂectiyity
tuning element or a cavity resonance tuning element.

[0074] In various embodiments, by incorporating a reflectivity tuning element, an optical
light source 100 with tunable reflectivity may be provided, which may provide lasing
threshold optimization. In various embodiments, the reflectivity tuning element may tune
a reflectivity of the reflector 104 having the optical tuning element 106. ,

[0075] In various embodiments, by incorporating a cavity resonance tuning element, an
optical light source 100 with tunable cavity resonances may be provided, which may
prdvide controllable emission wavelength. This may mean that the wavelength of the
light that is emitted by the optical light source 100 may be controlled. In various
embbodiments, the cavity resonance tuning element may act as a cavity selector or
resonance wavelength selector for selecting the cavity resonance or cavity mode
propagating in the optical cavity 102 and to be emitted.

[0076] In the context of various embodiments, the reflectivity tuning element may
include a feedback loop, and a directional coupler (DC) or a Mach-Zehnder
interferometer (MZI). In various embodiments, the directional coupler or the Mach-
Zehnder interferometer may be coupled to the feedback loop, e.g. including optical
coupling. In various embodiments, the directional couple‘r. or the Mach-Zehnder
interferometer, for example, may allow coupling of energy between two optical lines or
waveguides arranged sufficiently close together. This may mean that energy passing
through one line may be coupled to the other line. In various embodiments, the feedback
loop may include silicon, silicon nitride, or'silicon oxide. In various embodiments, the
feedback loop may be in the form of a waveguide (e.g. a planar waveguide), for example
a silicon (Si) waveguide. '

[0077] In the context of {/arious embodiments, the cavity resonance tuning element may
include a microresonator-coupled Y-splitter or a microresonator-coupled Mach—Zehnder

interferometer. The microresonator may be coupled between two arms of the Y-splitter or

12
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two arms of. the Mach-Zehnder interferometer. In various embodiments, the
microresonator may include a microring, a microdisk, 6r any other types of resonator.
{0078] In varioué embodiments, at least one reflector 104 -of the at least two
reflectors 104 may be configured to allow light to exit from the optical' light source 100.
In embodiments where one reflector 104 of the at least two reflectors 104 rhay be
configured to allow light to exit, the optical light source 100 may be configured to
provide uni-directional light emission. In embodiments where two reflectors 104 of the at
least two reflectors 104 may. be configured to allow light to exit, the optical light
source 100 may be configured to provide bi-directional light emission.

[0079] In the context of various embodiments, the optical light source 100 may further '
include a waveguide (e.g. a planar waveguide), for example a silicon (Si) waveéuide,
opfically coupled between the at least two reflectors 104. In this way, the waveguide may
define the optical path BetWeen the at least two reflectors 104. In various embodiments,
the 6ptical gain medium 108 may be positioned.over the waveguide. This may mean that
the optical gain medium 108 may be arranged over or on the wavéguide, for example
bonded directly on the waveguide. The optical 'gai'n medium 108 may be 'arranged
adjacent to the waveguide, or in a vicinity of the waveguide, sufficiently close so as to
ailoiv coupling of light between waveguide and the optical gain medium 108. In further -
embodiments, the optical gain medium 108 may be positioned at least substantially along
the same plane as the waveguide. ,

[0080] In various embodiments, the optical gain medium 10_8 may be configured to
receive energy from an external source (e.g. a pump source) so as to provide an initial
light to the at least two reflectors 104 and to subsequently amplify a reflected light
propagating there-between the at least’ two reflectors '104. The external source may
include a voltage supplier as current injection light source or external photons as optical
pumping light source.

[0081] In the context of ya;ious embodiments, the optical gain medium 108 may include
a ITI-V bonding layer or a material configured to provide the gain.

[0082] In the context of various embodiments, the optical gain medium 108 may include
a III-V material, for example in the form of a III-V bonding liayer. In the context of

various embodiments, the III-V material may include but not limited to aluminium
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gallium arsenide (AlGaAs), aluminium gallium indium p_hosphide (AlGalnP), aluminium
gallium nitride (AlGaN), aluminium gallium 'phosphide (AlGaP), aluminium
nitride (AIN), ahiminium phosphide (AIP), boron nitride (BN), boron phosphide (BP),
gallium arsenide (GaAs), gallium arsenide phosphide (GaAsP), gallium nitride (GaN),
gallium phosphide (GaP), indium gallium arsenide (InGaAs), indium gallium
nitride (InGaN), indium gallium phosphide (InGaP), indium nitride (InN), or indium
phosphide (InP). '
[0083] In the context of various embodiments, the optical gain medium 108 may include
a multiple quantum well (MQW) region. ‘

[0084] In the context of various embodiments, the optical light source 100 may be a
hybrid optical light source, for example a hybrid laser. As a non-limiting examplé, the
opﬁcal light source 100 may be a hybrid III-V/silicon optical light source or laser.

[0085] FIG. 1B shows a schematic block diagram of an optical transmitter (or an optical
tranéceiver) 140, according to various embodiments. The optical transmitter 140 includes
a first reflector 144, at least one second reflector 146 arranged spaced apart from the first
reflector 144, the first reflector 144 and the at least one second reflector 146 defining an
optical cavity 142 therebetween, a multiplexer element 148 arranged in the optical
cavity 142, the multiplexer element 148 including a first port 150, and at least two second
ports 152, wherein a respective second port 152 of the. at least two second ports 152 is
associated with a respective channel wavelength, wherein thc multiplexer element 148 is
configured to receive light on each of the at least two second ports 152 and to provide
light at the respective channel wavelength tothe first port 150 based oﬁ the respective
received light, and wherein the multiplexer element 148 is further configured to transmit
fhe light at the respective channel wavelengths from the first port 150, and at least two
optical gain media 154 positioned in the optical cavity 142, wherein a respective optical
gain medium 154 of the at least two optical gain media 154 is in a respective optical path
between the respective second port 152 and the at least one second reflector 146, the |
respective optical gain inedium 154 configured to emit light to be received by the
respective second port- 152, the light including the respective channel wavelength,
wherein the at least one second reflector 146 is configured fo reflect light from the at least

two optical gain media 154, and wherein the first reflector 144 is configured to reflect at
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- least a portion of the light at the respective channel wavelengths transmitted from the first

port 150 to the at least two optical gain media 154, $0 as to cause lasing in the optical
cavity 142 at tHe channel wavelehgths. The line répresented as 160 is illustrated to show
the relationship between the first port 150 and the at least two second ports 152 of the
multiplexer element 148, which may include mechanical coupling and/or optical
coupling, while the line represented as 162 is illustrated to show the relationship between
the first reflector 144, the at least one second reflector 146, the multiplexer element 148
and the at least two optical gain media 154, which may include electrical coupling and/or
mechanical coupling and/or optical coupling. |

[0086] In other words, the optical transmitter 140 may include a first reflector 144 and at
least one second reflector 146, which may be arranged spaced apart from each othef. The
op{ical transmitter 140 may include an optical cavity 142 defined by the first
reflector 144 and the at least one second reflector 146. This may mean that the first
reflector 144 and the at least one second reflector 146 may define a respective boundary
of the optical cavity 142. A light propagating within the optical cavity 142 may be
reflected by the first reflector 144 and the at least one second reflector 146.

[0087] The optical transmitter 140 may further include a multiplexer element (MUX) 148
afrahged or embedded in the optical cavity 142. The multiplexer element 148 may
include a first port (e.g. output port) 150 and at least two second ports (e.g. input
ports) 152. The first port 150 and the at least two second ports 152 may be provided on
the same side or on diffe.rent sides (e.g. opposite sides) of the multiplexer element 148.
The multiplexer element 148 may have at least two channels or optical channels, where a
respective channel may be associated with a respective second port 152. A respective
channel may be associated with a respective channel wavelength. |

[0088] The optical transmitter 140 may further include at least two optical gain

" media 154 positioned in the optical cavity 142, wherein a respective optical gain

medium 154 may be arranged in a respective optical path between a réspective second
port 152 of the multipleker element 148 and the at least one second reflector _146. This
may mean that the at least two optical gain media 154 may be provided or integrated on
the same chip incorporating the optical transmitter 140, meaning on-chip optical gain

media 154. A respective optical gain medium 154 may emit light to be received by a
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respective second. port 152, where the light may have or include a range of wavelengths
including the channel wavelength associated with the respective second port 152, e.g. a
light having a spéctrum spanning across a plurality of wavelengths including the channel
wavelength. In other words, the respective optical gain medium 154 may emit light across
a range of wavelengths, where the light includes a portion thereof at or havihg the
channel wavelength associated with the respective second port 152. A respective optical
gain medium 154 may provide a respective optical gain within the optical cavity 142,
[0089] Each second port 152 of the multiplexer element 148 may receive light from the
respectiVe optical gain medium 154, where the multiplexer element 148 may then provide
light at the respective channel wavelength to the first port 150 based on the respective
received light, so that the multiplexer element 148 may transmit light at the reépé:ctive
channel wavelengths from the first port 150. This may mean that the multiplexer
element 148 may be configured to filter the light including the respective channel
wavélength, received on each of the at least two second ports 152, so as to provide light
or filtered light at the respective channel wavelength to the first port 150 for transmission
therefrom.

[0090] The at least one second reflector 146 may reflect light from the at least two optical
géiri media 154, for example back to the at least two optical gain media 154. The first
reflector 144, which may be a partial reflector, may reflect at least a portion of the light at
the respective channel wavelengths transmitted from the first port 1_50 to the at least two
opﬁca;l_ gain media 154, so as to cause lasing in the optical cévity 142 at the channel
wavelengths. This may mean that light of a respeétiVe channel wavelength propagating
within the optical cavity 142 may be reflected by the first reflector 144 and the at least
one seéond reflector 146 and rﬁay pass throuéh a respective optical gain medium 154, one
pf more times, where the light may be amplified. The first reflector 144 and the at least
one second reflector 146 and the at least two optical gain media 154 may cooperate to
cause fas_ing within the optical cavity 142. Therefore, the optical cavity 142 may act as a
laser cavity or ldsing cévity that may enable ainpliﬁcation of light within the optical
ca'vify 142. ' _ _

[0091] In various embodiments, the multiplexer element 148 may function as a cavity or

lasing mode selector, meaning that the multiplexer element 148 may be configured for
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" the selection of the cavity or lasing modes. This may mean that the multiplexer

element 148 may select the lasing wavelengths, where the lasing wavelengths may be
aligned or self-aligned to the channel wavelengths associated with the multiplexer
element 148.

[0092] In various embodiment, the first reflector 144, the at least one second

reflector 146 and the at least two optical gain media 154 may form an optical light source

as part of the optical transmitter 140.

[0093] In various embodiments, the first reflector 144 may reflect at least a portion of
light transmitted from the first port 150 through the multiplexer e_lefnent 148 to the at
least two optical gain media 154.

[0094] In various embodiments, each optical gain medium 154 may provide or emit light
of .wavelengths different from that of the other optical gain medium 154. In various

embodiments, each optical gain medium 154 may provide or emit light of wavelengths, a

\port‘ion-of which may overlap with that of the other optical gain medium 154.

[0095] In various embodiments, the at least one second reflector 146 may mean two or
more second reflectors 146. Therefore, the optical transmitter 140 may include a plurality
of second reflectors 146 arranged spaced apart from the first reflector144, wherein the
réspéctive optical gain medium 154 may be arranged in a respective optical path between
the respective second port 152 and a respective second reflector 146 of the plurality of
second reflectors 146. _

[0096] In various embodiments, at least one of the first reflector 144 or the at least one
second reflector 146 may include an optical tuning element, wherein the optical tuning
element may be configured to allow tuning of light propagating in the optical cavity 142
in response to an applied voltage to the optical tuning element. This may mean that a
voltage applied to the optical tuning elemen_t'may control the optical tuning element to
allow tuning of light propagating in the optical cavity 142 between the the first
reflector 144 and the at least one second reflector 146, for example as a result of a change
in the reflectivity of the reflector incorporating the optical tuning element.

