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GRATING BASED OPTICAL TRANSMITTER
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BACKGROUND
[0005] This specification relates to coupling light using a grating.

I0008] Light propagates inside a photonic integrated circuit, and is coupled to an
external medium through a grating fabricated on the photonic integrated circuit.
Conventionally, coupling between light and the photonic integrated circuit is achieved
by an edge coupling, where an optical facel needs 1o be prepared and the process is
time-consuming and expensive. An emission of a laser diode in the photonic
integrated circuit is coupled o the external medium through a grating. Two terminals
of the laser dicde are used to inject electrical carriers 1o generate photons, and the

photons resonate in a cavity and emit ccherent light

SUMMARY

[0007] According to one innovative aspect of the subject matier described in
this specification, an optical apparatus includes a light source region configured to
generate light; a first reflector region and a second reflector region configured to
reflect the generated light {o form an interference light along a first direction; an
interference region formed between the first reflector region and the second reflector
region and coupled {o the light source region, and the interference region configured
to confineg at least a portion of the interference light formed by light reflected between
the first reflector region and the second reflecior region along the first direction; and
a grating region containing a first grating structure and a second grating structure
with substantially the same periodicity but different duty cycles, where both grating
structures are arranged along the first direction with 180° phase offset, where the
grating region is formed on a region confining at least a portion of the interference
light, and the grating region is configured to emit at least a portion of the light along a

second direction that is different from the first direction.

(0008 This and other implementations can each optionally include one or
more of the following features. The grating periodicity of the first grating structure
substantially may maich the periodicity of the interference light inside the
interference region. A quarter-wavelength shift region may be formed in the grating
region by removing or adding at least cne segment of the grating structure. A taper
region may be formed in adjacent {o the quarter-wavelength shift region along the

first direction where the period or duty cycie of the taper region increases or

p)
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decreases from the side closer {o the quarter-wavelength shift region toward the side

away from the quarter-wavelength shift region.

(0009 The first reflector region may be a surface corrugated grating structure
forming a distributed feedback or a distributed Bragg reflector. The duly cvcle ¢f the
first grating structure of the grating region may be different from the duty cycle of the
surface corrugated grating siructure of the first reflector region, and the period of the
first grating structure may be twice the period of the surface corrugated grating
structure. The first grating structure of the grating region may be formad on the
same planar surface as the surface corrugated grating structure of the first reflector

region.

(G010} The light source may be at least partially embedded in the interference
region, and may contain aliernating Hi-V material layers forming a guantum weil or
guantum wire or quantum dot structure. A portion of the grating region may be
formed on the interference region, or the fist reflector region. The second direction
may be substantially perpendicular to the first direction. The grating periodicity of the
first grating structure region may be d2, where the interference light inside the
interference region may have an intensity pericdicity of d1, where d2 substantially
equals to 2 = d1.

(o011l The grating region may have a grating length along the first direction
and a grating width along a third direction perpendicular fo the first direction at &
planar surface, and the grating width may be different from the grating length to

obtain an circular beam profile.

[G012] The optical apparatus may include an n-doped region and a p-doped
region configured {o provide an electric field in the inferference region with an
application of a voltage or a current across the n-doped region and the p-doped
region, where the interference region is configured to provide a different interference
pattern for the inlerference light with the application of a voltage or a current across

the n-doped region and the p-doped region.

10013] The optical apparatus may include an n-doped region and a p-doped
region configured o provide an electric field in the first and/or second reflector region
with an application of a voltage or a current across the n-doped region and the p-

doped region, where the first and/or second reflector region is configured to provide
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a different reflectivity with the application of a voltage or a current across the n-

doped region and the p-doped region.

[0014] The first reflector region or the second reflector region may include one
of a corner mirror, a DBR mirror, a DFB mirror, an anomalously dispersive mirror, a
waveguide loop mirror, a dielecitric layer with a metal mirror, or @ metal layer. The
grating region may have latlice vectors formed so that the locations of the in-phase
antinodes of the interference light inside the interference region substantially match

the locations of the grating valleys or peaks.

[0015] The optical apparatus may include a first electrode and a second
glectrode electrically coupled 1o the light source region, the first electrode and the
second slectrode configured to generate light through an electrical carrier injection
by an eleclrical fieid applied between the first electrode and the second elecirode.
The optical apparatus may inciude a third electrods electrically coupled to the light
source region, the third electrode configured {o modulate an electrical carrier
concentration in the light source region by an slectrical field applied (i) between the
first electrode and the third elecirode or {ii} between the second electrode and the

third electrode.

[G016] The light source region may contain at least two different layers of
materials and the first electrode and the third elecirode are physically in contact to
different layers of materials of the light source region. A dislectric layer may be
formed between the third electrode and the light source region and the third
electrode is configured to modulate the amount of elecirical carriers recombined in
the light source region through a capacitive effect without injecting electrical carriers
into the light source region. At least two different voltage levels can be applied o the
third elecirode in sequence o modulate the amount of electrical carriers recombined

in the light source region to obtain different output light power level.

(0017 The grating region and the third electrode may be locaied on the
opposite sides of the interference region, and the light is emitted through the side of
the grating region. The grating region and the third electrode may be located on the
opposite sides of the interference region, and the light is emitted through the
opposite side of the grating region. The grating region and the third electrode may

be jocated on the same side of the interference region, and the light is emitled
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through the side of the grating region. The grating region and the third electrode
may be iocated on the same side of the interference region, and the light is emitied
through the opposite side of the grating region. Atleast part of the third elecirode

may be transparent {o the light emitting through the side of the grating region.

[Go18] According to another innovative aspect of the subject matter described
in this specification, a method for forming an optical transmitter includes forming a
light source region; forming an interference region, a first reflector region and a
second reflactor region, where the interference region, of which the light source
region is af least parfially embedded in, is bounded at two opposite ends along a first
direction by the first and second reflector region; and forming a grating region
including z first grating structure, covering at least part of the interference region,
where the first grating struclure has periodicity substantially matched to the period of
the interference light along a first direction, where light generated by the electrical
carrier recombination resonates inside the interference region along the first direction
and emits out of the interference region along a second direction that is different

from the first direction.

[0019] This and other implementations can each optionally include one or
more of the following features. The grating region may include a second grating
structure with the same periodicity but different duly cycle as the first grating
structure, and a third grating structure that is a surface corrugated structure forming
a DFB type reflecior region. The method may include forming a quarter-wavelength
shift region in the gratling region by removing or adding at least one segment of the
grating struciure. The method may include forming a taper region in adjacent to the
gquarter-wavelength shift region along the first direction where the period and the duty
cycle of the taper region increases or decreases from the side closer to the quarier-
wavelength shift region toward the side away from the quarter-wavelengih shift
region. The method may include forming at least three electrodes electrically
coupled 1o the light source region, where the three elecirodes arranged o provide g
control for relative electrical fields among the three electrodes to modulate an
elecirical carrier concentration inside the light source region, and one of the

electrode is an insulating electrode without electrical carrier injection.

(00207 Advantageous implementations may include one or more of the

following features. Light may be coupled in or out of 2 photonic integrated circuit at



WO 2018/009538 PCT/US2017/040712

an angle that is substantially perpendicular to the propagation direction of the light
inside the photonic integrated circuit. This perpendicularity may reduce packaging
cost and compilexity. Reflected light back to the photonic integrated circuit may be
minimized by one or more mirrors in the interference region to maintain stability of
the photonic integrated circuit. The optical mode profile of the light exiting the
grating may be shaped to maich the optical mode profile of the external medium to
minimize mode matching loss. Since the electric field in the interference region is
quite uniform, there is no need for a chirped grating {0 match a traveling wave
caused exponentially-decayed field prefile. The interference region or grating may
he actively tuned by mechanisms including electrical field, magnetic field or
mechanical movement, {0 control the coupling of light. When the interference region
is coupled to an active madium that generates light at a broad wavelength range, the
interference region may be used to select a narrower wavelength range from the
broad wavelength range. When the interference region is coupled to an absorption
medium that detects light, the interference region may be used 10 increase the

absorption efficiency through multiple reflections inside the interference region.

[0021] Other implementations of this and other aspects include corresponding
systems, apparatus, and computer programs, configurad to perform the actions of
the methods, encoded on computer storage devices. A system of one or more
computers can be so configured by virtue of sofiware, firmware, hardware, ora
combination of them installed on the system that in operation cause the system to
perform the actions. One or more computer programs can be so configured by virtue
of having instructions that, when execuied by data processing apparatus, cause the

apparatus to perform the actions.

[G022] The details of one or more implementations are set forth in the
accompanying drawings and the description below. Other potential features and

advantages will become apparent from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] FIG. 1A is a block diagram of an example photonic integrated circuit.
[0024] FIGS. 1B, 1C, and 1D show examples of an optical coupler.

[0025] FIG. 2 is an example of interference patierns.
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[0028] FIGS. 3A-3E show examples of a grating pattern.

[0027] FIGS. 4A-4L show examples of an optical coupler integrated with a light

sSource.
[0028] FIGS. 5A-5K show block diagrams of a grating-based laser device.

[0028] FIGS. 6A-6(G show examples of a grating-based laser device with front-side

modulation.

[8030] FIGS. 7A-7C show exampies of a grating-based laser device with back-side

modulation.

[6031] FIG. 8A shows the simulation results of near field and far field profiles of the

grating-based laser device.

[0032] FIG. 8B shows a simulation of the effect of changing the WL ratio of the

waveguide on the beam shape/profile.
[6033] FIG. 9 shows an exampile of an optical coupler integrated with p-n junctions.

[6034] FIGS. 10A-108 show exampies of an optical coupler having multiple ocutput
paths.

[00358] FIGS. 11A-11E show exampies of a mirror,

[06036] FIG. 12 shows an example of a flow diagram for designing a grating- based

opticai transmitter.

[6037] FIG. 13 shows an example of a flow diagram for fabricating a grating- based

optical transmitier.

[0038] Fig. 14A illustrates the block components of g first embodiment of the

optical device for redirecting an incident light.

(00331 Fig. 14B Hllustrates the block components of a second embodiment of

the optical device for redirecling an incident light.

100407 Fig. 15A shows a working example to further illusirate the embodiment

shown in Fig. 14A.

[G041] Fig. 15B shows a working example to further illustrate the embodiment

shown in Fig. 14B.
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[0642] Fig. 15C shows another working example to further illustrate the

embodiment shown in Fig. 14B.

[0043] Figs. 16A to 16H show the block components of example embodiments

of the optical device for redirecting an incident light.

[0044] Figs. 17A to 17E show the top views of exemplary embodimenis of the
grating structure 1420.

[0045] Figs. 17F to 17J show the corresponding cross-section views of the

exemplary embodiments of the grating structure in figure 17A t0 17E.

[0046] Figs. 18A to 18C show the simplified perspective views of example

embodiments of the oplical device o further illustrate the light redirecting paths.

[0047] Figs. 19A to 18B are used to iHlustrate the light traces under a

confinement condition with two mirrors.

[0048] Like reference numbers and designations in the varicus drawings
indicate iike elements. ltis also to be understood that the various exemplary
embodiments shown in the figures are merely lllustrative representations and are not

necessarily drawn {o scale.

DETAILED DESCRIPTION

{00491 FIG3. 1A is a block diagram of an example photonic integrated circuit
100 that includes an grating-based optical coupler for enabling the coupling of light
into and out of a photonic integrated circuit 100, In general, an optical coupler with
substantial vertical emission is useful for interfacing surface-emitling/receiving
optoelectronic devices, and can reduce the packaging cost and complexity due {o
off-normal configuration. Moreover, compared with edge emitting device, surface
emitling device can be characierized at wafer level without dicing and polishing the

chips, and hence reduces the overall testing and packaging cost.

f00507 The photonic integrated circuit 100 includes one or more optical
components fabricated on a substrate 116. The oplical components include a
waveguide region 102, a first reflector region 108, an interference region 110, a
second reflector region 114, and a grating region 120, The substrate 116 may be

any type of substrate that is suitable for fabricating a pholonic integrated circuit.
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For example, the substrate 118 may be a silicon wafer, a silicon-on-insulator (SOB
wafer, a llI-V semiconductor such as a gallium arsenide (CaAs), an indium
phosphide {(InP) wafer, or a glass wafer. As another exampie, the substrate 1186
may be a layer of passive or active material deposited over an integrated slectronic
circuit. As another example, the substrate 118 may be a layer of passive or active

material deposited over anocther integrated photonic circuit.

[0051) in general, the waveguide region 102 is configured to confine light
along one or more dimensions o guide light along a specific direction. Insome
implementations, the waveguide region 102 may confine light along one dimension.
For example, the waveguide region 102 may be a slab waveguide that confines
light along the z direction. In some implementations, the waveguide region 102
may confine light along two dimensions. For example, the waveguide region 102
may be a rib waveguide or a channel waveguide thal confines light along the y and
z directions, such that the light may propagate along the x direction, as designated
by the arrow 122. The term “along the x direction” and their derivatives as used
herein may be used to represent bidirectional {(&x direction), or unidirectional (+x, -
X). Furthermore, when light is fraveling inside a multi-mode waveguide placed
along the x direction, some portions of the light may travel in zigzag routes inside
the waveguide while the overall direction may still be regarded as along the x

direction.

f0052] in general, the first reflector region 108 and the second reflector 114
are configured to reflect incident light. For example, when light in the waveguids
region 102 is incident on an interface 104, some portion of the light may be
reflectad back to the waveguide region 102, while the remaining portion of the light
may be transmitied to the first reflector region 106. Similarly, when light in the first
reflector region 106 is incident on an interface 108, some portion of the light may be
reflected, while the remaining portion of the light may be transmitted to the
interference region 110. Similarly, when light in the interference region 110 is
incident on an interface 112, some portion of the light may be reflected, while the
remaining portion of the light may be fransmitied {o the second reflector region 114.
In some implementations, a reflector may be an interface between two mediums

with different refractive indices.

9
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[0053) The portion of the light that is reflected by a reflector may range from
near zero percent 1o near one hundred percent, depending on the design. In soeme
implementations, the first reflector region 108 or the second reflector 114 may be
highly reflective. For example, the second reflector 114 may be coated with a
metal, such as aluminum, {0 achieve a high reflectivity. As another example, light
may be arrange 1o be incident on the second reflecior 114 beyond a critical angle,
where the light is reflected through total infernal reflection. As another example,
the second reflector 114 may be a Bragg reflector that provides high reflectivity for
a range of wavelengths. As ancther example, the first reflector region 106 may
comprise one or multiple slits disconnecling the waveguide region 102 and the
interference region 110. As anocther example, the first reflector region 106 may

comprise DBR structure.

{0054} in some implementations, the firsi reflector region 108 or the second
reflector 114 may be parlially transmissive and partially reflective. For example, the
first reflecior region 106 may be configured to () reflect, by a particular reflectivity, a
portion of incident light, and (il) transmit another portion of the incident light. A
pariial reflective reflector may be implemented, for exampie, by depositing a
dielectric material having a refractive index that is lower than the material of the
waveguide region 102 in the corresponding reflecior region. The percentage of

reflected and transmitied light may be caiculated using Fresnel equations.

[0055] in general, the interference region 110 acts as a cavity having a cavity
length, Leawy, that is formed between the wavequide region 102 and the second
reflector region 114. In some implementations, the first reflector region 108 may be
formed between the waveguide region 102 and the interference region 110, where
Leaviy may be defined as the length between the first reflector region 106 and the
second reflector region 114. In some implementations, an effective refractive index
of the waveguide region 102 may be substantially equal to an effective refractive
index of the interference region 110, For example, both the waveguide region 102
and the interference region 110 may be fabricated in silicon with the same cross
sectional waveguide dimensions along the y-z dimensions. In this case, the
effective refractive index of the waveguide region 102 is equal to an effective
refractive index of the interference region 110. As another example, both the

waveguide region 102 and the interference region 110 may be fabricated in silicon,

10
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but the cross sectional waveguide dimensions along the y-z dimensions may vary,
which may cause a difference belween the effeclive refractive index of the
waveguide region 102 and the effective refractive index of the interference region
110. Inthis case, the effective refraclive index of the waveguide region 102 is
treated as substantially egual to the effective refractive index of the interference
region 110 as long as a resulting performance degradation, such as an optical loss,
caused by the effective refractive index difference is within a range that is

acceptable for a targeted application.

[0056] The interference region 110 is configured to confine an interference
light formed by an incident light and a reflected incident light. For example, a
standing wave pattern between the first reflector 108 and the second reflector 114
may be formed in the interference region 110. To have interference formed in the
interference region 110, the length of the cavity Lcauy and the parameters of grating
region 120 are chosen so that the incident light may reach t© and get reflected by
the second reflector 114 without being totally altenuated in the first pass
propagating from the first reflector 106 to the second reflecior 114, In some
implementations, the confinement may be a partial confinement, where a portion of
the interference light is transmitied through the first reflector 106 back to the
waveguide region 102 and/or a portion of the interference light is tfransmitted
through the second reflector 114. The interference of light formed by the incident

light and the reflected incident light is described in more details in FIG. 2.

(0057 in some implementations, an optical path length of the interference
region 110 may be longer than a wavelength of the guided light. In some other
implementations, an optical path length of the interference region 110 may be
shorter than the wavelength of the guided light. For example, for an interference
region 110 composed of silicon having a cavity iength of 0.4um and a refractive
index of 3.45, the interference region 110 has an optical path length of 0.4um = 3.45
= 1.38um. If the wavelength of the guided light has a wavelength of 1.55um, the
optical path length of the interference region 110 is shorter than the wavelength of
the guided light. In this case, the light having the 1.55um wavelength may be
couvpled to the grating region 120 through an evanescent field of the light confined

{partial confinement) in the interference region 110,

1§
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(00581 in general, the grating region 120 having a grating length of, Laerating, IS
configured either to couple at least a portion of the light in a photonic integrated
circuit 100 o an external medium 130, or to couple at ieast a portion of the light from
the external medium 130 to the photonic integrated circuit 100, In some
impiementations, the grating length Leaing may be shorter than the cavily length
Leaviy. I some other implementations, the grating length Laming may be equal to the
cavily length Leawy. In some other implementations, the grating length Laraing may
be longer than the cavity length Leawy. For example, the grating region 120 may be
fabricated on the interference region 110, but a portion of the grating region 120 may
he extended inio the first reflector region 108, and/or the second refiector region 114,
and/or the waveguide region 102. As used in this specification, the grating is formed
or fabricaled on a region means that the grating is formed above the region, or the
grating is embedded at least partially inside the region. For example, the grating

may be formed by etching into the region which the grating is disposed over.

[0059] In some implementations, the interference region 110 and the grating
region 120 may have the same material composition. For example, the grating
region 120 may be fabricated by etching a grating pattemn directly on the surface of
the interference region 110. In some other implementations, the interference region
and the grating region may have different material compositions. For example, the
grating region 120 may be fabricaied by deposiling silicon dioxide on the surface of a
silicon-based interference region 110. A grating paitern may then be etched on the
surface of the silicon dioxide 1o form an oxide grating. As another example, the
grating region 120 may be fabricated by depositing metal on the surface of the
interference region 110 and then be etched to form a metal grating. As another
example, the grating region 120 may be fabricated by depositing a higher refractive
index material on the surface of the interference region 110 having a lower refractive
index to improve the grating efficiency by atiracting the opiical mode toward the
grating side. The lower refractive index material can for example be InP and the

higher refractive index material can for example be Si.

[0060] in general, the grating region 120 redirecis light propagating along a
first direction to a second direction that is different from the first direction. iIn some
implementations, the grating region 120 may redirect light propagating along a first

direction {0 a second direction that is substantially perpendicular to the first direction.

12
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For example, by substantially matching the grating periodicity of the grating region
128 o the interference periodicity in the interference region 110, the grating region
120 may redirect the light propagating inside the waveguide region 102 along the x
direction, as designated by the arrow 122, 1o a perpendicular direction along the z
direction, as designated by the arrow 123. The term “substantially maich” as used in
this application means that a resulting performance degradation, such as an optical
loss, due o the mismaich is within an acceptable range for a targeted application.
An acceptable range may be, for example, within an order of magnitude. In some
other implementations, the grating region 120 may redirect light propagating along
the first direction io a second direction that is not substantially perpendicular {o the
first direction. The ferm “substantially perpendicular’ as used in this appilication

means 90° with an error margin that is acceptable for a targeted application.

[G061] The external medium 130 may be any medium that can transmit, guide,
detect, or generate light. For example, the external medium 130 may be an optical
fiber. As another example, the external medium 130 may be a photodstector. As
another example, the external meadium 130 may be a light source. In some
impiementations, a cladding 124 may be formed beilween the grating region 120 and
the external medium 130. The cladding 124 may be formed {o protect the photonic
integrated circuit 100, or fo provide a specific distance between the grating region
120 and the external medium 130, In some implementations, a cross-sectional
mode profile of the light emitted from the grating region 120 may be designed o
substantially match a cress-sectional mode profile of the external medium 130
configured to receive the light emitted from the grating region. For example, the
cross-sectional mode profile of the light emitied from the grating region 120 in the x-y
dimensions may be designed to substantially match the cross-sectional mode profile

of the single mode fiber in the in the x-y dimensions.