[0097] In various embodiments, the optical tuning element may be integrated with the
optical transmitter 140. In thé context of various embodiments, the optical tuning element

may be integrated with at least one of the first reflector 144 or the at least one second
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reflector 146. This may mean that the optical tuning element may be integrated on the
same chip incorporating the optical transmitter 140, ineaning an on-chip optical tuning
element. |

[0098] In various embodiments, each of the first reflector 144 and the at least one second
reflector 146 may include an optical tuning element. This may provide a higher degree of
tunability for tuning of the light propagating in the optical cavity 142.

[0099] In embodiments having a plurality of second reflectors 146, any one of or each of
the plurality of second reflectors 146 may include an optical tuning element. .
[0100] In various embodiments, each second reflector 146 may include a feedback loop.
The feedback loop may form part of an opfical tuning element. The feedback loop may be
in the form of a waveguide (e.g. a planar waveguide), for example a silicori (S1)
waQeguidp.

[0101] In various embodiments, the optical tuning element may be controlled by a
therfno-optical ‘device or an electro-optic device. The thermo-optical device or the
electro-optic device may be part of the optical tuning element.

[0102] In various embodiments, the optical tuning elerﬁent may include at least one of a
feedback loop and either a directional coupler (DC) or a Mach-Zehnder interferometer
(MZI), a microresonator-coupled Y-splitter, or a microresonator-coupled Mach-Zehnder .
interferometer (MZI). }
[0103] In various embodiments of the optical tuning element, the feedback loop may be
coﬁplecj, including optical coupling, to the DC or the MZI, and which may collectively
form a reflectivity tuning element. In this way, a tunable loop reflector/mirror or a
tunable MZI loop reflector/mirror may be respectively provided. In various embodiments,
by incorporating a reflectivity tuning element, anA optical transmitter 140 with tunable
reflectivity may be provided. In various embodiments, the reflectivity tuning element
may tune a reflectivity of the reflector having the optical tuning element.

[0104] In various embodiments, the directional couplf;r or the Mach-Zehnder
interferometer, for examﬁle, may allow coupling of energy between two. optical lines or
wavgguides arranged sufficiently close together. This may mean that energy passing
through one line may be coupled to the other line. In various embodiments,.the feedback

loop may include silicon, silicon nitride, or silicon oxide. In various embodiments, the
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feedback loop may be in the form of a waveguide (e.g. a planar waveguide), for example

a silicon (Si) waveguide.
[0105] In various : embodiments, the microresonator-coupled Y-splitter or the
microresonator-coupled Mach-Zehnder interferometer (MZI) may be a cavity resonance

tuning element. In this way, a tunable microresonator reflector/mirror may be provided.

- In various embodiment, the microresonator may be coupled between two arms of the Y-

splitter or two arms of the Mach-Zehnder interferometer. In various embodiments, the
microresonator may include a microring, a microdisk, or any other types of resonator. In
various embodiments, by incorporating a cavity -resonance tuning element, an optical

transmitter 140 with tunable cavity resonances may be provided.
N

’ [0106] In various embodiments, the multiplexer element 148 may include at least o'ne> of

a microresonator-based multiplexer arrangement, an arrayed waveguide grating (AWG)
or a concave grating.
[0107] In various embodiments, the microresonator-based multiplexer arrangement may

include at least one of a plurality of microrings, wherein a respective microring of the

| plurality of microrings may be optically coupled to- the respective optical gain

medium 154, or a plurality of pairs of microrings, wherein a respective pair of microrings
of the plurality of pairs of microrings méy be optically coupled to the respective optical
gain medium 154.- | _
[0108] In the context of various embodiments, the optical transmitter 140 may further
inélude__ a plurality of wavéguides (e.g. a plurality of planar wax)eguides), for example a
plurality of silicon (Si) waveguides. A respective waveguide of the plurality of
waveguides may be optically coupled between the respective second poft 152 and the at
least. one second reflector 146. In this way, a respective waveguide may define a
respective optical path between the respective second port 152 and the at least one second
reflector 146. In various embodiments, a respective optical gain medium 154 méy be
positioned over a réspectjve waveguide. This may mean that the respective optical gain
medium 154 may be arranged over or on the respective waveguide, for example bonded
direcﬂy on the respective waveguide. The respective optical gain medium 154 may be

arranged adjacent to the waveguide, or in a vicinity of the waveguide, sufficiently close
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so as to allow coupling of light between the respective waveguide and the respective
optical gain medium 154. 7

[0109] In various embodiments, the at least two optical gain media 154 may be
configured to receive energy from an external source (e.g. a pump source) so as to
provide an initial light propagating within the optical cavity 142. The external source fnay
include a voltage supplier as current injection light source or external photons as optical
pumping light source. -

[0110] In the context of various embodiments, any one of or each of the at least two
optical gain media 154 may include a III-V material, for example in the form of a III-V
bonding layer, or a material configured to provide the gain.

[0111] In the context of various embodiments, the III-V material may include but not
limited to aluminium gallium arsenide (AlGaAs), aluminium gallium indium
phosphide (AlGalnP), aluminium gallium nitride (AlGaN), aluminium gallium
phosphide (AlGaP), aluminium nitride (AIN), aluminium phosphide (AIP), boron
nitride (BN), boron phosphide (BP), gallium arsenide (GaAs), gallium arsenide
phosphidé (GaAsP), gallium nitride (GaN), gallium phosphide (GaP), indium gallium
arsenide (InGaAs), indium gallium nitride (InGaN), indium gallium phosphide (InGaP),
indium nitride (InN), or indium phosphide (InP).

[0112] In the context of various embodiments, any one of or each of the at least two
optical gain media 154 may includé a multiple quantum well (MQW) region.

[0113] In the context of various embodiments, the mutiplexer element 148 may be a
wavelength division multiplexing multiplexer element (WDM MUX).

[0114] In the context of various embodiments, the optical transmitter 140 may be a
wavelength division multiplexing (WDM) transmitter, e.g. a hybrid WDM transmitter.
[0115] It should be appreciated that one or more features or components as described in
the context of the optical transmitter 140 that may be similarly present in the optical light
source 100 may be as described in the context of the similar or like features or
components in the opticai light source 100. |

01 16] Various embodiments may provide optical light sources (e.g. hybrid lasers) with
tunable mirror reflectivities, which may be formed by different combinations of one or

more basic elements, which may act as a reflector, e.g. a feedback loop with a directional
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D4

~ coupler (DC) and/or a feedback loop with a Mach-Zehnder interferometer. The optical

cavities of the optical light sources of various embodiments may lay in a silicon layer and
formed by differént combinations of the basic elements. By integrating either a thermo-
optical device or an electro-optical device into the DC or the MZI, the DC or the MZI
may be thermo-optically tuned or electro-optically tuned, which may allow the reﬂecfion
of the feedback loop and therefore the reflector to be changed and controlled. By using
various configurations, either uni-directional emission optical light sources or lasers, or
bi-directional emission optical light sources or lasers, may be obtained. _
[0117] FIG. 2A shows schematic views of different désigns of optical light sources (e.g.
hybrid lasers) incorporating at least one feedback loop with a directional coupler (DC),
according to various embodiments: o .- A
[0118] FIG. 2A shows an arrangement 200 for a feedback loop with a DC, which may
form a reflector or loop mirror 202, or part of a reflector, for the optical light source of
various embodiments. The reflector 202 may include a feedback loop 204 which may be
formed into two arms (please refer to FIG. 3 for detailed view of a loop mirror) and
coupled to a DC 206, which subsequently may be coupled with a first waveguide (e.g.
input waveguide; silicon waveguide) 208a and a second waveguide (e.g. output
Wavéguide; silicon waveguide) 208b. In various embodiments, the feedback loop 204
with the DC 206, the first waveguide 208a and the second waveguide 208b may be a
continuous waveguide structure, e.g. formed from a single waveguide.

[0119] Light may be provided into the first waveguide 208a towards the reflector 202,
where a portion of the light may be reflected by the reflector 202 back through the first
waveguide 208a, and a portion of the light may be transmitted by the reflector 202 i_nto
the second waveguide 208b. The double-headed arrow 210a illustrates the propagation
directions of light through the first waveguide 208a, which may be bi-directional, while
the arrow 210b illustrates the propagation direction of light through the second
waveguide 208b, which may be uni-directional.

[0120] In various embodimehts, a thermo-optical device or electro-optical device, as an
opticél tuning element or as part of an optical tuning element, may be integrated with the
DC 206, for céntrolling the reflection of the reflector 202 or the feedback loop 204. This -

may mean that the optical tuning element may function as a reflectivity tuning element.
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As a non-limiting example based on a thermo-optical device; the thenho-optigal device
may include one or more heaters, e.g. a first heater 2 12a and a second heater 212b.

tOlZl] FIG. 2A élso shows an arrangement for an optical light source 220. The optical
light source 220 may include an optical cavity 222 defined by the reflector 202, which
may be as described above in the context of the arrangement 200, and anofher
reflector 224 arranged spaced apart from the reflector 202. The reflector 224 may include
a feedback loop 226. The first waveguide 208a may be coupled to the reflector 224; or
may be formed into the feedback loop 226. The optical light source 220 may further
include an optical gain medium 228, for example in the form of a -V bonding layer
(e.g. InP), positioned in the optiéal cavity 222 and in an optical path between the
reflectors 202, 224. The optical gain medium 228 may be arranged on or over thé first
wéveguide 208a where light may be coupled between the first waveguide 208a and the
optical gain medium 228.

[0122] In various embodiments, the feedback loop 204 with the DC 206, the first
waveguide 208a, the second waveguide 208b, and the feedback loop 226 may be a
continuous waveguide structure, e.g. formed from a single waveguide.

[0123] In various embodiments, light propagating in the first waveguide 2082 may be
reflected, at least partially, back and -forth within the optical cavity 222 by the
reflectors 202, 224. The reflected light may be coupled to the optical gain medium 228
where optical gain or lasing may occur, resulting in light amplification. A portion of light,
originating from within the optical cavity 222 may be transmitted by the reflector 202
through the second waveguide 208b, thereby allowing light. to exit from the optical light
source 220. The optical light source 220 may be a uni-directional emissiter, allowing uni-

directional emission of light from the optical light source 220, for example via the second

- waveguide 208b.

[0124] In various embodiments, by controlling the reflection of the reflector 202 with the
help of the first heater 212a and the second heater 212b, tuning of the light propagating in
the opticél cavity 222 befween the reflectors 202, 224, and the optical gain medium 228
may be carried out.

[0125] FIG. 2A ﬁu’ther shows an arrangement for an opticél light source 230, which may

be as described above in the context of the optical light source 220, except that the
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_ reflector 224 of the optical light source 220 is replaced by the reflector 232 in the optical
light source 230. The reflector 232 may include a feedback loop 234 which may be

formed into two 'arms (please refer to FIG. 3 for detailed view of a loop mirror) and
coupled to a DC 236, whlch subsequently may be coupled with the first wavegulde 208a
and a third waveguide (e.g. another output waveguide; silicon waveguide) 208c.