[0062] FIG. 18 shows an example of an optical coupler 101 that may be
implementad in the photonic integrated circuit 100, The optical coupler 101 may alse
he implemented in any one of the other photonic integrated circuits described
throughout this application, or in another photonic integrated circuit noi described in

this application.

[0083] The oplical coupler 101 includes an interference region 110 and a

grating region 120. The grating region 120 includes grating valleys 118 and grating
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peaks 128, which together form a grating having a grating length, Lamtng. The height
difference between a grating peak 126 and a grating valley 118 determines a grating
height. The ratio of the peak width to the sum of peak widih and valiey width of the
grating along the wave propagation direction determines the duty cycle of the
grating. The sum of the grating peak width and the grating valley width determines
the period of the grating. By tuning the grating height, the duly cycle, the graling
period, the grating shapes, the cladding covering the grating, or a combination of the
above, the directionality and far field angle of light emitted/received by the grating
region 120 can be determined. For example, the grating height and the dutly cycle
may be modified to optimize the directionalily of the light. As another example, the
grating period and the duty cycle may be tuned to achieve the desired far field

angles which might be most suitable for a targeted application.

[0064] in some implementations, the height of the grating peaks may be
higher than the height of the first reflector region 106 and/or the second reflector
region 114. For example, the first reflector region 1086, the interference region 110,
and the second reflector region 114 may be planarized by polishing, and then
ancther layer of material is deposiied on the planarized surface so that the grating

region 120 may be formed by patlerning and etching.

[0085] in some other implementations, the height of the grating vaileys may
be lower than the height of the first reflector region 106 and/or the second reflector
region 114. FIG. 1C shows an exampie of an optical coupler 103 where the height of
the grating valleys 119 is jower than the height of the first reflector region 106 and
the second reflecior region 114. For example, the first reflector region 108, the
interference region 110, and the second reflector region 114 may be planarized by
polishing, and then the grating region 120 may be formed on the polished surface by
patierning and etching the interference region 110. The opiical coupler 103 may be
implementad in the photonic integrated circuit 100, The optical coupler 103 may also
be implemented in any one of the other pholonic integrated circuils described
throughout this application, or in another photonic integrated circuit not described in

this application.

10066] FIG. 1D shows an example of an optical coupler 105 that includes the
waveguide region 102, the interference region 110, the grating region 120, and the

second reflector region 114, but does not include the first reflactor region 108, The
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boundary 130 between the waveguide region 102 and the interference region 110 is
dencted by a dashed line 130 because in some implementations, the waveguide
region 102 and the inlerference region 110 are composed of the same material or

having substantially equal effective refractive index.

[G067] The optical coupler 105 does not include the first reflector region 108 in
the case where light in the interference region 110 is attenuaied below a threshold
value after propagating one-circulation in the interference region 110. For example,
a standing wave may be crealed in the interference region 110 through interference
hetween forward light incident on the second reflecior region 114 and backward light
reflected by the second reflector region 114, The standing wave may diminish near
the boundary 130 between the waveguide region 102 and the interference region
110 because the light reflected by the second reflector region 114 is attenuated
below the threshold vaiue beyond the boundary 130. The threshold value, for
example, may be less than 10% of the initial incident light power. By substantially
matching the grating patiern in the grating region 120 with the interference pattern in
the interference region 110, the optical coupler 105 can be used 1o redirect light
propagating along a first direction to a second direction that is different from the first
direction without the first reflector region 106. For example, the optical coupler 105
may be used to direct light to a second direction that is substantially perpendicular to
the first direction. In some implementations, without the first reflector region 108, the
optical coupler can still redirect an incident light with high efficiency if the light is
attenuated below a threshold value after propagating one-circulation in the
interference region 110. In some implementations, to maintain high efficiency
without introducing the first reflector region 106, the grating region 120 needs o
provide encugh one-circulation attenuation. For example, the grating length Lerating
needs 1o be long enough to provide sufficient one-circulation attenuation before

reaching the boundary 130.

[0068] FIG. 2 is an example of a grating pattern 207 that substantially
matches standing wave pattern 205 inside the interference region. The descriptions
of FIG. 2 may be applied to any one of the optical couplers described in this
application. Generally, the round-trip phase shift is the sum of the phase shift
introduced by the one-circulation propagation and the phase shift introduced by a

reflector. To simplify the description, the phase shift infroduced by the refleciors may
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be assumed to be zero so that the resonant condition “round-trip phase shiff equals
2m can be viewed as the same as “oneg-circulation phase shift equals 2mm,” where

ntis any integer.

10068 In some implementations, light propagating in a waveguide may be
confined by two dimensions. For exampie, referring to FIG. 14, light propagaiing in
the waveguide region 102 is confined in vy and z dimensions. When the light enters
an interference region, the confinement of the waveguide may be weakened, and the
light propagates like a point wave inside the interference region. For example, the
interference region 110 may be designed to confine light tightly in the z dimension
and confine light loosely in the vy dimension. The point wave reaches a reflector 211,
gets reflectad, and a standing wave intensity pattem 205 may be formed inside the
interference region through the interference of a forward propagating wave 201 and

a backward propagating wave 203.

[0070] In some implementations, a grating pattern 207 may be designed {o
substantially match the standing wave pattern 205. By maiching the standing wave
pattern 205, this grating patiern 207 may act as an optical antenna and become the
most efficient way for light to lsave the interference region. Each one period of the
grating structure may act to emit the light as a point wave, and all point-wave fronts
emitted from individual grating periods are combined into a planar wave front which
propagates in a perpendicular direction with low loss. For example, ong theorstical
condition for an ideal match may be d2=2xd1. In some implementations, there may
he two gratings where their individual periodicity (pattern) substantially matches the
standing wave periodicity {paitern), i.e., d2~2xd1, so that the two gratings have a
similar periodicity. Morsover, the two gratings may differ in, for example, grating
peak and/or valley width {duty cycles), and are displaced by a distance

corresponding to a 1 phase shift.

0071} Based on the material quality and the physical dimensions of the
interference region and grating structure, an one-circulation atlenuation coefficient,
o, may be calculated along with a corresponding phase shift for the resonant
condition inside the inferference region. For example, the interference region may
be composed of a material that has a spedific absorption coefficient for the guided
light, which contributes 1o the one-circulation attenuation coefficient. As ancther

example, light may be emilted by the grating region during propagation, which also
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contributes o the one-circulation attenuation coefficient. In general, lightis
attenuated based on an one-circulation atienuation cosfficient afler propagating one-
circulation in the interference region (i.e., forward propagation from the boundary 213
to the reflector 211, and then backward propagation from the reflector 211 to the
boundary 213). The term “one-circulation attenuation coefficient o” as used in this
application refers to a ratio belween the remaining optical power after the one-

circulation attenuation and the initial optical power.

[0072] In some implementations, (o substantially reduce back reflection loss, a
reflecior region (e.g., the first reflector region 1068) may be placed at the boundary
213, where the reflectivity of the reflector region at the boundary 213 is configured to
substantially maich the one-circulation attenuation cosfficient «. By substantially
matching the reflectivity of the reflecior region at the boundary 213 with ¢, the light
{from the lefi-hand side of 213) reflected from the boundary 213 back 1o the incident
light source (gt the lefi-hand side of 213) and the light (from the right-hand side of
213) transmitting through the boundary 213 back to the incident light (at the lefi-hand
side of 213) cancel with each other after muliipie passes due to desiructive
interference, meaning almost all the power of the original incident light (incident from
the left of 213 into the region between 213 and 211) is transferred into the region
between 213 and 211. In some implementations, the one circulation attenuation
coefficient o may be near zero. In this case, the corresponding reflectivity r at the
boundary 213 can be set as zero, which corresponds o the optical coupler 105 in
FIG. 1D, where the first reflector region 108 is not included in the optical coupler 105.
in some implementations, the reflectivity r al the boundary 213 can be set as high as
the reflectivity of the reflector 211, (e.q., close (o 1), to form a highly confined cavity
along the x direction, where the light can enter or leave the cavity through another

direction such as in the z direction.

[0073] in some implementations, there may be non-ideal faciors that affect the
performance. For example, a change of effeclive refractive index may occur from
the etching of the grating region on the interference region. As ancther example, the
eiching process may not create a straight line from the grating peak to the grating
valley. While the theoretical matching condition is d2=2d1, slight deviation from the
exact condition may be expected during real implementation. Such deviation does

not change the functionality of the optical coupler, but may affect the efficiency.
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However any reasonable deviation from the ideal case is within the scope of this
disclosure, where the efficiency is acceptable for a targeted application. An iterative
process of fabricating the oplical coupler, testing the optical coupler, and then re-

designing the optical coupler may improve this issus,

[0074] FIG. 3A shows an example of a view of a graling paltern 331 on a
plane along the x-y dimensions. The descriptions of FIG. 3A may be applied to any
one of the optical couplers described in this application. The grating pattern 331
includes an array of one-dimensional grating structures 301a-n and 303a-n along the
x direction, where n is any integer greater than one. In some implementations, the
grating structures 301a-n and 308a-n may be composed of different materials. For
example, the grating structures 301a-n may be composed of silicon, and the grating
structures 303a-n may be composead of InP. As another example, the grating
structures 303a-n may include a layer of metal that forms surface plasmonic effect
that couples light from an external medium {0 the interference region. The
arrangement of 301a, 303a, 301b, 303k, . . ., 301n, and 303n forms the grating in a

grating region.

(00757 FIG. 3B shows an example of a view of a grating pattern 332 on a
plane along the x-y dimensions. The descriptions of FIG. 3B may be applied to any
one of the optical couplers described in this application. The grating pattern 332
includes an array of one-dimensional grating structures 205a-n along the x direction,
where i is any integer greater than one. In some implementations, the grating
structures 305a-n may be grating peaks of a grating. In some other
impiementations, the graiing structures 305a-n may be grating valleys of a grating.

The arrangement of 305z, 305b, and 305n forms the grating in a grating region.

[0076] FIG3. 3C shows an example of a view of a grating pattern 3233 on a
plane along the x-y dimensions. The descriptions of FIG. 3C may be applied to any
one of the optical couplers described in this application. The grating pattern 333
includes an array of iwo-dimensional rectangular grating structures 307a to 307n
along the x direction, and 307a to 307k along the vy direction. In some
implementations, the rectangular grating structure 3073 may be a grating peak of 2
grating. In some other implementations, the rectanguiar grating structure 307a may
be a grating valley of a grating. In some implemeniations, the rectangular grating

structure 307a may be composad of the same matserial as the layer 308, such as

18



WO 2018/009538 PCT/US2017/040712

silicon. In some implementations, the rectangular grating structure 307a may be
composed of a different material from the layer 308. For example, the reclangular
grating structure 307a may be composed of silicon, and the layer 308 may be
composed of InP. In some implementations, the rectangular grating structure 307a
may be a square or a non-square, or combinations of both structures. The
arrangement of the rectanguiar grating structures 307a-n and 307a-k on the x-y
plane forms the grating in a graling region. In some implemerntations, the period of
the grating along the x direction 321 and the period of the grating along the v
direction 322 substantially malch the period of interference patiemn in the layer 308

along the x and vy directions, respectively.

100777 FIG. 3D shows an example of a view of a grating pattern 334 on a
plane along the x-y dimensions. The descriptions of FIG. 3D may be applied to any
one of the optical couplers described in this application. The grating pattern 334
includes an array of two-dimensional arbitrary-shaped grating structures 309a to
309n, where n is any integer greater than one. In some implementations, the
arbitrary-shaped grating struciure 30%a may be 3 grating peak of a grating. In some
other impiementations, the arbitrary-shaped grating struciure 308a may be a grating
valley of a grating. In some implementations, the arbitrary-shaped grating structure
30%a may be composed of a different material from the layer 310. For example, the
arbitrary-shaped grating siructure 30%a may be composed of silicon-dioxide, and the
layer 308 may be composed of silicon. In some implementations, the arbitrary-
shaped grating structure 308a may be a triangle or an ellipse or combinations of
different shapes. The arrangement of the arbitrary-shaped grating structures 30%a-n

on the x-y plane forms the grating in a grating region.

[0078] FIG. 3E shows an example of a view of a graling paltern 335 on a
plane along the x-y dimensions. The descriptions of FIG. 3E may be applied to any
one of the optical couplers described in this application. The grating pattern 335
includes an array of two-dimensional arbitrary-shaped grating structures 313a io
313n, where n is any integer greater than one. In some implementations, the shape
of any one of the arbitrary-shaped grating structures 313a to 313n may be
determined using numerical analysis. For example, a finite-difference time-domain
(FOTD) analysis program may be used {0 design the shape of each of the arbitrary-

shaped structures 313a to 313n that optimizes the coupling efficiency. In some
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implementations, the distance betwesn each one of the arbitrary-shaped grating
structures 313a to 313n may be determined using numerical analysis. For example,
a finite~-difference time-domain (FDTD) analysis program may be used o determine
the distance belween each one of the arbitrary-shaped structures 313a {0 313n that
optimizes the coupling efficiency. The arrangement of the arbitrary-shaped grating

structures 313a-n on the x-y plane forms the grating in a grating region.

(00791 in some implementation, the one-dimensional gratings shown in FIG.
3A and FIG. 3B, can have one-dimensional lattice vector (which define the unit cell
size) designed so that the so that the locations of the in-phase antinodes of the

interference wave substantially maich the locations of grating valleys and/or peaks.

(G080} In some implementations, the two-dimensional gratings shown in FIG.
3C, FIG. 3D, and FIG. 3E, can have two-dimensional iattice vectors (which define
the unit cell size and shape) designed so that the locations of the in-phase antinodes
of the interference region subsiantially maich the locations of grating valleys and/or

peaks.

(00817 FIG. 4A shows an example photonic integrated circuit 400 having a
grating based optical coupler formed on g light source. The pholonic integrated
circuit 400 includes a light source region 430 configured to generate incident light. In
some implementations, the light source region 430 may generate incoherent light.
For example, a -V guantum well or quantum wire or quantum dot laser diode may
include one or more layers of active maiterials that generate incoherent light when
pumped with elecirical carriers. In some implemeniations, the incoherent light may
be couplied to the interference region 410 through spontaneous emission. In some
implementations, the light scurce region 430 may be confined at other surfaces

except the surface coupled to the interference region 410.

[0082] The oplical coupler includes a first reflector region 408, a second
reflector region 414, an interference region 410, and a grating region 420. The
structures of the first reflector region 4086, the second reflector region 414, the
interference region 410, the grating region 420, and the grating 418 may be
implemented by any corresponding structures described throughout this application,
for example, the corresponding structures in FIGS. 1A-3E. For example, the grating

can be implemented as indicated by FIG. 3A, containing two gratings 301a-n and
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303a-n, where their individual pericd matches the interference pericd (pattern) but
with a different duty cycle. As ancther example, the grating can be implemented as
indicated by FIG. 3C, where a two-dimensional rectangular grating structure is
formed. In some implementations, the interference region 410 and the grating region
420 is composed of silicon or -V semiconduciors, the light source region is
composed of llI-V semiconductors, and the first and second reflector regions 406
and 414 include metal coating or bragg reflectors such as DBR and/or DFB

{distribuied feedback) structures with a bragg period equal to half of a wavelength.

[0083] The first refleclor region 406 and the second refiector region 414 are
configured to reflect incident light at a direction that is opposite to a propagation
direction of the incident light as indicated by the arrow 434, The interference region
410 is formed between the first reflector region 406 and the second reflector region
414 and is coupied to the light source region 430. The interference region 410 may
be configured fo (i) guide the light generated by the light source region 430 fo
propagate along a first direction (the x direction in FIG. 4A), and (i) confine
interference light formed by light reflected between the first reflector region 406 and

the second reflecior region 414,

[G084] A portion of the light generated in the light source region 430 may be
coupied to the inferference region 410 through spontaneous emission or any other
appropriate coupling mechanism. Light coupled to the interference region 410 may
resonate along the x direction, as designated by the arrow 434, Similar to the
operations described in FIG. 14, the first reflector region 406 and the second
reflector region 414 provide reflective surfaces that forms a cavity in the interference
region 410, where a standing wave pattern may be formed. Since the interference
region 410 has a fixed cavily length Loaviy, the standing wave can only resonate at
certain wavelengths, and the interference region 410 may therefore actas a

wavelength filter.

[0085] The grating region 420 includes a grating 418 formed on a region
confining at least a portion of the interference light. The grating 418 is configured to
emit a portion of the light in the z direction that is substantially perpendicular to the x
direction. In some implementations, the grating 418 may be designed and fabricated
in the grating region 420 to substantially match the standing wave pattern in the

interference region 410. By matching the standing wave patiern, the grating 418
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may act as an optical antenna and become the most efficient way for light {o leave
the interference region 410, Each grating period may act to emit the light as a point
wave, and all point-wave fronts emitted from individual grating periods are combined

into a planar wave front which propagates in the z direction with low loss.

[0086] FIG. 4B shows an example photonic integrated circuit 401 having a
grating based optical coupler where a light source region 431 is coupled to the
interference region 411 by being embedded in the interference region 411. The
structures of the first reflector region 418, the second reflecior region 424, the
interference region 411, the grating region 421 may be implemented by any
corresponding structures described throughout this application, for example, the
corresponding structures in FIGS. 1A-3E. The light source region includes active
material layers such as alternating layers of gallium arsenide (GaAs) and aluminum
gallium arsenide (AIGAAS) or alternating layers of InGaAs and InP. Any other
combinations of active material layers forming a quantum dot, wire, and well
structures that produce incoherent or coherent light are also within the scope of this

disclosurs.

(00871 The interference region 411 is formed between the first reflector region
416 and the second reflector region 424, The first refleclor region 416 and the
second reflecior region 424 may be formed, for example, by metal coating or Bragg
reflectors such as DBR and/or DFB structures with a Bragg period equal to halfof a

wavelength.

[0088] Compared to the descriptions of FIG. 4A where the light is generated
outside the interference region 410, in FIG. 4B, the light is generated inside the
interference region 411. The generated light resonates along the x direction
between the first reflector region 416 and the second reflecior region 424 in the
interference region 411 {o produce a coherent light and form a standing wave
pattern. The grating region 421 may be designed to substantially match the standing
wave pattern, where the coherent light is emitted out of the pholonic integrated
circuit 401 through the grating region 421 along the z direction. For example, the
grating can be implemented as indicated by FIG. 3A, confaining two gratings 301a-n
and 303a-n, where their individual period maliches the interference pattern but with a
different duty cycle. As another example, the grating can be implemented as

indicated by FIG. 3C, where a two-dimensional rectanguiar grating structure is
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formed. In some implementations, the substrate 440 may be used as a supporting
layer. In some implementations, the substrate 440 may include an absorption layer

to further reduce the light that propagates in the —z direction.

100897 FIG. 4C shows an exampie photonic integrated circuit 402 having a
grating based laser device with the grating regions formed on both of the refleclor
regions. A standing wave in the interference region may penetraie into both reflector
regions forming two evanescent parts of the standing wave when DBR or DFB
structure is applied for both reflectors. In some implementations, the two evanescent
parts of the standing wave pattern substantially match the grating patlern. In some
implementations, the light scurce region is coupled to the interference region. In
some implementations, the light source region is coupled to the interference region
by at least partially embedded in the interference region. In some implementations,
between the interference region and the grating region or between the grating region
and the reflector region, a tapered waveguide distributed feedback or distributed
Bragg reflector (DFB or DBR) region can be further included where their peried and
duty cycle or both can be slightly modified to form a smooth effective index transition
from the interference region to the grating region, or from the grating region io the
reflactor region. In some implementations, the taper region has the same period as
the DFB or DBR reflector region but with its duty cycle being gradually increased or
decreased along the direction from the interference region to the reflector region.
The descriptions of the aforementioned taper region with its period/duty increased or
decreasad gradually may be applied to any one ¢of the optical couplers described in

this application.

(00307 FIG. 4D shows an exampie photonic integrated circuit 404 having a
grating based laser device with the grating region formed on one of the reflector
regions. A sianding wave in the interference region may penetrate into one reflector
region forming an evanescent part of the standing wave when DBR or DFB structure
is applied for one reflecior. In some implementations, the evanescent part of the
standing wave pattern substaniially maiches the grating pattern. In some
impiementation, the light source region is coupled 1o the interference region. In some

implementations, the light scurce region is embpedded in the interference region.

[0091] FIG. 4E shows an example photlonic integrated circuit 403 having a

grating based optical coupler integrated with a light source, where the interference
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light can be controlled by a p-n junction. The photonic integrated circuit 403 includes
a light source region 441, a p-doped region 442, an interference region 443, an n-
doped region 444, a grating region 445, a first refiector region 446, and a second
reflector region 448. The structures of the light source region 441, the p-doped
region 442, the interference region 443, the n-dopead region 444, the grating region
445, the first refiector region 448, and the second reflecior region 448 may be
implemented by any corresponding structures described throughout this application,

for example, the corresponding structures in FIGS. 1A-3E.

[0092] Similar to the descriptions of FIG. 44, incoherent light is generaled in
the light source region 441, where a portion of the light is coupled {o the interference
region 443. The coupled light resonates along the x direction between the first
reflecior region 448 and the second reflector region 4438 in the interference region
443 {o form a sianding wave pattern and generate coherent light. A grating in the
grating region 445 is designed 1o substantially match the standing wave patiern, and
the coherent light may be emitted out of the photonic integrated circuit 403 through

the grating 443 in the +z or —z direction, depending on the design of the grating 445.