[0126] In various embodiments, the feedback loop 204 with the DC 206, the feedback
loop 234 with the DC 236, the first waveguide 208a, the second waveguide 208b, and the
third waveguide 208c may be a continuous waveguide structure, e.g. formed from a
single waveguide. '

[0127] In various embodiments, light propagating in the first waveguide 208a may be
reflected, at least pértially,_ back and forth within the optical cavity 222 by the
reflectors 202, 232. The reflected lighf may be coupled to the optical gain medium 228
where optical gain or lasing may occur, resulting in light amplification. A portion of light
originating from within the optical cavity 222 may be transmitted by the reflector 202
through the second waveguide 208b, thereby alloWing light to exit from the optical light

~ source 220. A portion of light originating from within the optical cavity 222 may also be

transmitted by the reflector 232 through the third waveguide 208c, thereby allowing light
to exit from the optical light source 220. The arrow 210c illustrates the propagation .
direction of light through the third- wéveguide 208c, which fnay be uni-directional. The
optical light source 230 may be a bi-directional emissiter; allowing bi-directional
erhissiqn of light from the optical light source 230, for éxample via the second
waveguide 208b and/or the third waveguide 208c. '

[0128] As similarly described for the reflector 202, in various embodimeﬁts, another
thermo-optical device or electro-optical device, as an optical tuning element or as part of
an optical tuning element, may be integrated with the DC 236, for controlling the
reflection of the reflector 232 or the feedback loop 234. This may mean that the optical
tuning element may function as a reflectivity tuning element. As a non-limitiﬁg example
based oﬁ a therm‘o-opticél device, the thermo-optical deyice may incl_ude one or more

heatefs, e.g. a third heater 212¢ and a fourth heater 212d.
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[0129] FIG. 2B shows schematic views of different designs of optical light sources (e.g.

| hybrid lasers) incorporating at least one feedback loop with a Mach-Zehnder

interferometer (MZI), according to various embodiments.

[0130] FIG. 2B shows an arra;ngement 250 for a feedback loop with a MZI, which may
form a reflector or loop mirror 252, for the optical light source of various embodi'me.nts.
The reflector 252 may include a feedback loop 254 which may be formed into two arms
(please refer to FIG. 3 for detailed view of a loop mirror) and coupled to a MZI 256. The
MZI 256 may' include a first arm 2572 and a second arm 257b respectively coupled to the
arms of the feedback loop 254. The first arm 257a of the MZI 256 may also be coupled to
a first waveguide (e.g. input waveguide; silicon waveguide) 258a, while the second
arm 257b of the MZI 256 may also be coupled to a secox;d waveguidé (e.g. c;utput

wéveguide; silicon waveguide) 258b. In various embodiments, the feedback loop 254, the

first arm 257a and the second arm 257b of the MZI 256, the first waveguide 258a, and the

second waveguide 258b may be a continuous waveguide structure, e.g. formed from a
single waveguide.

[0131] Light may be provided into the first waveguide 258a towards the reflector 252,
where a portion of the light may be reflected by the reflector 252 back through the first
Wavéguide 258a, and a portion of the light may be transmitted by the reflector 252 into
the second waveguide 258b. The double-headed arrow 260a illustrates the propagation
directions of light through the first waveguide 258a, which may be bi-directional, while
the arrow 260b illustrates the propagation direction of light through the second
waveguide 258b, which may be uni-directional. | ‘

[0132] In various embodiments, a thermo-optical device or electro-optical device, as an
optical tuning element or as part of an optical tuning element, may be integrated with the
MZI 256, for controlling the reflection of the reflector 252 or the feedback loop 254. This
may méan that the optical tuning element may function as a reflectivity tuning element.
As a non-limiting example based on a thermo-optical device, the thermb-optical device
may inciude one or moreAheaters, e.g. a first heater 262a provided with the first arm 257a
and a second heater 262b provided with the second arm 257b.

[0133] FIG. 2B élso shows an arrangement for an optical. light source 270. The optical
light source 270 may ing:lude an optical 'cavity 272 defined by the reflector 252, which

*
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may be as described above in the context of the arrangement 250, and another
reflector 274 arranged spaced apart from the reflector 252. The reflector 274 may include
a feedback léop 276. The first waveguide 258a may be éoupled to the reﬂector 274, or
may be formed into the feedback loop 276. The optical light source 270 may further
include an optical gain medium 278, for example in the form of a II[-V bonding layef,
positioned in the optical cavity 272 and in an optical path between the reflectors 252, 274.
The optical gain medium 278 may be arranged on or over the first waveguide 258a where
light may be coupled between the first waveguide 258a and the optical gain medium 278.
[0134] In various embodiments, the feedback loop 254, the first arm 257a and the second
arm 257b of the MZI 256, the first waveguide 258a, the second waveguide 258b, and the
feedback loop 276 may be a continuous waveguide structure, e.g. formed from a éingle
Wéveguide. '

[0135] In various embodiments, light propagating in the first waveguide 258a may be

reflected, at least. partially, back and forth within the optical cavity 272 by the

- reflectors 252, 274. The reflected light may be coupled to the optical gain medium 278

where optical gain or lasing may occur, resulting in light amplification. A portion of light,
originating from within the optical cavity 272 may be transmitted by the reflector 252
thro'ugh‘the second waveguide 258b, thereby allowing light to exit from the optical light |
source 270. The optical light source 270 may be a uni-directional emissiter, allowing uni-
directional emission of light from the optical light source 270, for example via the second
waveguide 258b.

[0136] In various embodiments, by controlling the reflection of the reflector 252 with the
help of the first heater 262a and the second heater 262b, tuning of the light propagating in
the ‘thical cavity 272 between the reﬂectors 252, 274; and the optical gain medium 278
may be carried out.

[0137] FIG. 2B further shows an arrangemeﬁt for an optical light source 280, which may
be as described above in the context of the optical light source 270, except that the
_reﬂectovrb274 of the opticél light source 270 is replaced by the reflector 282 in the optical
light source 280. The reflector 282 mi\y include a feedback loop 284 which may be
formed into two‘arms (please refer to FIG. 3 for detailed view of a loop mirror) and

coupled to a MZ1 286. The MZI 286 may include a first arm 287a and a second arm 287b
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respectively coupled to the arms of the feedback loop 284. The first arm 287a of the

MZI 286 may also be coupled to the first waveguide 258a, while the second arm 287b of

the MZI 286 may also be coupled to a third waveguide (e.g. another output waveguide;
silicon waveguide) 258c.

[0138] In various embodiments, the feedback loop 254, the first arm 257a and the secvond
arm 257b of the MZI 256, the feedback loop 284, the first arm 287a and the second
arm 287b of the MZI 286, the first waveguide 258a, the second waveguide 258b, and the
third Waveguidé 258c may be a continuous waveguideNStructure,_ e.g. formed from a
single waveguide.

[0139] In various embodiments, light propagating in the first waveguide 258a may be
reflected, at least partially, back and forth within the optical cavity 272 b&l the
reflectors 252, 282. The reflected light may be coupled to the optical gain medium 278
where optical gain or lasing may occur, resulting in light amplification. A portion of light
originating from within the optical cavity 272 may be transmitted by the reflector 252
through the second waveguide 258b, thereby allowing light to exit from the optical lighf
source 280. A portion of light originating from within the optical cavity 272 may also be
transmitted by the reflector 282 through the third waveguide 258c, thereby allowing light
to exit from the optical light source 280. The arrow 260c illustrates the propagation
direction of light through the third waveguide 258c, which may be uni-directional. The
optical light source 280 may be a bi-directional emissiter, allowing bi-directional
emission of light from the optical light source 280, for example via the second
waveguide 258b and/or the third waveguide 258c.

[0140] As similarly described for the reflector 252, in various embodiments, aﬁother
thermo-optical device or electro-optical device, as an optical tuning element or as part of
an optical tuning element, may be integrated with the MZI 286, for controlling the
reflection of the reflector 282 or the feedbaék loop 284. This may mean that the optical
tuning element may function as a reflectivity tuning element. As a non-limiting example
based on a thermo-opticél device, the thermo-optical device may include one or more
heaters, e.g. a third heater 262¢ provided with the first arm 287a of the MZI 286 and a
fourth heater 262d provided with the second arm 287b of the MZI 286.
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[0141] In various embodiments, the embodiments illustrated in FIGS. 2A and 2B may
allow tunable reflectivity, which may enabie lasing thréshold optimization.

[0142] In varioué embodiments, it sh_ould be appreciated that the respective optical gain
media 228, 278, may be arranged at least substantially at or along the same plane as that
of the respective waveguides 208a, 258a. This may mean that light from 'the
waveguides 208a, 258a, may cross into the respective optical gain medium 228, 278, for
example the light may propagate axially or co-axially between the respective
waveguides 208a, 258a, and the respective optical gain media 228, 278.

[0143] FIG. 3 shows a schematic view of a loop mirror 300, according to various
embodiments. The loop mirror 300 may include a feedback loop 301 which may be
formed into two arms, for example a first arm 302a and a second arm 302b. Thé first
arm 302a may be éoupled to an input waveguide (not shown) while the second arm 302b
may be coupled to an output waveguide (not shown). Light may be provided to the loop
mirror 300 via the first arm 302a, where the light may propagate via one or more of the
following routes: (1) at least a portion of the light may be coupled from the first arm 302a
into the second arm 302b and then propagate through the-feedback loop 301 in an anti-
clockwise direction, as represented by the dashed arrow 350, and through the first
arm 302a, resulting in a reflected light as illustrated by the light path 310; (2) at least a
portion of the light may propagate through the first.arm 302a and then the feedback
loop 301 in a clockwise direction, as represented by the dashed arrow 352 towards the
seéond_arm 302b, where a portion thereof may then be coupled back to the first arm 302a,
resulting in a reflected light as illustrated by the light path 320; (3) at least a portion of
the'light may be coupled from the first arm 302a into the second arm 302b and then
propagate through the feedback loop 301 in an anti-clockwise direction 350 towards the
first arm 302a, where a portion thereof may then be coupled to the second arm 302b,
resulting in a transmitted light as illustrated by the light path 330; (4) at least a portion of
the light may propagate through the first arm 302a, the feedback loop 301 in a clockwise
direction 352 towards and through the second arm 302b, resulting in a transmitted light as
illustrated by the light path 340. | '

[0144] FIG. 4 shows a schematic partial perspective view of the optical light source 230
of the embodiment of FIG. 2A. As shbwn, the optical gain medium 228 may be
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positioned over the first waveguide 208a, for example directly on the first

waveguide 208a. The double-headed arrow 402 illustrates the bi-directional propagation

of light between the optical gain medium 228 and the reflector 202, while the double-

headed arrow 404 illustrates the bi-directional propagation of light between the optical
gain medium 228 and the reflector 232.

[0145] FIG. 5A shows a schematic partial perspective view of the optical light
source 230 of the embodiment of FIG. 2A, FIGS. 5B and 5C show respective cross
sectional views of the optical light source 230 taken along the lines A-A’and B-B’
respectively shown in FIG. 5A, while FIG. 5D shows a cross-sectional side view of the
optical light source 230. As shown in FIGS. 5A and 5B, the optical gain medium 228
may be positioned over the first waveguide 208a, for example directly on thé first
Waifeguide 208a. The optical gain medium 228 may include a multiple quantum
well (MQW) region 530. A pair of supporting structures, for example a first supporting
structure 500a and a second supporting structure 500b may be provided on either side of
the first waveguide 208a for supporting the optical gain medium 228. The optical light
source 230 may be formed or integrated on a substrate (e.g. silicon substrate) having an
oxide layer 550.

[0146] The first heater 212a and the second heater 212b corresponding tb the
reflector 202 may be arranged on either side of the first waveguide 208a which may be
coupled to the feedback loop 204 (not shown in the perspective view), for example
coﬁpled to an arm of the feedback loop 204. The structure 510 méy be an extension of the
other arm of the feedback loop 204 for coupling to the second waveguide 208b, or the
structure 510 may be the second waveguide 208b. _ _
[0147] The third heater 212c and the. fourth heater 212d corresponding to the
reflector 232 may be arranged on either side of the first waveguide 208a which may be
coupled to the feedback loop 234 (not shown in the perspective view), for example
coupled to an arm of the feedback loop 234. The structure 520 may be an extension of the
other amﬁ of the ‘feedback loop 234 for coupling to the third waveguide 208c, or the
structure 520 may be the third waveguide 208c. »

[0148] As shown in FIGS. 5C and 5D, another oxide layer 551, which may be a
deposition oxide (e.g. SiO,), may also be provided. The oxide layer 551 may be deposited
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over the first waveguide 208a, the structure 510 and the structure 520 so as to ernbed the o

first waveguide 208a, the structure 510 and the structure 520. The oxide layer 551 may

actas a passivatidn layer. The first heater 212a and the second heater 212b corresponding
to the reflector 202, and the third heater 212¢ and the fourth heater 212d corresponding to
the reflector 232 may be formed over the oxide layer 551. o
[0149] Using the reflector 232 as a non-limiting example, an example of forming a
reflector may be as shown in FIG. 5G. The first waveguide 208a and the structure 520
may first be formed on the oxide layer 550. Another oxide layer 551, e.g. SiO,, may then
be deposited over the first waveguide 208a, the structure 520 and the oxide layer 550.
Subsequently, a metal layer 5 12 may be deposited over the deposited oxide layer 551. An
etching process may then be carried out to etch the metal layer 512 so as to form the third
heater 212c and the fourth heater 212d. Accordingly, a tunable reflector 232 may be
formed.

[0150] FIG. 5E shows a schematic partial perspéctive view of an optical light source 240,
according to various embodiments, while FIG. 5F shows a cross sectional view of the
optical light source 240 taken along the line C-C’ shown in FIG. SE. The cross sectional
view of the optical light source 240 taken along the line D-D’ may be as shown in
FiGl 5C. The optical light source 240 may be as described above in the context of the
optical light source 230, except that the optical gain medium 228 in the optical light

source 240 may be arranged at least substantially at or along the same plane as that of the

- first we_wéguide 208a. In other words, light from the first wavegﬁidé 208a may cross into

the gain medium 228 on one side of the optical gain medium 228 and then exit from an
opposite side of the optical gain medium.For example, the light may propagate axially or
co-axially between the first waveguide 208a and the optical gain medium 228. In various
embodiments, the first waveguide 208a and the optical bgain medium 228 may be
arranged at least substantially coplanar relative to each other. The optical gain
medium 228 may be arranged on an oxide layer (e.g. SiO,) 550 of a substrate (e.g. silicon
substratej. Further, theA first supporting structure 500a and a second supporting
structure 500b of the optical light source 230 may not be needed in the optical light

source 240.
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[0151] FIG. 6A shows an optical microscope image 600 and an enlarged image 602 of an

| indium phosphide (InP) wafer 604 bonded to a silicon (Si) wafer 606, illustrating InP-to-

Silicon wafer bonding. The scale bar in the image 600 represents 2 inches or
approximately 5 cm while the scale bar in the image 602 represents 0.5 inch or
approximately 1.3 cm. The InP wafer 604 may be directiy bonded to the Si wafer 606.
However, it should be appreciated that other bonding techniques such as bonding with
one <I>rvmore intermediate layers (e.g. benzocyclobutene (BCB), metal) may also be used.
[0152] FIG. 6B shows a C-mode scanning acoustic microscope (C-SAM) image 620 of
an InP wafer 604 bonded to a Si wafer 606, showing >80% good bdnding between the
InP wafer 604 and the Si wafer 606.The scale\ bar in the image 620 represents 0.5 inch or
approximately 1.3 cm. ' ' b- ‘
[0153] FIG. 6C shows a transmission electron microscope (TEM) image 630 and an
enlarged image 632 of a cross section of an InP wafer 604 bonded to a Si wafer having a
silicon substrate 640 and a silicon oxide (Si0;) layer 642, showing good bonding
interface between the InP wafer 604 and the SiO, layer 642. The InP wafer 604 bonded to
the Si wafer exhibit good bonding strength, with a shear strength of about 15 MPa.

[0154] Measurements relating to the tunable reflector of various embodiments will now
be described by way of the following example.

[0155] FIG. 7A shows a set-up 700 for measurements. of a tunable reflector 702. Shown
for the tunable reflector 702 is a fabricated feedback loop 704 with a Mach-Zehndér

- interferometer (MZI) 706. The MZI 706 includes a first arm 708a having a first

heater 710a arranged or integrated with the first arm 708a, and a second arm 708b having
a second heater 710b arranged or integrated with the second arm 708b. Thermo-optical
effect in the first arm 708a and the second arm 708b may be achieved with the help of the
first heater 710a and the second heater 7 10b. Metal pads 750a, 750b with respective
interconnects 752a, 752b are provided, coupled to the first heater 710a, for the supply of
an electrical signal to the first heater 710a, while metal pads (not shown) with respective
interconnects 754a, 754b .are provided, coupled to the second heater 710b, for the supply
of an electrical signal to the second heater 710b. The set-up 700 further includes a

“laser 730, as a light source, for supplying light at a wavelength of about 1550 nm, and a

circulator 732 which receives light from the laser 730 via a first port 734a. The light
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propagating within the circulator 732 may be circulated or directed to its second

| port 734b to be coupled to the first arm 708a of the MZI 706. The MZI 706, in

combination with the feedback loop 704, may transmit at least a portion of the coupled
light out of the reflector 702, via the second arm 708b, while reflecting at least a portion
of the coupled light, via the first arm 708a, back to the circulator 732 via the secvond
port 734b. The reflected light propagating within the circulator 732 may then be
circulated or directed to its third port 734c, from which the reflected light may exit.

[0156] FIG. 7B shows a plot 760 of measured transmission 762 and reflection 764
responses obtained based on the set-up 700 of FIG. 7A, upon electrical power supply to
the first arm 708a and/or the second arm 708b of the MZI 706, via the use of thermo-
optical effect. Therefore, the optical cavity reflector 702 may be controlled by supg;lying
electrical power to the MZI first arm 708a and/or the second arm 708b. This means that
for laser applications, the mirror reflection may be optimised by supplying a certain
powér supply to the MZI 706, which may balance the output power and the lasing
threshold. .

[0157] FIG. 8A shows a set-up 800 for measurements of light emission based on the
tunable reflector 702 of FIG. 7A. The set-up further includes an external semiconductor
optit:al amplifier (SOA) 806, as a gain medium, which may be coupled to the first
arm 708a of the MZI 706, and a second reflector 802 including a fiber loop 804, coupled
to the SOA 806, where the second reflector 803 acts as the other reflection mirror for the
laser cavity, to show light emission from the laser cavity. '

[0158) FIG. 8B shows a plot 820 of measured light emission obtained based on the set-
up 800 of FIG. 8A, ilustrating the optical lasing emission obtained, upon obtimi_zed
mirror reflection with electrical power supply to the first arm 708a and/or the second arm
708b of the MZI 706. A ’

[0159] FIG. 8C shows a plot 840 illustrating an enlarged view of the peak
anelength 822 of the measured light emissioﬁ of FIG. 8B, illustrating a lasing emiséion
at about 1573.9 nim with é line-width of approximately 0.07 nm (or 70 pm).

[0160] FIG. 9 shows plots of measured light emiésion obtained based on the set-up of

FIG. 8A, for different electrical power supplies (e.g. voltage applied on the loop heater,
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e.g. the first heater 710a and/or the second heater 710b) and a fixed applied current of
about 75 mA on the SOA 806, illustrating laser spectra for different loop reflections.
[0161] Results aré shown in plot 900 for a supply of about 1 V, resulting in a reflectivity
of approximately 13%, plot 902 for a supply of about 1.5 V, resulting in a reflectivity of
approximately 10.5%, plot 904 for a supply of about 2 V, resulting in a reﬂectiizity of
approximately 3.1%, and plot 906 for a supply of about 2.5 V, resulting in a reflectivity
of approximately 2%. '

[0162] Various embodiments may also provide optical light sources (e.g. hybrid lasers)
with a resonance tunable optical cavity or laser cavity. The optical cavities with tunable
cavity resonances or tunable resonator modes may be formed by different combinations
of one or more basic elements, which may act as a reflector, e.g. a microresoﬁator—
coﬁpled Y-splitter or a microresonator-coupled Mach-Zehnder interferometer (MZI),
where the microresonator may include but not limited to a microring or a microdisk. In
various embodiments, by thermo-optically or electro-optically tuning the microresonator
(e.g. microring), the microresonator resonance or cavity resonance may be controlled,
which may determine the laser cavity mode, where only such microresonator mode may
lase thereafter. Therefore, by changing the cavity resonance, the lasing wavelength may
be changed. By using various configurations, either uni-directional emission optical light
sources or lasers, or bi-directional emission optical light sources or lasers, may be
obtained. »

[0163] FIG. 10A shows schematic views of different designs of optical light sources (e.g.
hybrid lasers) incorporating at least one microring-coupled Y-splitter according to
various embodiments. v ‘
[0164] FIG. 10A shows an arrangement 1000 for a microring-coupled Y-splitter, which
may form a reflector 1002 or part of a reflector, for the optical light source of various
embodiments. The reflector 1002 may include a Y-splitter 1004 having a first arm 1005a,
a second arm 1005b, and a third arm 1005¢c which may intersect at an intersection point to
form a sﬁbstantially Y-shape. The reflector 1002 may further include a microring 1006
arranged in between and coupled (e.g. mechanically and/or optically coupled) to the first
arm 1005a and the second arm 1005b. The third arm 1005¢ may be coupled to a

waveguide (e.g. input waveguide; silicon waveguide) 1008. In various embodiments, the
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first arm 1005a, the second arm 1005b and the third arm 1005c¢ of the Y-splitter 1004 and
the waveguide 1008 may be formed as a continuous structure (e.g. continuous waveguide
structure), for exémple formed from a single waveguide, e.g. where the first arm 1005a
and the second arm 1005b may branch off from the third arm 1005c. |
[0165] Light may be provided into the waveguide 1008 towards the reflector 1002, where
respective portions of the light may be directed to the first arm 10052 and the second
arm 1005b respectively. A portion of fhe light in the first arm 1005a may be transmitted
out of the reflector 1002, as represented by the arrow 1010a, while a further portion of the
light may be coupled via the microring 1006 to the second arm 1005b to be directed
towards and through the third arm 1005c. Similarly, a portion of the light in the second
arm 1005b may be transmitted out of the reflector 1002, as represented bif the
arrow 1010b, while a further portion of the light may be coupled via the microring 1006
to the first arm 1005a to be directed towards anci through the third aﬁn 1005c. The
double-headed arrow 1010c illustrates the propagation directions of light through the
third arm 1005¢ and the waveguide 1008, which may be bi-directional. ’

[0166] In various embodiments, a thermo-optical device or electro-optical device, as an
optical tuning element or as part of an optical tuning element, may be integrated with the
microring 1006, for controlling the resonator or cavity modes of the reflector 1002 or the .
microring 1006. This may mean that the optical tuning element may function as a cavity
resonance tuning element. As a non-limiting example based on a thermo-optical device,
the thermo-optical device rhay include one or more heaters (e.g. a heater 1012), for
example arranged over and/or beneath and/or surrounding the microring 1006.