[0093] In some implementations, the n-doped region 444 and a p-doped
region 442 may be configured to provide an electric field in the interference region
443 with an application of a voliage or a current across the n-doped region 444 and
the p-doped region 442, The interference region 443 may be configured {0 provide a
different interference pattern with the application of a voltage or a current across the
n-doped region 444 and the p-doped region 442 due to the generation,
recombination, injection or depletion of free carriers. in the case where the
interference pattern is changed due to the change of refractive index, the
interference region 443 may stop lasing or may support another lasing wavelength.
Therefore the application of a voltage or a current across the n-doped region 444
and the p-doped region 442 can act as a unable wavelength lasing mechanism or a

modulation to the coherent light.

[0094] Here, incoherent light is generated in the light source region 441,
where a portion of the light is coupled to the interference region 443, For example,
the light source region 441 may include an indium gallium arsenide (InGaAs)
quantum well or quantum wire or guantum dot structure. The coupled light resonates

between the first reflector region 446 and the second reflector region 448 in the
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interference region 443 {o generate coherent light and form a standing wave paitern.
A grating in the grating region 445 is designed to substantially maich the standing
wave pattern, and the coherent light is emitied out of the inferference region 443
through the grating region 445 along a direction that is subsiantially perpendicular to
the resonating direction of the interference light. In some implementations, taper
regions can be used in the interference region or the reflecior region where the
narrower part of the taper region is used to suppress high-order modes and the
wider part of the taper region, for example, the grating region 445, may be used to
match the external coupling device with different beam shape, area and numerical
aperture requirements. The descriptions of the taper region width may be applied to
any one of the optical couplers described in this application. in some
implementations, a reflector region (ex: DBER structure, metal coating, eic) can be
used either on top or beneath the interference region 443 o modify the directionality

into the other direction.

[0095] FIG. 4F shows an exampie photonic integrated circuit 407 having a
light source region 462 coupled to a grating based optical coupler through the grating
region 466. The photonic integrated circuit 407 includes a light source region 462, a
first reflector region 478, a second reflector region 478, an interference region 472, a
boundary 474, and a grating region 468. The structures of the light source region
482, the first reflecior region 478, the second reflecior region 476, the interference
region 472, and the grating region 466 may be implemented by any corresponding
structures described throughout this application, for example, the corresponding
structures in FIGS. 1A-3E. For example, the grating can be implemented as
indicated by FIG. 3A, containing two gratings 3C1a-n and 303a-n, where their
individual period maiches the interference pattern but with a different duty cycle. As
another example, the grating can be implemented as indicated by FIG. 3C, where a
two-dimensional rectanguiar grating structure is formed. As another example, the
first reflector region 478 and the second reflecior region 476 may be formed, for
example, by metal coating or Bragg refiectors such as DER and/or DFB structures

with a Bragg period equal to half of a wavelength.

[0096] Here, incocherent light is generated in the light source region 462 and
coupled to the interference region 472 through spontaneous emission or ancther

suitable coupling mechanism. The coupled incoherent light is reflected by the
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reflector regions 476 and 478, and resonates along the x direction. The coherent
light, when reaching lasing threshold, can emit either in the +z or —z direction
depending on the design of the grating region 468. In some implementations, the
grating region 466 can be designed to direct light mostly to the -z direction so that

the emitted light does not couple back to the light source region 482.

(00971 in some implementations, the reflector 478 can be a partial reflector
with less reflectivily than the reflector 478. The incoherent light generated in the light
source region 482 can couple to the interference region 472 through spontaneous
emission, and resonates along the direction 470, When reaching the lasing
threshold, the coherent light can propagate in the —x direction through the boundary
474 into the partial reflector 478 and then into a waveguide, and at the same time

propagaie in the +z or —z direction into an external medium for further processing.

[0698] FIG. 4G shows an exampie photonic integrated circuit 405 exhibiting a
grating based iaser device with two grating structures having a similar period in the
interference region. The two grating structures A and B in FIG. 4G may correspond
to 301a-n and 303a-n in FIG. 3A, where one may differentiate grating A from grating
B by for example the two different grating peak widths. The two grating structures
are formed on the interference region, which may be interpreted as being bounded
by reflector 1 and 2. The two grating structures re-direct the coherent light that
propagates and resonates in the lateral direction to the upward or downward vertical
direction by tuning the grating parameters (ex: grating height, duty cycle, refractive
indices of the layer materials) of the two grating structures to achieve the desired
directionality. In some implemeniations, the effeciive refraciive index of the region
above the two grating structures is smaller than the effective refractive index of the
two grating structures. In some implementations, the effective refractive index of the
interference region is smaller than the effective refractive index of the two grating
structures. In some implementations, the two grating structures 4 and 8 each have
duty cycle less than 50%. Electrical contacts {o the laser device can be made either
from the top surface or the botiom surface. In some implementations, electrical
contact to the {aser device can be made from the top surface and the emitiing light
can be redirect in the downward direction so that the laser device can be flip-chip
bonded o a substrate for high speed electrical contact performance without blocking

the vertical emission light.
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[0699] FIG. 4H shows an example photonic integrated circuit 415 exhibiting a
grating based aser device with two grating structures having a similar period and a
guarter-wave shift in the interference region. Compared io the laser device shown in
FIG. 4G that may support two lasing modes, the quarter-wave shiff introduced in the
interference region breaks the symmetlry by removing one segment from the grating
structure so that the laser device shown in FIG. 4H may support only one lasing
mode. In some implementations as shown in the figure, electrical contact to the laser
device can be made from the fop surface and the emitting light can be redirect in the
downward direction so that the laser device can be flip-chip bonded 1o a substrate for
high-speed electrical contact performance without blocking the vertical emission
fight.

[G0100] Anocther way to interpret the laser device in FIG. 4H based on the
concept in FIG. 4C is shown in FIG. 41 Two grating regions 411 and 413 separated
by the quarter-wave shift are formed where each grating region partially overlaps
with a refleclor region 417 and 418. The two grating-reflecior overlapping regions re-
direct the coherent light that propagates and resonates in the lateral direction to the
vertical direction, and support only one lasing mode. In some implementations,
electrical contact to the laser device can be made from the top surface and the
emitting light can be redirect in the downward direction so that the laser device can
be flip-chip bonded to a subsirate for high speed electrical contact performance

without blocking the vertical emission light.

[00101] FIG. 4J shows one implementation where the grating based laser
device 423 is flip-chip bonded {0 a substrate 421 and the light is emitiing from the
back side of the laser device. In some implementations, the backside of the grating
based laser device 423 where the light is emitting can be further recessed (o

facilitate the light emission.

[00182] FIG. 4K shows an example photonic integrated circuit 431 exhibiting a
grating based iaser device with two grating structures having a similar period and a
guarter-wave shift in the interference region. Compared io the laser device shown in
FIG. 4H, FIG. 4K further illustrates a period/duty cycle taper region 433 between the
guarter-wavelength shift inlerference region and the grating region. In some
implementations, the taper region 433 has similar or smaller periods compared to the

period of the DFB reflector region 435, namely d7, but with its duty cycles being
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gradually increased along the direction from the center {o the reflector region as
shown in FIG. 4K In some implementations, the same concept of this pericd/duty
cycle faper region can be implemented between the grating region and the reflector

region.

[00103] FIG. 4L shows an exampie photonic integrated circuit 451 exhibiting a
grating based iaser device with two grating structures having a similar period and a
guarter-wave shift in the interference region. Compared to FIG. 4K, In FIG. 4L the
quarter-wave shift introduced in the interference region breaks the symmetry by
adding one segment o the graling structure. In some implemeniations, the taper
region 453 has similar or larger periods compared to the period of the DFE reflector
region, namely d7, but with its duty cycles being graduslly decreased along the

direction from the center to the reflecior region as shown in FIG. 4L

[00104] For a conventional laser diode, the basic funclioning principle is by
supplying electrical carriers from two terminals (P and N) or electrodes into a light
source region including at least one photon emitting materials (PEM) such as -V
semiconductors o be as a gain material. The terminals are usually forward-biased
to let slectrons and holes meet in the PEM, recombing and emit photons. As shown
previously in FIG. 1A, the first reflector 106 and the second reflector 114 define the
resonance structure (namely, the interference region or cavily 110}, which exiends
along a lateral direction while the re-directed light is emitied along a vertical direction
123. When the interference region 110 contains PEM laver and two terminals are
provided such that photons can be generated in the interference region 110, these
photons can resonate between two reflectors 106 and 114 slong a lateral direction.
i this disclosure, a third type of terminal, functioning as a gate terminal (the
conventional two terminals can be viewed as the “conducting terminals”), is included
to atiract/repei/inject/retrieve certain type of the carriers toward the gate region,
hence modulating the amount of carriers to be recombined. The slectrical contact of
this terminal can be of many forms, such as a direct metal contact (ex: MESFET
type), a junction type {ex: JFET type), or through a dislectric for field control
(MOSFET type). While there are many possible implementations for this control
terminal, the core concept is to provide a second set of electrical field 1o alter the
amount of carriers recombined in addition to the first set of electrical field that is used

o inject carriers {o generate photons. Such g “gate control” scheme can have a
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larger modulation bandwidth compared (o a conventional direct modulation of a laser
dinode. It may also enable advanced modulation schemes by encoding more than one
bit of data (on/off) with multiple levels of applied voltages/currents to the gate
resulting into different cutput light power levels. This type of modulation is similar to
amphitude modulation, which is by applying different voltage levels to the gate.
Various exemplary embodiments for realizing this gate-controllabie lateral resonance

opticai emitter structure are described in more defails in the following paragraphs.