[0167] FIG. 10A also shows an arrangement for an optical light source 1020. Thenoptical
light source 1020 may include an optical cavity 1022 defined by the reflector 1002, which
may be as described above in the context of the arrangement 1000, and another

reflector 1024 arranged spaced apart from the reflector 1002. The reflector 1024 may

" include a feedback loop 1026. The waveguide 1008 may be coupled to the reflector 1024,

or may be formed into the feedback loop 1026. The optical light source 1020 may further
include an optical gain medium 1028, for example in the form of a 1II-V bonding layer
(e.g. InP), positioned in the optical cavity 1022 and in an optical path between the

reflectors 1002, 1024. The optical gain medium 1028 may be arranged on or over the
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Wavegu_ided 008 where light may be coupled between the waveguide 1008 and the optical
gain medium 1028. . »

[0168] In various. embodiments; the first arm 1005a, the second arm 1005b, and the third
arm 1005c of the Y-splitter 1004, the waveguide 1008 and the feedback loop 1026 may
be formed as a continuous structure (e.g. continuous waveguide structure), for exarﬁple _

formed from a single waveguide.

10169)] In various embodiments, light propagating in the waveguide 1008 may be

reflected, at least partially, back and forth within the optical cavity 1022 by the
reflectors 1002, 1024. The reflected light may be coupled to the optical gain
medium 1028 where optical gain or lasing may occur, resulting in light amplification. A
portion of light, originating from within the optical cavity 1022 may be transmitted By the
reflector 1002 through the first arm 1010a and/or the second arm 1010b, thereby allowing
light to exit from the optical light source 1020. The optical light source 1020 may be a
uni-directional emissiter, allowing uni-directional emission of light from the optical light
source 1020, for example via the first arm 1010a and/or the second arm 1010b.

[0170] In various embodiments, by controlling the cavity mode of the reflector 1002, and
therefore the lésing mode, with the help of the heater 1012, tuning of the light
propagating in the optical cavity 1022 between the reflectors 1002, 1024, and the optical
gain medium 1028 may be carried out. :

[0171] FIG. 10A further shows an arrangement for an optical light source 1030, which
may be as described above in the context of the optical light source 1020, except that the
reflector 1024 of the optical light source 1020 is replaced by the reflector 1032 in the
optical light source 1030. The reflector 1032 may include a feedback loop 1034 which
may be formed into two arms (please refer to FIG. 3 for detailed view of a loop mirror)
and coupled to a DC 1035, which subsequer_ltly may be coupled to the waveguide 1008
and a second waveguide (e.g. an output waveguide; silicon waveguide) 1009.

[0172] In various embodiments, the first arm 1005a, the second arm 1005b, and the third
arm 1005c of the Y-splitier 1004, the waveguide 1008 and the feedback loop 1034 with
the DC 1035 may be formed as a continuous structure (e.g. continuous waveguide

structure), for example formed from a single waveguide.
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[0173] In various embodiments, light propagating in the waveguide 1008 may be

| reflected, at least partially, back and forth within the optical cavity 1022 by the

reflectors 1002, '1 032. The reflected light may‘ be coupled to the optical gain
medium 1028 where optical gain or lasing may occur, resulting in light amplification. A
portion of light originating from within the optical cavity 1022 may be transmitted by the
reflector 1002 through the first arm 1010a and/or the second arm 1010b, thereby allowing
light> to exit from the optical light source 1020. A portion of light originating from within
the optical cavity 1022 may also be transmitted by the reflector 1032 through the second
waveguide 1009, as represented by the arrow 1010c, thereby allowing light to exit from

‘the optical light source 1020. The optical light source 1030 may be a bi-directional

emissiter, allowing bi-directional emission of light from the optical light source 103.0, for
exémple via the first arm 1010a and/or the second arm 1010b and/or the second
waveguide 1009. / _

[0174] In various embodiments, another thermo-optical device or electro-optical device,
as an optical tuning element or as part of an optical tuning element, may be integrated
with the DC 1035, for controlling the reflection of the reflector 1032 or the feedback
loop 1034. This may mean that the optical tuning element may function as a reflectivity
tuning element. As a non-limiting example based on a thermo-optical device, the thermo-
optical device may include one or more heaters, e.g. a first heater 1036a and a second
heater 1036b. | |

[0175] FIG. 10A further shows an ‘arrangement for an optical light source 1040, which
may be as described above in the context of the optical light source 1020, except that the
reflector 1024 of the optical light source 1020 is replaced by the reflector 1042 in the
optical light source 1040. The reflector 1042 may include a microring-coupled Y-splitter.
The reflector 1042 may include a Y-splitte; 1044 having a first arm 1045a, a second
arm 1045b, and a third arm 1045c which may intersect at an intersection point to form a
substantially Y-shape. The reflector 1042 may further include a microring 1046 arranged
in between and coupled (e.g. mechanically and/or optically coupled) to the first
arm 1045a and the second arm 1045b. The third arm 1045¢ may be coupled to the
waveguide 1008. o |
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~ [0176] In various embodiments, the first arm 1005a, the second arm 1005b and the third
arm 1005c of the Y-splitter 1004, the waveguide 1008 and the the first arm 1045a, the

second arm 1045b and the third arm 1045¢ of the Y-splitter 1044 may be formed as a
continuous structure (e.g. continuous waveguide structure), for example formed from a
single waveguide. o

[0177] In various embodiments, light propagating in the waveguide 1008 may be
reflected, at least partially, back and forth within the optical cavity 1022 by the
reflectors 1002, 1042. The reflected light may be coupled to the optical gain
medium 1048 where optical gain or lasing may occur, resulting in light amplification. A
portion of light originating from within the optical cavity 1022 may be transmitted by the
reflector 1002 through the first arm 1010a and/or the second arm 1010b, thereby alléwing
light to exit frbm the optical light source 1040. A portion of light originating from within

the optical cavity 1022 may also be transmitted by the reflector 1042 through the first

arm 1045a and/or the second arm 1045b, thereby allowing light to exit from the optical
light ‘source 1040. The optical light source 1040 may be a bi-directional emissiter,
allowing bi-directional emission Qf light from the optical light source 1040, for 'example
via the first arm 1010a and/or the second arm 1010b and/or the first arm 1045a and/or the
second arm 1045b:

[0178] As similarly described for -the reflector 1002, in various embodiments, another
thermo-optical device or electro-optical device, as an optical ftuning element or as part of
an optical tuning element, may be integrated with the microring‘1046, for controlling the
resonator or cavity modes of the reflector 1042 or the microring 1046. This may mean
that the optical tuning element may function as a cavity resonance tuning element. As a
non-limiting example based on a thermo-optical device, the thermo-optical device may
include one or more heaters (e.g. a heatep 1048), for example arranged over and/or
beneath and/or surrounding the microring 1046.

[0179] FIG. 10B shows schematic views of different designs of optical light sources

. (e.g. hybrid lasers) incorporating at least one microring-coupled Mach-Zehnder

interferometer (MZI), according to various embodiments.
[0180] FIG. 10B shows an arrangement 1050 for a microring-coupled MZI, which may

form a reflector 1052 or part of a reflector, for the optical light source of various
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embodiments. The reflector 1052 may include a MZI 1054 having a first arm 1055a, and
a second arm 1055b. The reflector 1052 may further include a microring 1056 arranged in
between and coubled (e.g. mechanically and/or optically coupled) to the first arm 1055a
and the second arm 1055b. The first arm 1055a and the second arm 1055b may be
coupled at one end to a first waveguide (e.g. input waveguide; silicon waveguide) 1058a,
while the opposite end may be coupled to a second waveguide (e.g. output waveguide;
silicon waveguide) 1058b. In various embodiments, the first arm 1055a, the second
arm 1055b, the first waveguide 1058a and the second waveguide 1058b may be formed
as a continuous structure (e.g. continuous waveguide structure), for example formed from
a single waveguide. . |

[0181] Light may be provided into the first waveguide 1058a towards the reflector '1 052,
where a portion of the light may be reflected by the reflector 1052 back through the first
waveguide 1058a, and a poﬁion of the light may be transmitted by the reflector 1052 into
the second waveguide 1058b. The double-headed arrow 1060a illustrates the propagation
directions of light through the first waveguide 1058a, which may be bi-directional, while
the arrow 1060b illustrates the propagation direction of light through the second
waveguide 1058b, which may be uni-directional. For example, light may be provided into
the first waveguide 1058a towards the reflector 1002, where respective portions of the
light may be directed to the first arm 1055a and the second arm 1055b respectively. A
portion of the light in the first arm 1055a may be transmitted out of the reflector 1052, as
represented by the arrow 1060b, while a further portion of the light may be coupled via
the microring 1056 to the second arm 1055b to be directed towards and through the first
waveguide 1058a. Similarly, a portion 6f the light in the second arm 1055b may be
transmitted out of the reflector 1052, as represented by the arrow 1060b, while a further
portion of the light rhay be coupled via the microring 1056 to the first arm 1055a to be
directed towards and through the first waveguide 1058a.

[0182] In various embodiments, a thermo-optical device or électro-optical device, as an
optical tuning eleiment orvas part of an optical tuning element, may be. integrated with the
micrdring_ 1056, for controlling the resonator or éavity modes of the reflector 1052 or the
microring 1056. This may mean that the optical tuning element may function as a cavity

resonance tuning element. As a non-limiting example based on a thermo-optical device,
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the thermo-optical device may include one or more heaters (e.g. a heater 1062), for
example arranged over and/or beneath and/or surrounding the microring 1056.

[0183] FIG. 10B Aalso shows an arrangement for an optical light sourcé 1070. The optical
light source 1070 may include an optical cavity 1072 defined by the reflector 1052, which
may be as described above in the context of the arrangement 1050, and another
reflector 1074 arranged spaced apart from the reflector 1052. The reflector 1074 may
include a feedback loop 1076. The first waveguide: 1058a may be coupled to the
reflector 1074, or may be formed into the feedback loop 1076. The optical light
source 1070 may further include an optical gain medium 1078, for exafnple in the form of
a III-V bonding layer (e.g. InP), positioned in the optical cavity 1072 and in an optical
path between the reflectors 1052, 1074. The optical gain medium 1078 méy be arrénged
on or over the first waveguide 1058a where light may be coupled between the first
waveguide 1058a and the optical gain medium 1078.

[0184] In various embodiments, the first arm 1055a and the second arm 1055b of the
MZI 1054, the first waveguide 1058a, the second waveguide 10585 and the feedback
loop 1076 may be formed as a continuous structure (e.g. continuous waveguide
structure), for example formed from a single waveguide.

[0185] In various embodiments, light propagating in the first waveguide 1058a may be
reflected, at least partially, back: and forth within. the opticéll cavity 1072 by the
reflectors 1052, 1074. The reflected light may be coupled to the optical gain
medium 1078 where optical gain or lasing may o‘ccur, resulting-in light amplification. A
portion of light, originating from within the optical cavity 1072 may be transmitted by the
reflector 1052 through the second waveguide 1058b, thereby allowing light to exit from
the optical light source 1070. The optical light source 1070 may be a uni-directional
emissiter, allowing uni-directional emission of light from the optical light source 1070,
for example via the second waveguide 1058b.

[0186] In various embodiments, by controlling the cavity mode of the reflector 1052, and
therefore the lasing mdde, with the help of the heater 1062, tuning of the light
propégating in the optical cavity 1072 between the reflectors 1052, 1074, and the optical

gain medium 1078 may be carried out.
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[0187] FIG. 10B further shows an arrangement for an optical light source 1080, which

| may be as described above in the context of the opticél light source 1070, except that the

reflector 1074 of the optical light source 1070 is replaced by the reflector 1082 in the
optical light source 1080. The reﬂeétor 1082 may include a feedback loop with a MZL
The reflector 1082 may include a feedback loop 1084 which may be formed into fwo
arms (please refer to FIG. 3 for detailed view of a loop niirror_) and coupled to a
MZI 1085. The MZI 1085 may include a first arm 1086a and a second arm 1086b
respectively coupled to the arms of the feedback loop 104. The first arm 1086a of the
MZI 1085 may also be coupled to the first waveguide 1058a, while the second arm 1086b
of the MZI 1085 may also be coupled to a third waveguide (e.g. another output
waveguide; silicon waveguide) 1058c. In various embodiments, the first arm 1055a and
the second arm 1055b of the MZI 1054, the first waveguide 1058a, the second
waveguide 1058b, the third waveguide 1058c and the the first arm 1086a and the second
arm 1086b of the MZI 1085 may be formed as a continuous:structure (e.g. continuous
waveguide structure), for example formed from a single waveguide.

[0188] In various embodiments, light propagating in the first waveguide 1058a may be
reflected, at least partially, back and forth within the optical cavity 1072 by the
reflectors 1052, - 1082. The reflected light may be coupled to the optical gain
medium 1078 where optical gain or lasing may occur, resulting in light amplification. A .
portion of light originating from within the optical cavity 1072 may be transmitted by the
reflector 1052 through the second waveguide 1058b, thereby allowing light to exit from
the optical light source 1080. A portion of.light originating from within the optical
cavity 1072 may also be transmitted by the reﬂéctor 1082 through the third
waveguide 1058c, as represented by the arrow 1060c, thereby allowing light to exit from
the optical light source 1080. The optical light source 1080 may be a bi-directional
emissiter, allowing bi-directional emission of light from the optical light source 1080, for
example via the second waveguide 1058b and/or the third waveguide 1058c.

[0189] In various embodiments, another thermo-optical device or electro-optical device,
as an optical tuning element or as part of an optical tuning element, may be integrated
with the MZI 10.85, for controlling the reflection of the réﬂector 1082 or the feedback

loop 1084. This may mean that the optical tuning element may function as a reflectivity

39



10

15

20

25.

30

WO 2014/021781 PCT/SG2013/000321

tuning element. As a non-limiting example based on a thermo-optical device, the thermo-

optical device may include one or more heaters, e.g.'a first heater 1087a provided with

the first arm 1086a and a second heater 1087b provided with the second arm 1086b.

[0190] FIG. 10B further shows an arrangemént for an optical light source 1090, which
may be as described above in the context of the optical light source 1070, except thatv the
reflector 1074 of the optical light source 1070 is replacedlby the reflector 1092 in the
optical light source 1090. The reflector 1092 may include a microring-coupled MZI. The
reflector 1092 may include a MZI 1094 having a first arm 1095a, and a second
arm 1095b. The reflector 1092 may further include a microriﬁg 1096 arranged in between

-and coupled (e.g. mechanically and/or optically coupled) to the first arm 1095a and the

second arm 1095b. The first arm 10952 and the second arm 1095b may be coupled at one
end to the first waveguide 1058a, while the opposite end may be coupled to a third
waveguide (e.g. another output waveguide; silicon waveguide) 1058c. In various
embodiments, the first arm 1055a and the second arm 1055b of the MZI 1054, the first
arm 1095a and the second arm 1095b of the MZI 1094, the first waveguide 1058a, the
second waveguide 1058b and the third waveguide' 1058c may be formed as a continuous
structure (e.g. continuous waveguide structure), for example formed from a single
waveguide. ,

[0191] In various embodiments, light propagating in the first waveguide 1058a may be
reflected, at least partially, back and forth within the optical cavity 1072 by the
reﬂectqrs 1052, 1092. The reflected light may be coupled to the optical gain
medium 1078 where optical gain or lasing may occur, resulting in light amplification. A
portion of light originating from within the optical cavity 1072 may be transmitted by the
reflector 1052 through the second waveguide 1058b, as represented by the arrow 1060b,
thereby allowing light to exit from the opﬁcal light source 1090. A portion of light
originating from within the optical cavity 1072 may also be transmitted by the
reflector 1092 through the third waveguide 1058c¢, as represented by the arrow 1060c,
thereby éllowing‘ light tb exit from the optical light source 1090. The optical light

~source 1090 may be a bi-directional emissiter, allowing bi-directional emission of light

from the optical light source 1090, for example via the second waveguide 1058b and/or

the third waveguide 1058c.
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[0192] As similarly described for the reflector 1052, in various embodiments, another
thermo-optical device or electro-optical device, as an bptical tuning element or as part of
an (;ptical tuning .element,- may be integrated with the microring 1096, for controlling the
resonator or cavity modes of the reflector 1092 or the microring 1096. This may mean
that the thermo-optical device may function as a cavity resonance tuning element. As a
non-limiting example Based on a thermo-optical device, the thermo-optical device may
include one or more heaters (e.g. a heater 1098), for example arranged over and/or
beneath and/or surrounding the microring 1096. ' _
{0193] In various embodiments, the embodiments illustrated in FIGS. 10A and 10B may
allow tunable cavity resonances, which may -enable or provide controllable emission
wavelength. ‘ | '
[0194] In various embodiments, it should be appreciated that the respective optical gain
media 1028, 1078, may be arranged at least substantially at or along the same plane as
that of the respective waveguide 1008 or first waveguide 1058a. This may mean that light
from the waveguides 1008, 1058a, may cross into the respective optical gain
medium 1028, 1078, for example the light may propagate axially or co-axially between
the respective waveguides 1008, 1058a, and the respective optical gain media 1028,
1078.

[0195] Various embodiments may also provide an optical transmitter. FIG. 11 shows a
schematic block diagram of an optical transmitter (or an optical transceiver) 1100,
according to various embodiments. The optical transmitter 1100 may be a hybrid
wavelength division multiplexing (WDM) transmitter. The optical transmitter 1100 may
include an optical cavity 1102 defined by two sets of reflectors for mirror reflection, for
exampie a first reflector block 1110 and a second reflector block 1120 arranged spaced
apart from each other. The optical transmitter 1100 may further include a filter block or
multiplexer block 1130 arranged or embedded in the optical cavity 1102. The multiplexer
block 1130 may also be arranged in an optical path between the first reflector block 1110
and the second reflector block 1120. The optical transmitter 1100 may further include an

optical amplifier block 1150 arranged or embedded in the optical cavity 1102, and in an

optical path between the second reflector block 1120 and the multiplexer block 1130.
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[0196] The first reflector block 1110 may include a first reflector 1112. The first

| reflector 1112 may be a tunable reflector for tuning reﬂectivity of the first reflector 1112.

[0197] The second reflector block 1120 may include at least one second reflector
arranged spaced apart from the first reflector 1112. As a non-limiting example as shown
in FIG. 11, the second reflector block 1120 may include four second reflectors; a first
second reflector 1122a, a second second reflector 1122b, a third second reflector 1122c,
and a fourth second reflector 1122d. Any one of or each of the first second
reflector 1122a, the second second reflector 1122b, the third second reflector 1122¢, and
the fourth second reflector 1122d may be a tunable reflector for tuning reﬂectivity of the
respective second reflector.

[0198] The multiplexer block 1130 may include a multiplexer element (MUX) '11>32
arfanged or embedded in the optical cavity 1102. The MUX 1132 may be a WDM MUX.
The MUX 1132 may include a first port (e.g. output port) 1134. The first port 1134 may
be optically coupled to the first reflector 1112. The MUX 1132 may further include at
least two second ports (e.g. input ports). As a non-limiting example as shown in FIG. 11,
the MUX 1132 may include four second ports; a first second port 1136a, a second second
port 1136b, a third second port 1136¢, and a fourth second port 1136d. A respective
second port may be associated with a respective channel wavelength of the MUX 1132,
where the respective channel wavelength may be associated with a respective optical
channel or MUX channel of the MUX 1132. Different second ports may be associated
with different channel wavelengths. For example, the first second port 1136a may be
associated with a first channel wavelength, X, of the first optical channel of the
MUX 1132, the second seéond port 1136b may be associated with a second channel
wavelength, A,, of the second optical channel of the MUX 1132, the third second
port 1136¢c may be associated with a third channel wavelength, A3, of the third optical
channel of the MUX 1132, and the fourth second port 1136d may be associated with a
fourth channel wavelength, A4, of the fourth optical channel of the MUX 1132.

[0199] The optical amplifier block 11>50 may include at least two optical gain media
positioned in the optical cavity 1102. As a non-limiting example as shown in FIG. 11, the
optical amplifier b.lock 1150 may include four optical gain media; a first optical gain

medium 1152a, a second optical gain medium 1152b, a third optical gain medium 1152c¢,
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and a fourth optical gain medium 1152d. Any one of or each of the first optical gain

" medium 1152a, the second optical gain medium 1152b, the third ~optical gain

medium 1152c, and the fourth optical gain medium 1152d may include a III-V material,
for example in the form of a III-V bonding layer, which may be bonded to a silicon (Si)
waveguide or a respective silicon (Si) waveguide. |
[0200] In various embodiments, a respective optical gain medium may be arranged in a
respective optical path between a respecti%ze second port of the MUX 1132 and a
respective second reflector. As a non-limiting example, the_ first optical gain
medium 1152a may be arranged in an optical path between the first second port 1136a of
the MUX 1132 and the first second reflector 1122a. |

[0201] In various embodiments, a respective optical gain medium may emit light to be

- received by a respective second port, where the light may have a range of wavelengths

including the channel wavelength associated with the respective second port. For

example, the first optical gain medium 1152a may emit light of a range of wavelengths

of, for example, Ami,..., Ay,..., An1 to be received by the first second port 1136a of the

MUX 1132.

[0202]) The MUX 1132 may receive respective lights via the respective second

ports 1136a, 1136b, 1136¢, 1136d, and may provide a light at the respective channel .

wa‘\/_éléngths to the first port 1134 for transmission therefrom. This may mean that the

MUX 1132 may filter light received on each of the second ports 1136a, 1136b, 1136c,
1136d, which may remove at least substantially light of wavélengths other than the
respective channel wavelengths, Aj, A, A3, As. Respective lights or filtered lights at the
respective channel wavelengths, A;, A,, A3, A4 may be combined into one optical signal or
light, e.g. multiplexed, to provide a resultant light or multiplexed light having
wavelengths at least substantially at A1, A2, A3, A4, to the first port 1134 for transmission
of the multiplexed light. '

[0203] A portion of the resultant light transmitted from the first port 1134 may be
transmitted via the first reflector 1112, while another portion of the resultant light
transrhitted from the first port 1134 may be reflected by the first reflector 1112. This.may
mean that the first reflector 1112 may be a partial reflector. The portion of the résultant

light reflected by the first reflector 1112 may be directed towards the first port 1134,
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where respective lights of respective channel wavelengths may be directed towards and

~ through the respective second ports, e.g. demultiplexed by the MUX 1132, where the

respective lights may then interact with the respective optical gain media so that lasing
may occur. Using the first second port 1136a as a non-limiting example, after
demultiplexing by MUX 1132, light at the wavelength of A, may exit via the first second
port 1136a and propagate through the first optical gain medium 1152a, and be reflected
by the first second reflector 1122a back through the first optical gain for a second time,
towards the MUX 1132 to be received by the first second port 1136a and transmitted
from the first port 1134. During each passage through the first optical gain
medium 1152a, light at the wavelength of A; may be amplified as a result of optical gain. |
Therefore, as the WDM MUX" 1132 may be embedded inside the optical ‘ laser
ca\}ity 1102 for the selection of the lasing modes or operation wavelengths, the WDM
laser wavelengths may be self-aligned to the WDM MUX channels, where only the
wavelengths that align with the WDM channels may be amplified and lasing may.
Accordingly, the set of first second reflector 1122a, second second reflector 1122b, third
second reflector 1122¢, and fourth second reflector 1122d arranged at one end may serve
as the respective mirror for the respective WDM optical channel or laser channel, while
the first reflector block 1 110 at the other end may serve as a common facet.

[0204] In various embodiments, a respective waveguide (e.g. Si waveguide) may be
provided for optical coupljng between the respective second reflector and the respective

second _port. In various embodiment, the respective optical gain‘medium (e.g. 1II-V gain

 -medium) may be arranged at least substantially at or along the same plane as that of the

respective waveguide, or arranged over or on top of the respective waveguide by various
wafer bonding techniques to form a hybrid system.