[00185] FIG. 5A shows the cross-sectional view of an exemplary oplical
apparatus 581 for light emission. The oplical apparatus 581 for light emission
comprises a light source region 570, which includes a photon emitling materials
(PEM) layer 572, Moreover, the light source region 570 can be an interference
region bounded by two reflectors. The optical apparatus 561 further comprises a
first electrode 581 coupled to the light source region 570, a second electrode 592
coupled to the light source region 570, and a third electrode 593 coupled to the light
source region 570. As also shown in this figure, the first electrode 581 comprises a
conducting layer 591a and a doped region 581b. The conducting layer 581a is, for
example, a metal layer, and the doped region 581b is, for example, an n type doped
region. Similarly, the second slectrode 592 comprises a conducting layer 582a and
a doped region 592b. The conducting layer 582a is, for example, a metal layer, and
the doped region 592b is, for example, a p type doped region. Namely, the first
glectrode 591 and the second electrode 592 are of different polarities such that
carriers (electrons and holes) can be injecied inte the light source region 570. For
example, electrons are injected into the FPEM layer 572 through the n type doped
region 581b and holes are injected into the PEM layer 572 through the p type doped
region 592b such that electrons and holes are combined in the PEM 572 o generale
photons. The third electrode 593 comprises a conducting layer 593z and an
insulating layer 583b where the insulating layer 583b is between the conducting layer
593a and the light source region 570. In some implementations, the conducting
layer 5933 includes doped poly-silicon or metal and the insulating layer 593b
includes oxide or nitride or semi-insulating 1H-V semiconductors. As shown in this
figure, a voltage V1 is applied io the first elecirode 581, a voitage V2 is applied o the
sacond electrode 592 and a third voltage V3 is applied to the third electrode 593,

where V2>V1. In some implementations, the electrode with the lowest voltage can
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be used as ground. In some implementations, if V3>V2, then the third elecirode 593
attracts electrons (shown by dashed line) and reduces the amount of glectrons 1©
recombine with holes from the second electrode 582. in some implementations, if
V2>V 3>V, then the third electrode 5983 atiracts both holes from the second
glectrode 582 and electrons from the first eleclrode 591, In some implementations, if
V3a<V1, then the third elecirode 503 aitracts holes from the second electrode 592. In
some implementations, if V3 is intended to be larger than V2, then the third electrode
593 could be P-type; and if V3 is intendad to be smaller than V1, then the third
glectrode 593 could be N-tfype.

[00106] Note that other similar structures where a third electrode other than the
conventional two conducting electrodes are also possible and should be included in
this disclosure as long as it follows the key concept. Some more examples are
shown in the block diagrams included in FIGS. 5B-5G. Typically, the optical
apparatus for light emission according to one implementation comprises a third
glectrode modulating the amount of electrical carriers for recombination, and a iateral

optical cavity structure for light resonance, which are shown by the examples before.

[00167] FIGS. 5B-5E show the block diagrams of the optical apparatus for light
emission with lateral cavity. In these examples, V1 and V2 are used as the voltages
applied o the “conducting” electrodes (namely, the first elecirode 581 and the
second electrode §92) of the laser, and V3 as the voltage applied {0 the "modulating”
glectrode (namely the third electrode) to control the amount of carriers recombined to
emit photons. The P or N type is omitied here in the description to be more generic.
The solid-line with two arrows indicating the region where recombination takes place,
and is usually inside lI-V semiconductors, -V semiconductor based quantum well
structure, -V semiconducior based quantum wire structure, lll-V semiconductor
based quantum dot structure, or other malerials with direct bandgap. As shown in
Fi(z. 5B, the first and the second electrode 591 and 592 are located at two opposite
sides of the interference region 570, The photon emitting materials (PEM) is omitied
here in the description and can be viewed as being pariially embedded inside the
interference region 570. The third electrode 593 is located between the first and the
sacond electrode 581 and 582 to modulate the carries between the first slectrode
591 and the second electrode 582, As shown in FIG. 5C is another implementations

while the third electrode 583 is located ouiside the connection path of the first and
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the second electrode 591 and 592. In this scenario, the third electrode 593 might
still perform modulation function by drawing carrier from the carrier-recombination
region. In the examples shown in FIGS. 5B and 5C, the elecirodes are located on
similar levels. In the example shown in FIG. 5D and 5E, at least one of the
glectrodes is located on different layer with other electrodes. Similar to the example
shown in FIG. 54, the first electrode 591 comprises a conducting layer and a doped
region. Namely, the first electrode 591 and the second electrode 592 are of different
polarities such that carriers (electrons and holes) can be injected into the light source
region. The third electrode 593 comprises a conducting layer and an insulating layer
where the insulating layer is between the conducting layer and the interference
region 570. Moreover, in the examples shown in FIGS. 5B to 5E, light reflectors (not
shown) are arranged on two opposite faces of the interference region 570 and
corresponds to the arrow directions of the solid-line region in FIG. 5D. After applying
electrical current or voltage between the first and the second electrode 591 and 582,
photons can be generated and resonate along the solid-line region and bounded by
the light reflectors in FIG. BD. An electrical voltage or current can be applied to the
third electrode 583 to attract or repel carries (shown by dashed line) and hence
changing the amount of electrons or holes to recombine in the interference region,
thus realizing the modulation function. Compared fo FIG. 5D, FIG.5E shows ancther
implementation by switching the positions of one conducting elecirode and one
modulating elecirode. The injection path (solid iine) and modulaling path {dashed

line} are changed accordingly.

[00108] FIGS. 5F-5K show the block diagrams of optical apparatus for light
emission with several other implementations electrode orientations similar to the
numbering and notations used in FIGS. 5A-5E. Fig. 5F shows an implementation
with vertically oriented conducting slectrodes 581 and 582 and a sidewall modulating
electrode 583. FIG. 56 shows sidewall conducting electrodes 591 and 582 with a
top modulating electrode 593, FIG. 5H shows the implementation similar to FIG. 5F
but with more than one modulating electrode 583. FIG. 51 shows two conducting
paths (the solid lines) and a vertical modulating electrode 583 at the bottom. FIG. 5J
shows two conducting paths (the solid lines) and a vertical modulating electrode 583
at the bottom. FIG. 5J shows two conducting paths (the solid lines) and a

modulating electrode 593 at the sidewall.
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[06108] Since all the major elements shown in the examples can be combined
to form other designs or implementations, such as the relative orientations of the
guantum well or guantum wire or guantum dot siructures of the PEM to the cavity
{for example, in parallel or vertical to the resonance region), the grating form, using
two conventional conducting electredes or including an additional modulating
electrode, these figures shown here are just a few examples within many possible
impiementations of this disciosure. Therefore, any desigr/struciure foilowing the
concent of this disclosure should still be considered as within the scope of this
disclosure. Also, different electrodes and contacts can locale at different layers
either in a lateral or vertical orientation. MNote that the figures shown as design
exampies are not drawn {0 scale for simplified viewing purpose. Alsg, the
interference region {cavity) can include PEM such as GaAs, InGaAs, InGaAsP,
inGaAsN, InAs, silicon nanocrystal, germanium nanocrystal, or other materials as
ong as the PEM layers can be added on top or least partially embedded in the
interference region through bonding or material growth. Furthermore, more than one
cavity can be cascaded along the resonance direction for a wider operation
handwidth. Therefore, any implementation following the concept set forth by the

claims should be considered as within the scope of this disciosure.

[00110] FIG. 8A shows the cross-sectional view of an exemplary grating based
laser device (hereinafter laser device) 661 with front-side modulation, where front-
side modulation means that the modulation gate is at the side with light emission.
The laser device 861 includes active material lavers such as alternating layers of
gallium arsenide (GaAs) and aluminum gallium arsenide (AlGaAs) or aliernating
tayers of inGaAs and InP as photon emitting material (PEM) 872, which is optically
coupled to the interference region 670. Any other combinations of aclive material
lavers forming a guantum dot, wire, and well structures that preduce incoherent or
cohierent iight are also within the scope of this disclosure. The laser device 661
includes an interference region (cavity) 670 bounded by a first reflector 666 and a
sacond reflector 874, In the shown example, the laser device 661 further includes a
grating region 880 formed in an upper portion of the interference region 670. The
laser device 661 further includes a first contact 881, a second contact 892 and a
third contact 693, where the first contact 891 and the second contact 692 are placed

at two ends of the interference region 670 while the third contact 893 is placed atop
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the interference region 670 and between the first contact 891 and the second contact
692. The first electrode 691 comprises a conducting layer 8891a and a doped region
681b. The conducting laver 681a is, for exampie, a metal layer, and the doped
region 691b is, for example, an n type doped region. Similarly, the second electrode
892 comprises a conducting layer 692a and a doped region 892b. The conducting
layer 692a is, for example, a metal layer, and the doped region 892b is, for example,
a p type doped region. Namely, the first electrode 691 and the second electrode 682
can be of different polarities such that carriers (electrons and holes) can be injected
into the interference region 870 and recombined in the PEM 672. For example,
electrons are injected through the n type doped region 881b and holes are injected
through the p type doped region 682b such that electrons and holes are recombined
to generate photons. The third electrode 893 comprises a conducting layer 693z
and an insulating layer 8693b where the insulating layer 693b is formed between the
conducting layer 683a and the light source region 870. Moreover, the conducting
layer 6933 includes doped poly-silicon or metal and the insulating layer 683b
includes oxide or nitride or other semi-insulating Hi-V semiconduciors. In some
implementations, the interference region includes elecirical conducting malerials
such that the carriers injected from the contacis can be transferred into the PEM

region for recombination to generate photons.

[G0111] Taking N type as an exampie for the first contact (electrode) 681 and P
type as an example for the second contact 692, electrons will be injected at N type
contact 691 and holes will be injected at P type contact 882 as voltages V1 and V2
(V2>V1) are applied to the first contact 891 and the second contact 692,
respectively. Accordingly, photons are generated at the aclive material layers 672
when the electrons are recombined with the holes. If a voltage V3 applied 1o the
third contact 693 is larger than V2, the third contact 893 will altract electrons {as
shown by dashed line) and reduce the amount of electrons {0 recombine with holes
from P type contact 682, f V2>V3E>V1, the third contact 893 will atiract both
glectrons and holes from the N fype contact 681 and the P type contact 882,
respectively. If V3<V1, the third contact 683 will attract holes from the P type contact
£92. In this manner, the third contact 693 is used for carrier modulation for the laser
device 661. The third contact 693 may be separated with the interference region 870

by a medium 694 to adjust the electrical field penstrating into the interference region.

33



WO 2018/009538 PCT/US2017/040712

The medium 884 can be omitted if a direct carrier modulation mechanism such as
PN (junction type} or MS (direct metal contact type) modulation is applied. In the
laser device 861 shown in FIG. BA, carriers (electrons or holes) are injected into the
PEM region 672 which is oplically and slectrically coupled to the interference region
8670 when suitable vollages are applied to the first contact 881 and the second

contact 692, respeciively.

(o012} The structures of the first reflector 686, the second reflector 674, the
interference region 670, and the grating region 680 may be implemented by any
corresponding structures described throughout this application, for example, the
corresponding structures in FIGS. 1A-3E. For example, the grating can be
implemented as indicated by FIG. 3A, containing two gratings 301a-n and 303a-n,
where their individual period matches o the interference period but with a different
duty cycle. As ancther example, the grating can be implemented as indicated by
FiGz. 3C, where a two-dimensional rectangular grating structure is formed. As
another example, the first reflector region 666 and the second reflector region 874
may be formed, for example, metal coating or bragg reflectors such as DBR and/or
DFB structures with a bragg period equal o half of a wavelength. In some
implementations, the interference region 670 is composed of Il-V semiconductors,
and at least one of the first reflector 666 and second reflector 674 includes a corner
mirror, @ DBR mirror, a waveguide ioop mirror, or a metal layer. The generated light
resonates along the direction between the first reflactor 666 and the second reflector
674 in the interference region 670 to generate coherent light and form a standing
wave pattern. The grating region 680 may be designed o substantially match the
standing wave pattermn, where the coherent light is emiited out of the laser device 661
through the grating region 880 along a direction different from the resonance
direction. In some implementations, the grating has lattice vectors formed 50 that
the locations of the in-phase antinodes of the light inside the interference region 670
substantially match the locations of the grating valleys or peaks. in some
implementations, the third contact 693 is a transparent material (such as ITO) to

pass the re-directed coherent light.