[0205] Therefore, various embodiments may provide a combination of WDM MUX and
an optical light source (e.g. WDM light séurce), thus simplifying the design of the optical
transmitter. Various embodiments may also enable wavelength self-alignment between
the WDM light source and the WDM MUX. For example, this may be achieved by using
the MUX as a cayity mode selector. This may poténtially address or solve the wavelength
misalignment problem between the WDM light source and the WDM MUX associated

with conventional transmitters.
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[0206] In various embodiments, any one of or each of the first reflector 1112, first second

-reflector 1122a, second second reflector 1122b, third second reﬂ_ector 1122¢, and fourth

second reflector 1122d may be a tunable reflector, which for exémple may provide
tunable mirror reflections for controlling the mirror reflection, thus controlling the
properties of the laser cavity 1102, including the Q-factor, the output reflection, ambng
other properties/paramters. Such cavity parameters may subsequently affect the laser
properties, such as the lasing threshold, the output power, among others. There are
different embodiments for the realization of such tunable reflector, as illustrated in
FIG. 12. , ' »

[0207] FIG. 12 shows schematic views of different designs for a tunable reflector,
according to various embodiments. The tunable reflector may be a tunable loop
mirror 1200, a tunable Mach-Zehnder interferometer (MZI) loop mirror 1240, of a
tunable ring mirror 1280. _

[0208] The tunable loop mirror 1200 may include a feedback loop with a directional
cbupler, having a feedback loop 1204 which may be formed into two arms (please refer
to FIG. 3 for detailed view of a loop mirror) and coupled to a DC 1206, which
subsequently may be coupled to a first waveguide (e.g. input waveguide; silicon
waveguide) 1208a and a second waveguide (e.g. output waveguide; silicon
waveguide) 1208b. In various embodiments, the feedback loop 1204 with the DC 1206,
the first waveguide 1208a and the second waveguide 1208b may be a continuous
waveguide structure, e.g. formed from a single waveguide. In'var;ious embodiments, a
thermo-optical device or electro-optical device, as an optical tuning element or as part of
an optical tuning element, may be integrated with the DC 1206, for controlling the
reflection of the reflector 1202 or the feedback loop 1204. This may mean that the optical
tuning element may function as a reflectivity tunirig element. As a non-limiting example
based on a thermo-optical device, the therrﬁo-optical device may include one or more
heaters, e.g. a first heater 1212a and a second héater 1212b. The tunable loop mirror 1200
and its associated operations may be as described in the context of the reflector 202 of
FIG. 2A.

[0209] The tunable Mach-Zehnder interferomefer MZD) lobop mirror 1240 may include a
feedback loop with a MZI, having a feedback loop 1244 which may be formed into two
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arms (please refer to FIG. 3 for detailed view of a loop mirror) and éoupled to a

~ MZI 1246. The MZI 1246 may include a first arm 1247a and a second arm 1247b

respectively coupled to the arms of the feedback loop 1244. The first arm 1247a of the |
MZI 1246 may also be coupled to a first waveguide (e.g. input waveguide; silicon
waveguide) 1248a, while the second arm 1247b of the MZI 1246 may also be coupled to
a second waveguide (e.g. output waveguide; silicon waveguide) 1248b. In various
embodiments, the feedback loop 1244, the first arm 1247a and the second arm 1247b of
the MZI 1246, the first waveguide 1248a, and the second waveguide 1248b may be a
continuous waveguide structure, e.g. formed from a single wévéguide. In varioﬁs
embodiments, a thermo-optical devicé or electro-optical device, as an optical tuning
element or as part of an optical tuning element, may be integrated with the MZI 124>6,‘f0r
controlling the reflection of the reflector 1240 or the feedback loop 1244. This may méan
that the optical tuning element may function as a reflectivity tuning element. As a non-
limiting example based on a thermo-optical device, the thermo-optiéal device may
include one or more heaters, e.g. a first heater 1252a provided with the first arm 1247a
and a second heater 1252b provided with the second arm.1247b. The tunable MZI loop
mirror 1240 and its associated operations may be as described in the context of the
reflector 252 of FIG. 2B.

[0210] The tunable ring mirror 1280 may include a microring-coupled Y-splitter, having
a Y-splitter 1284 having a first arm 1285a, a second arm 1285b, and a third arm 1285¢
Which ‘may intersect at an intersection point to form a substaﬁtially Y-shape. The
reflector 1280 may further include a microring 1286 arranged in between and coupled
(e.g. mechanically and/or optically coupled) to the first arm 1285a and the second
arm 1285b. The third arm 1285¢c may be coupled to a waveguide (e.g'. input waveguide;
silicon waveguide) 1288. In various embodiments, the first arm 1285a, the second
arm 1285b and the third arm 1285c of the Y-splitter 1284 and the waveguide 1288 may
be formed as a continuous structure (e.g. continuous waveguide structure), for example
formed from a single waveguide. In various embodiments, a thermo-optical device or
electro-optical device, as an optical tuning element or as part of an optical tuning
element, may be integrated with the microring 1286, for controlling the resonator or

éavity modes of the reflector 1280 or the microring 1286. This may mean that the opﬁcal
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tuning element may function as a cavity resonance tuning element. As a non-limiting
example based on a thermo-optical device, the '.thermd-.optical device may include one or
more heaters (e.g. a heater 1292), for example arranged over and/or beneath and/or
surrounding the microring 1286. The tunable ring mirror 1280 and its associated"
operations may be as described in the contexf of the reflector 1002 of FIG. 10A. It shbuld
be appreciated that a microring-coupled MZI as described in the context of the
reflector 1052 of FIG. 10B méy be employed instead as a tunable ring mirror.

[0211] The optical transmitter of various embodiments may be used for WDM
applications, for example as a hybrid WDM transmitter employed to select the lasing

wavelengths. In various embodiments, the MUX 1132 shown in FIG. 11 may be a WDM

- MUX. Different structures may be employed to realise the WDM MUX function as

shown in FIGS. 13A and 13C.

[0212] In various embodiments, the multiplexer element may include a microresonator-
based multiplexer arrangement, for example a microring resonator based MUX as shown
in FIG. 13A, where, each of the channels may include either one or two (a pair)
microrings with tunability. The multiplexer element may be a single microring
MUX 1300 or a dualirﬁicroﬁng MUX 1320 with tunable free space range (FSR). In the
context of various embodiments, the term "free space range" may mean the frequency
spacing of its axial resonator modes or the frequency spacing between two successive
reflected or traﬁsmitted optical intensity maxima or minima.

[0213] The single microring MUX 1300 may include a plurality of fnicforings. As a non-
limiting example as shown in FIG. 13A, the single microring MUX 1300 may include
four microrings coupled to a plurality of input waveguides respectively; a first
micr_oring 1302a coupled to a first input waveguide 1304a, a second microring 1302b
coupled to a second input waveguide 1304b, a third microring 1302¢ coupled to a third
input waveguide 1304c, and a fourth miéroring 1302d coupled to a fourth input
waveguidc 1304d. The microrings 1302a, 1302b, 13020, 1302d may also be coupled to a
common output ‘wavegliide 1306. In various embodiments, the plurality of input
waveguides 1304a, 1304b, 1304c, 1304d, may be coupled to respective optical gain
media. Tt should be appreciated that light may propagaté bi-directionally between th¢
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. plurality of input waveguides 1304a, 1304b, 1304c, . 1304d and the output
~ waveguide 1306. | ‘

[0214] The dual-fnicroring MUX 1320 may include a plurality of pairs of microrings. As
a non-limiting example as shown in FIG. 13A, the dual-microring MUX 1320 may
include four pairs of microrings; a first pair of microrings 1322a, a second paif of
microrings 1322b, a third pair of microrings 1322c, and a fourth pair‘ of
microrings 1322d. The first pair of microrings 1322a may include a first microring 1324a
coupled to a first input waveguide 1330a, and a second microring 1326a coupled to the
first microring 1324a via a first intermediate waveguide 1332a.'The second pair o.f
microrings 1322b may include a first microring 1324b coupled to a second input
waveguide 1330b, and a second microring 1326b coupled to the first microring 1324b via
a second intermediate waveguide 1332b. The third pair of microrings 1322¢ may include
a first microring 1324c coupled to a third input waveguide 1330c, and a second
microring 1326c coupled to the first microring 1324c via a' third intermediate
waveguide 1332c. The fourth pair of microrings 1322d may include a first
microring 1324d coupled to a fourth input waveguide 1330d, and a second
microring 1326d coupled to the first microring 1324d via a fourth intermediate
waveguide 1332d. The pairs of microrings 1322a, 1322b, 1322c, 1322d may also be
coupled to a common output waveguide 1334. In various embodiments, the plurality of
input waveguides 1330a, 1330b, 1330c, 1330d, may be coupled to respective optical gain
média.AIt should be appreciated that light may propagate bi-direc;tionally between the
plurality of input waveguides 1330a, 1330b, 1330c, 1330d and the output
waveguide 1334. | » A

[0215] The dual-microring MUX 1320 may allow tunable FSR. In various embodiments,
the transmission spectrum of a microring may include a plurality of period peaks, where
the pitch of adjapent peaks may be defined és the FSR (free space range). For a laser, a
small number of peaks may be expected and a double ring structure may realise this.
FIG. 13B shows -an opefation of the dual-microring MUX 1320. As a non-limiting
example using the first pair of microrings.13223, the FSR of the first microring 1324a
may be FSR; as shown in the spectrum 1340 while the FSR of the second

microring 1326a may be FSR; as shown in the spectrum 1342. In various embodiments,
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the respective FSRs of the first microring 1324a and the second microring 1326a may be
designed to be different. Tuning the first microring 1324a and the second
microring 1326a inay make some of the peaks align together, thereby providing a final
FSR for the first pair of microrings 1322a, as shown in FIG. 13B. The total peaks number
may be very small, and therefore may be beneficial for laser. It should be appreciated fhat
each of the first pair of microrings 1322a, second pair of microrings 1322b, third pair of
microrings 1322¢c, and fourth pair of microrings 1322d may be tuned to obtain a final
FSR as substantially described above or a different final FSR. Further, it should be
appreciated that any one of or each of the first pair of microrings 1322a, second pair c;f
microrings 1322b, third pair of microrings 1322¢, and fourth paif of microrings 1322d
may have the at least substantially similar final FSR or different final FSRs. -
[0216] In various embodiments, the multiplexer element may include an arra?ed
waveguide grating (AWG) 1350 as shown in FIG. 13C. The AWG 1350 may include a
plurality of input waveguides, collectively represented as 1352, coupled to an input
port 1354, and an output waveguide 1356 coupled to an output port 1358. A plurality of
intermediate fibers or waveguides, collectively represented as 1360, of different lengths,
may be coupled between the input port 1354 and the output port 1358. In various
embodiments, the plurality of input waveguides 1352 may be coupled to respective
optical gain media. It should be appreciated that light may propagate bi-directionally
between the plurality of input waveguides 1352 and the output waveguide 1356.

[0217] In various embodiments, the multiplexer element rnay. include a concave
grating 1372, as shown in FIG. 13C, which may be placed in an arrangement 1370 where
the concave grating 1372 may be optically coupled to a plurality of input waveguides,
collectively represented as 1374, and an output waveguide 1376. In various
embodiments, the plurality of input waveguidés 1374 may be coupled to .respective
optical gain media. It should be appreciated that light may propagate bi-directionally
between the plurality of input waveguides 1374 and the output waveguide 1376.

[0218] FIGS. 14A and >1‘4B show schematic views of optical transmitters, according to
various embodiments.