(00113} FIG. 8B shows the cross-sectional view of an exemplary grating based
laser device (hereinafter laser device) 882 with front-side modulation. The laser

device 662 is similar to that shown in FIG. 6A except that the grating region 680 is

34



WO 2018/009538 PCT/US2017/040712

located on the botiom portion of the interference region 670. In FIG. 8B, elements
similar to those of FIG. 6A use the same numerals for brevily, and these elements
also have the same or similar materials/composition/function as those shown in FIG.
BA. Moreover, in the lasser device 682 shown in FIG. 8B, the first contact 691 and
the second contact 692 are in contact with different epitaxy grown layers such that
the first contact 691 and the second contact 892 are located at different vertical
layers. In some implementations, the first electrode 691 is in contact to an N type -
V semiconductor, the second electrode 892 is in contact {o a P type 1Y
semiconductor where the N type and P type materials are both grown by MOCVD or

MBE with in-situ doping.

100114] FIGS. 8C and 8D show the perspective views of exemplary grating
based laser devices (herginafter laser device) 863 and 864 with front-side
modulation. The laser devices 663 and 664 are similar fo that shown in FIG. 8A
except that the arrangement of quantum wells structure inside the PEM 672 can be
in paraliel (FIG. 8D) or vertical (FIG. 8C) to the carrier injection direction or {0 the
resonation direction. Since in FIGS 6C and 6D, light passes one of the electrodes
{V3), the material for this elecirode should be transparent o light. For exampile, if
the third electrode 693 is overlapping with the light emitting path, an insulting
material such as oxide and a conducting material such as poly silicon can be used

when the ouiput iight wavelength is longer than 850nm.

[00115] FIGE. 6E and 8F show the perspective views of exemplary grating
hased laser devices (hereinafier laser device) 665 and 667 with front-side
modulation. The laser device 865 shown in FIG. 8E has similar guantum well
orientations to that shown in FIG. 6C, and the laser device 867 shown in FIG. 6F has
similar quantum weill orientations to that shown in FIG. 8D except that one of the
terminal (for example, the third electrode 893} is intentionally offsel from the light
emitting direction to avoid blocking the light. The choice of materials for this terminal

can be more diversified compared to those shown in FIGS. 80 and 8D.

[00118] FIG. 8G shows the perspective view of an exemplary grating based
laser device (hereinafter laser device) 868 with front-side modulation. The shown
laser device 868 is similar to that of FIG. 6A except that two conducting elecirodes
691 and 692 are contacting to different layers and the carrier injection direction

{(between 891 and 692) is different from the light resonance direction (between two
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glectrodes 693) bounded by a first reflector 666 and a second reflecior 674, In this
example, the carriers are primarily injected from 6891 and 882, and recombined 1©
generate pholons. The photons can resonate between two reflectors 866 and 674
and emit through the grating region 880 in a mechanism similar to what has been
described before. The modulating electrodes 693 are localed away from the grating
emission area o avoid blocking the light. In some implementations, the grating

region 680 can also function partially as part of the modulating electrode.

o117 In some implementations, the emission beam profile can be further
modified based on changing the width/length ratio the grating area viewing from the
top. The length can be defined as the direction along the interference or resonance

direction.

[00118] FIG. 7A shows the cross-sectional view of an exemplary grating-based
laser (hereinafter laser device) 761 with back-side modulation. The iaser device 761
is similar to that of FIG. 8A except that the third contact 693 is formed on the botiom
{back side) of the interference region 760 and the coherent light is emitted from the
top (front side) of the interference region 760 through the grating region 780 in a
mechanism similar o what has been described before. Although not shown in this
figure, the first contact 781 and the second contact 792 may also be in contact with
different epitaxy grown layers in a way similar to FIG. 8B. Moreover, the grating
region 780 can also be located on the bottom of the interference region 760 in a way
similar to FIG. 8B as long as the directionality is designed accordingly. For a back-
side modulation with front-side emission structure as shown here, the material
composition of the modulating electrode can be more flexibie since it is not

overlapping with the light emission path.

[06119] FIGS. 7B and 7C show the perspective views of the exempilary grating-
based lasers (hereinafter laser devices) 762 and 763 with back-side modulation.

The laser devices shown here are similar to that of FIGS. 6k and 8F in that the
guantum well orientations inside the PEM 772 can be varied and the third modulating

elecirode 793 is in contact to the botiom of the interference region 770.

[00120] FIG. 8A shows an exemplary simulation result of the cross-section of a
grating based laser device with two alternating grating structures. In(GaAs quantum

wells embedded in InP matrix with InGaAsP layer as the fop grating is designed
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and simulated. A near field profile shows that the grating peaks of one grating
structure maich the C° in-phase antinodes, and the grating peaks of the other
grating structure match the 180° in-phase antinodes. Above the grating, a clear
vertical emission of light in the upward direction can be observed, and the
corresponding far field profile shows a 0° far field angle, i.e., a completely vertical
emission. The exemplary simulation shows an exemplary implementation of a

grating based laser device using the two grating structures as indicated by FIG. 3A.

{00121} FIG. 8B shows an exemplary simulation resuit of the beam profile
according to different width/length of the grating area (lop view). The widih/ength
can be defined as the direction perpendicular/along the interference direction. The
wave profiles can be different along these two directions due 1o their confinement
difference. in this example where a S80I subsirate is used, the wave profile along
the width direction resembles a sinosocidal function {weaker confinement) while the
wave profile along the length direction resembles a rectangular function (stronger
confinement). As a result, in this example, the width may be made larger than the

length to achieve a circular emission beam profile.

[00122] FIG. 9 shows an exampie of an optical coupler 800 integrated with p-n
junctions. The optical coupler 900 includes a first reflector region 808, an
interference region 820, and a second reflecior region 814. The interference region
920 includes a grating region 930. The first reflector region 906, the interference
region 8920, the second reflector region 914, and the graling region 830 may be
implemented using any one of the corresponding regions as described throughout

the application.

f00123] The optical coupler 800 also includes p-n junction pairs including p-
doped regions 921, 823, and 925, and n-doped regions 831, 833, and 835. in
general, by controlling one or more p-n junction pairs, parameters such as output
power and output wavelength may be actively controlied by the application of
voltages or carriers injection. In some implementations, the p-n junction pairs
821/931, 923/933, and/or 925/835 may extend inio the first reflector region 8086, the
interference region 920, and/or the second reflector region 914, respectively, for
better controliability. In some implementations, the p-doped and n-doped regions

may alternate to form interdigitated patierns or other paiterns. The descriptions of

37



WO 2018/009538 PCT/US2017/040712

the doped regions may be applied to any one of the optical couplers described in

this application.

[00124] In some implementations, an n-doped region 831 and a p-doped region
921 may be configured 1o provide an slectric field in the first reflector region 9086
with an application of a voltage or a current across the n-doped region 931 and the
p-doped region 821, where the first reflector region 808 may be configured o
provide a different reflectivity with the application of the vollage or a current across

the n-doped region 831 and the p-doped region 821,

f00125] In some implementations, an n-doped region 835 and a p-doped region
925 may be configured o provide an slectric field in the second reflecior region 8914
with an application of a voltage or a current across the n-doped region 935 and the
p-doped region 825, where the second reflector region 8914 may be configured to
provide a different reflectivity with the application of a voliage or a current across
the n-doped region 935 and the p-doped region 825, As ancther example, an n-
doped region 935 and a p-doped region 925 may be configured to provide an
electric field in the second reflector region 814 with an application of a voliage or a
current across the n-doped region 935 and the p-doped region 925, where the

electrical carriers in the second reflector region 914 can be extracted.

[00126] in some implementations, an n-doped region 933 and a p-doped ragion
923 may be configured to provide an electric fisld in the interference region 820
with an application of a voltage or a current across the n-doped region 933 and the
p-doped region 823, where the interference region 920 may be configured {o
provide a different interference pattern for the interference light with the application
of a voltage or a current across the n-doped region 933 and the p-doped region
923

f00127]) For example, by applying a reverse bias voltage, the electric field may
extract the free carriers in a region, and therefore may modify the refractive index of
the region. As another example, by appiving a forward bias voltage, free carriers
may be injected into a region, and therefore may modify the refractive index of the

region.

{00128] FIG. 10A shows an example photonic integrated circuit 1000 having

muitiple cutputs. The photonic integrated circuit 1000 includes a first waveguide
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region 1002 configured to guide line in the direction as designated by the arrow
1022. The photonic integrated circuit 1000 includes a first grating region 1020
formed on a side of the interference region 1010. The photonic integrated circuit
1000 includes a second grating region 1021 formed on a different side of the
interference region 1010, for example, the opposite side as shown in FIG. 10A.
The photonic integrated circuit 1000 includes a reflecior region 1014, and may
optionally include another reflector region 1008. The photonic integrated circuit
1000 includes a second waveguide region 1028 that may be coupled to other

passive and/or active optical components.

001291 In some implementations, light from the first waveguide region 1002
enters the interference region 1010, and can be directed to a first external medium
1030, & second exiernal medium 1032, or a second waveguide region 1028. For
example, similar to the descriptions of FIG. €, an n-doped region and a p-doped
region may be configured (o provide an electric field in the interference region 1010
with an application of a voltage or a current across the n-doped region and the p-
doped region, where the portion of the light emitted in the +z direction and the
portion of the light emitted in the -z direction may be controlied by the application of
a voltage or a current across the n-doped region and the p-doped region. As
another example, similar to the descriptions of FIG. 9, an n-doped region and a p-
doped region may be configured {0 provide an eleciric fieid in the second reflector
region 1014 with an application of a voliage or a current across the n-doped region
and the p-doped region. The reflectivity of the second reflector region 1014 may be

tuned, and light may be fransmitied o the second wavequide region 1023

001301 In some implementations, the light enters the interference region 1010,
and can be split into different portions of light that exit for the first external medium
1030, the second external medium 1032, and/or the second waveguide region
1028. For example, the grating in the first grating region 1020 may be designed
such that the grating periodicity substantially matches the standing wave of a TE-
polarized light. Similarly, the grating in the second grating region 1021 may be
designed such that the grating periodicity substantially maiches the standing wave
of a TM-polarized light. By controlling the proportion of Tk and TM polarized light
in the photonic integrated circuit 1000, the portions of light exiting the photonic

integrated circuit 1000 for the first external medium 1030 and the second external
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medium 1032 may be conirolled. The above example can serve as an seffective

polarization beam splitter.