[0219] The opticél transmitter 1400 of FIG. 14A may include a first reflector block 1410,

a second reflector block 1420, a multiplexer block 1430 and an optical amplifier
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block 1450, which may be similar to the embodiment as described in the context of
optical transmitter 1100 of FIG. 11. The first reflector block 1410 ﬁ;ay include a
reflector 1412 having a feedback loop with a MZI, which may be as described in the
context of the reflector 252 of FIG. 2B. The second reflector block 1420 may include a
plurality of feedback loops; for example a first feedback loop 1422a, a second feedback
loop 1422b, a third feedback loop 1422¢, and a fourth feedback loop 1422d. The
multiplexer block 1430 may include a dual-microring MUX 1432 which may be as
described in the context of the dual-microring MUX 1320 of FIG. 13A. The optical
amplifier block 1450 may include a plurality of optical gain medié, for example a ﬁrét
optical gain medium 1452a, a second optical gain medium 1452b, a third optical gain
medium 1452c, and a fourth optical gain medium 1452d, which may be as described in
the context of the optical amplifier block 1150 of FIG. 11. -
[0220] The optical transmitter 1460 of FIG. 14B may be as described above in the
context of the.optical transmitter 1400, except that the dual-microring MUX 1432 in the
multiplexer block 1430 is replaced by a single microring MUX 1464 in the optical
transmitter 1460. The single microring MUX 1464 may be as described in the context of
the single microring MUX 1300 of FIG. 13A.

[0221] The optical transmitter 1480 of FIG. 14C may be as described above in the
context bf the optical transmitter 1460, except that the plurality of feedback loops 1422a,
1422b, 1422c, 1422d in the second reflector block 1420 are replaced by a plurality of
reﬂectqrs 1482a, 1482b, 1482c, 14824, respectively, each having a feedback loop with a
MZ], in the optical transmitter 1480. Each of the reflectors 1482a, 1482b, 1482¢c, 1482d
may be as described in the context of the reflector 252 of FIG. 2B.

[0222] It should be appreciated that other comb1nat10ns of structures for the first rcﬂector
block 1410, the second reflector block 1420, the multiplexer block 1430 and the optical
amplifier block 1450 respectively may also bé employed.

[0223] FIG. ISA shows a set-up 1500 for measurements of light emission based on the
tunable MZI-ringrreﬂectof 1280 as descfibed_ in the context of FIG. 12, for a wavelength-
tunable hybrid laser. The set-up 1500 further includes an external/off-chip semiconductor
optical amplifier (SOA) 1502, as a gain medium. The SOA 1502 may be coupled, via the
waveguide 1288 to the third arm 1285¢ of the Y-splitter 1284 of the reflector 1280. For
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the set-up 1500, the laser cavity is defined by an off-chip fiber loop 1504 and the on-chip

~ tunable MZI-ring reflector 1280. By thermo-optically tuning the MZI-ring

resonator 1286, for example by applying an electrical signal to the heater 1292 via the

‘metal pads 1510, the cavity wavelength may be changed, and thus the laser operation

Wavelength may change.

[0224] FIG. 15B shows plots of measured light emission obtained based on the set-up of
FIG. 15A, illustrating the measured lasing wavelength upon the thermo-optical tunability
to the fnicroring resonator. Results are shown in plot 1500 where no voltage is applied to
the heater 1292, plot 1502 for a supply of about 3 V applied to the Heater 1292, plot 1504
for a supply of about 4 V, plot 1506 for a supply of about 5 V, and plot 1508 for a supply
of about 6 V. As may be observed, the lasing wavelength changes depending on the
amount of voltage applied to the heater 1292. | |
[0225] FIG. 16A shows a set-up for measurements of an optical transmitter (e.g. hybrid
WDM transmitter) 1600. The optical transmitter 1600 includes an external/off-chip
semiconductor optical amplifier (SOA) 1602, as a gain medium. The laser cavity is
defined by an off-chip fiber loop 1604 and a plurality of on-chip reflectors, for example
as represented by 1620, 1622 for two reflectors. Each of the reflectors, e.g. 1620, 1622,
may be a tunable MZI loop mirror having a feedback loop with a MZI, which may be as
described in the context of the reflector 252 of FIG. 2B. The optical transmitter 1600 may
further include a multiplexer element, in the form of an 8-channel arrayed-waveguide
grating_ (AWG) 1640. The AWG 1640 includés eight input waveguides, collectively
represented by 1642, coupled to respective reflectors, e.g. 1620, 1622, and an output
waveguide 1644 coupled, via a waveguide 1650, to the SOA 1602. A plurality of on-chip
metal pads 1610 are provided for electrical communication with heaters for thermo-
optical tuning of the reflectors, e.g. 1620, 1622.

[0226] FIG 16B shows plots of WDM spectfa obtained based on the set-up of FIG. 16A,
for an example Where‘ a 4-channel output is selectively chosen. FIG. 16B shows pairs of
plots, for example plot 1660a for an "off" state and plot 1660b for an "on" state,
plot 1662a for an "off" state and plot 1662b for an “on" state, plot 1664a for an "off" state
and plot 1664b for an "on" state, and pth 1666a for an "off" state and plot 1666b for an
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"on" state, cofresponding to respective channels. The WDM spectra as illustrated in

~ FIG. 16B show relatively low intensity as a result of on-chip loss.

[0227] The results showns in the plots 1660b, 1662b, 1664b, 1666b shbw the lasing
operation, illustrating the respective lasing wavelengths 1661, 1663, 1665, 1667. While
indications for the WDM channels are not clearly shown in the plots 1660b, 1662b,
1664b, 1666b due to overlaps with the respective lasing wavelengths 1661, 1663, 1665,

‘1667, self-alignment between the WDM laser and the WDM MUX channels may be

observed, where each of the lasing wavelengths 1661,‘ 1663, 1665, 1667 may be aligned
to the respective WDM channel. | - -
[0228] It should be appreciated that while various embodiments of the optical light
source and the optical transmitter have been described in the context of a gain medium
being arranged on or above a waveguide (e.g. silicon (Si) waveguide), the gain medium
may be arranged adjacent to the waveguide, at least substantially at or along'the same
plane as that of the waveguide. In other words, light from the waveguide may cross into
the gain medium, for example the light may propagate axially or co-axially between the
waveguide and the gain medium.

[0229] It should be appreciated that while various embodiments of the optical light
source and the optical transmitter have been described in the context of silicon (Si)
waveguides, various embodiments may be applicable also for other materials, including
but not limited to silicon nitride (SiN), polymer, or SiO, which may be employed for
planar lightwave circuit (PLC). |

[0230] -It should. be appreciated that modifications to the optical light source of various

~embodiments may be carried out to improve performances. For example, optimisation of

the device implantation scheme in order to reduce optical loss, and/or optimisation of the
directional coupler, may be carried out. Modifications to the optical light source of
various embodiments may also be carried out to provide hybrid integration of advanced
light source, such as Q-switched laser, and mode-lbcked laser.

[0231] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and

scope of the invention as defined by the éppended claims. The scope of the invention is
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thus indicated by the appended claims and all chénges which come within the meaning

~ and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. An optical light source comprising: .

at least two reflectors arranged spaced apart from eaéh other, the at least two
reflectors defining an optical cavity therebetween, wherein at least one reflector of the at
least two reflectors compn'ses-an optical tuning element; and
| an optical gain medium positioned in the optical cavity and in an optiéal path
between the at least two reflectors; |

wherein the optical tuning element is configured to allow tuning of light
propagating in the optical cavity between the at least two reflectors and the optical gain

medium in response to an applied voltage to the optical tuning element.

2. The optical light source according to claim 1, wherein the optical tuning element

is controlled by a thermo-optical device or an electro-optic device.

3. The optical light source according to claim 1, wherein the optical tuning element

comprises a reflectivity tuning element or a cavity resonance tuning element.

4. The optical light source according to claim 3, wherein the reflectivity tuning
element comprises: . |
a feedback loop; and

a directional coupler or a Mach-Zehnder interferometer.

5.. The optical light source according to claim 4, wherein the feedback ldop

comprises silicon, silicon nitride, or silicon oxide.

6. The optiéal light source according to claim 3, wherein the cavity resonance tuning.

element comprises a microresonator-coupled Y-splitter or a microresonator-coupled

Mach-Zehnder interferometer.
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7. The optical light source according to claim 1, wherein at least one reflector of the

at least two reflectors is configured to allow light to exit from the optical light source.

8. The optical light source according to claim 1, further comprising:

a waveguide optically coupled between the at least two reflectors.

9. The optical light source according to claim 8, wherein the optical gain medium is

positioned over the waveguide.

10.  The optical light source according to claim 1, wherein the optical gain medium is
configured to receive energy from an external source so as to provide an initial light to
the at least two reflectors and to subsequently amplify a reflected light propagating there-

between the at least two reflectors.

11. The optical light source according to claim 10, wherein the external source
comprises a voltage supplier as current injection light source or external photons as

optical pumping light source.

12.  The optical light source according to claim 1, wherein the optical gain medium

comprises a [II-V bonding layer or a material configured to provide the gain.

13.  The optical light source according to claim 1, wherein the optical gain medium

comprises a multiple quantum well region.

‘14.  An optical transmitter comprising:
a first reflector;
at least one second reflector arranged spaced apart from the first reflector, the first
reflector and the at least one second reflector defining an optical cavity therebetween;
a multiplexer element arranged in the optical cavity, the multiplexer element
comprising:

- a first port; and
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at least two second ports, wherein a respective second port of the at least
two second ports is associated with a respective channel wavelength;
wherein the multiplexer element is configured to receive light on each of the at
least two second ports and to provide light at the respective channel wavelength to the
first port based on the respective received light, and wherein the multiplexer element is
further configured to transmit the light at the respective channel wavelengths from the
first port; and
at least two optical gain media positioned in the. optical cavity, w”herein a
respective optical gain medium of the at least two optical gain media is in a respective
optical path between the respective second port and the at least one second reﬂectof, the
respective optical gain medium configured to emit light to be received by the respéctive
second port, the light comprising the respective channel wavelength,
wherein the at least one second reflector is configured to reflect light from the at
least two optical gain media, and wherein the first reflector is configured to reflect at least
a portion of the light at the respective channel wavelengths transmitted from the first port
to the at least two optical gain media, so as to cause lasing in the optical cavity at the

channel wavelengths.

15. The optical transmitter according to claim 14, comprising a plurality of second
reflectors arranged spaced apart from the first reflector, wherein the respective optical
gain medium is in a respective optical path between the respective second port-and a

respective second reflector of the plurality of second reflectors.

16.  The optical transmitter according to claim 14, wherein at least one of the first
reflector or the at least one second reflector comprises an optical tuning element, wherein
the optical tuning element is configured to allow tuning of light propagating in the optical

éavity in response to an applied voltage to the optical tuning element.

17.  The optical transmitter according to claim 14, wherein the optical tuning element

is controlled by a thermo-optical device or an electro-optic device.
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18.  The optical transmitter according to claim 16, wherein the optical tuning element

comprises at least one of

a feedback loop; and a directional coupler or a Mach-Zehnder interferometer;
a microresonator-coupled Y-splitter; or

a microresonator-coupled Mach-Zehnder interferometer.

19.  The optical transmitter according to claim 14, wherein the multiplexer element
comprises at least one of

a microresonator-based multiplexer arrangement;

an arrayed waveguide grating (AWG); or

a concave grating.

20.  The optical transmitter according to claim 19, wherein the microresonator-based
multiplexer arrangement comprises at least one of

a plurality of microrings, wherein a respective microring of the plurality of
microrings is optically coﬁpled to the respective optical gain medium; or

a plurality of pairs of microrings, wherein a respective pair of microrings of the

plurality of pairs of microrings is optically coupled to the respective optical gain medium.
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