00131} In some implementations, a first layer 1024 may be formed between
the first grating region 1020 and the first external medium 1030, The first layer
1024 may be formed to protect the pholonic integrated circuit 1000, or to provide a
specific distance for coupling the first grating region 1020 and the first external
medium 1030. In some implementations, a second layer 1016 may be formed
between the second grating region 1021 and the second external medium 1032
The second layer 1018 may be formed to protect the photonic integrated circuit
1000, or to provide a specific distance for coupling the second grating region 1021
and the second external medium 1032, For exampile, the firstlayer 1024 may be g
cladding, and the second layer 1018 may be a subsirate of the photonic integrated
circuit 1000. As another exampie, the first layer 1024 may have a lower refractive

index compared to the grating region 1020.

[00132] FIG. 10B shows an example photonic integrated circuit 1001 having
muitiple inpuis and outputs. The photonic integrated circuit 1001 may include a first
waveguide region 1051, a second waveguide region 1052, a third waveguide
region 1053, a fourth waveguide region 1054, p-n junctions 1055-1080 and 1085-
1098, g first reflector region 1061, a second reflector region 1082, a third reflector
region 1091, a fourth reflector region 1092, an interference region 1070, and a two-
dimensional grating 1080. The structures of the first waveguide region 1051, the
second waveguide region 1052, the third wavequide region 1053, the fourth
waveguide region 1054, the p-n junctions 1055-1060 and 1085-1098, the first
reflector region 1061, the second reflector 1062, the third reflector region 10981, the
fourth reflector region 1092, the interference region 1070, and the two-dimensional
grating 1080 may be implemented by any corresponding struciures described
throughout this appiication, for example, the corresponding structures in FIGS. 1-7
and FiG. 9.

[00133] in some implementations, light from the first and the third waveguide
region 1051 and 1053 enter the interference region 1070, and may be directed o
the second waveguide region 1052, the fourth waveguide region 1054, or out of the
grating in the z direction as designated by the ocutward arrow 1064. in some

implementations, o minimize the back reflection of the input light from the first and
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the third waveguide regions, the reflectivity of the first and the third reflector regions
1061 and 1091 can be tuned during the initial design or through dynamic
application of electrical field to match the one-circulation atienuation coefficients of

the wave propagating along the x and y direction respectively.

[00134] in some implementations, light from the first wavequide region 1051
enters the interference region 1070, and may be split to different portions to the
second waveguide region 1052, the third waveguide region 1053, the fourth
waveguide region 1054, and/or out of the grating in the z direction as designated by
the outward arrow 1064, For example, the grating region may include a two-
dimensional grating 1080 configured to separate light into two light portions
propagating along two directions x and y according to wavelengths., As ancther
example, the graling region may include a two-dimensional grating 1080 configured
to separate light inio two light portions propagating along two directions x and y
according to polarization. As ancther example, the two-dimensional grating 1080
may be configured to reversely combine fwo light portions propagating along two

directions x and y into one light portion.

f00135] In some implementations, the twe-dimensional grating 1080 may be
configured to emit light upward in the z direction by combining two lights coming
from two directions X and v, by substantially maiching the periods of the grating
1080 along the x and y direction to periods of the interference pattern along the x
and y directions respectively. In some implementations, the two-dimensional
grating 1080 may be configured to emit light upward in the z direction by combining
two lights coming from two directions x and y, by modifying the inlerference pattern
along the x and vy directions, through the application of electrical fislds between p-
doped and n~doped regions, to match the grating 1080 pattermn along the xand v
directions respectively. As another example, the two-dimensional grating 1080
may be configured to reversely split one light propagating at one direction {e.g. -2)

into two light portions prepagating along twe directions x and v.

[00136] Similar to the descriptions of FIG. 10A, in some implementations, an n-
doped region and a p-doped region may be configurad to provide an electric field in
the interference region with an application of a voltage or a current across the n-

doped region and the p-doped region, where a respective proportion of each of the

two light portions propagating along two directions is controlied by the application of
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a voltage or a current across the n-doped region and the p-doped region. For
example, a voltage may be applied across the n-doped region 1058 and the p-
doped region 1056 o control the routing or the splitling of the input light. In some
implementations, one or more doped regions can be eliminated if there is no need
to modulate the refractive index of corresponding regions. For example, the doped
regions 1056 and 1058 can be eliminated if there is no need o dynamically

modulate the interference region 1070.

{00137} FIG. 11A shows an example of an optical apparatus 1101, including a
corner mirror 1102 that provides a high-reflectivity across a broad spectrum. The
descriptions of FIG. 11A may be applied to any one of the reflector regions
disclosed in this application. In general, light propagates through the grating region
1120, and is incident on the facets 1131a and 1131b of the comer mirror 1102,
Because the fight is incident on the Tfacels 1131a and 1131b bevond a toial
reflection angle, substantial light is reflected due fo total reflection, achieving a

high-reflectivity.

[00138] FIG. 118 shows an example of an optical apparatus 1103, including a
circular or elliptical facet 1104 that provides a partial-reflectivity or a high-reflectivity.
The descriptions of FIG. 118 may be applied {o any one of the reflector regions
disclosed in this application. In general, light propagaies through the curved
grating region 1121, and is incident on the facet 1104, In some implementations,
the facet 1104 may be coated with a metal layer {0 provide a high-reflectivity. The
curved facet 1104 refocuses the light back toward the direction of the waveguids

reqion by the high-refleciivity curved facet 1104.

[00135] FIG. 11C shows an example of an optical apparatus 1105, including a
bragg reflector 1106 providing a high-reflectivity. For example, Bragg reflectors
1106 may be formed by DBR and/or DFB structures with a Bragg pericd equal {o
haif of a wavelength by a compiete eiching as shown here in FIG. 11C. The
descriptions of FIG. 11C may be applied to any one of the reflector regions
disclosed in this application. in general, light propagates through the grating region
1122, and is incident on DBR mirror 1106. In some implementations, the DBR
mirrer 1106 may be designed o provide a high reflectivity for a range of

wavelengths.
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{00140} FIG. 11D shows an example of an optical apparatus 1107, including a
facet 908 providing a partial-reflectivity or a high-reflectivity. The descriptions of
FIG. 11D may be applied {o any one of the reflector regions disclosed in this
application. In general, light propagates through the grating region 1123, and is
incident on the facet 1108, Without any additiona! coating, the reflectivity may be
determined using the Fresnel eguations. In some implementations, the facet 1108
may be coated with one or more layers of materials {0 increase the reflectivity. For
example, the facet 908 may be coaled with a metal laver to increase the reflectivity.
As another example, the facet 1108 may be coated with multiple dielectric lavers 1o
increase the reflectivity for a range of wavelengths. As ancther example, the facet
1108 may be coated with a quartier-wavelength dielectric layer followed by a metal

layer to increase the reflectivity for a range of wavelengihs.

[00141] FIG. 11E shows an example of an optical apparatus 1109, including a
surface corrugated bragg reflector 1136 providing a high-reflectivity. For example,
the surface corrugated bragg reflectors 1136 may be formed by DBR and/or DFB
structures with a bragg period equal to half of a wavelength by a partial eiching as
shown here in FIG. 11E. The descriptions of FIG. 11E may be applied to any one of
the reflactor regions disclosed in this application. In general, light propagates
through the grating region 1132, and is incident into the mirror 1136 and gels

reflected, forming an interference pattern.

f00142) Any other types of reflectors that can be integrated in a photonic
integrated circuit may also be used as alternatives 1o the reflectors described in
FIGS 11A-11E. As an example, a reflector region may alternatively include a
waveguide loop mirrer. As another example, a reflector region may alternatively
include an anomalously dispersive mirror where the effective index of this mirror

increases with ionger wavelength.

{00143} FIG. 12 shows an example of a flow diagram for designing a grating
based optical transmitter. The process 1200 may be performed by a designer or a

data processing apparatus, such as one or more computers.

f00144] First the cavity material composition and dimensions (1202) are
determined. In some implementations, based on the target light

polarization/mode/wavelength/spot size, and the external medium {e.q., fiber on lop
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of the grating or waveguide connecled to the second side 114, etc), the
dimensions and materials composition for the cavity and the substrate can be
determined. For example, for a singie mode optical signal with center waveiength
around 1310nm, an InP layer can be used as the substrate and InAs, InGaAs,
InGaAsP, and InGaAsN based guantum well structure can be used on top of the
InP substrate as the light source region. Another InP layer can be used on top of
the light source region as the cladding. If the spot size of the external fiber is
around 10um, the dimension of the cavity aligned with the fiber direction needs to
be around or larger than 10um {o allow the external fiber {0 be coupled onto the

grating structure.

100145] Then the reflector design (1204) is determined. A proper reflector
design (e.g., tapered DFB/DER or corner mirror or oxide-metal coating, etc.) can be
used o form the interference wave pattem. in some implementations, a numerical
analysis tool such as a FDTD simulation system may optimize design parameters {o
generate a design for a reflecior having a reflection that is close 1o 100%. For
example, the design may be a taperad waveguide distributed Bragg (DBR) or
distributed Feedback (DFBE) reflector, each having a periodicily equals to around half
of the sffective wavelength of the light inside the cavity. The interference region

containing at least part of the interference light is formed inside the cavily.

[00146] Then a quarter-wave shiff discontinuity can be implemented (1208) to
break the symmetry if a DFB/DBER reflecior design is used. This allows only one

optical mode to be formed inside the cavity.

[00147] Then a taper structure can be implemented (1208) on both sides of the
gquarter-wave shift discontinuity 1o gradusally compensate local effective index

mismatch caused by discorntinuities.

[00148] Then, grating structure 1o emit the light on top of the interference region
can be determinad {(1210) based on the interference light wave patiern inside the
interference region. The period of the grating pattern needs o be substantially
matched to the period of the interference light; other parameters, such as duty cycle,
grating height, and shape of the grating structure, are what may be oplimized based
on parameters such as the incident light spot size, mode of the light, wavelength of

the light, material of the cavity and light source region, and intended emiiting angle
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eic. In some implementations where a DFB/DER reflector design is used, the grating
can include two grating structures arranged along the light propagation direction with
180° phase shift as depicted in FIG. 3A. In some implementations, one grating
structure is formad by decreasing the duty cvcles at some parts of one DFB reflector
by a predetermined value, while the other grating structure is formed by increasing
the duty cycles at some parts of the other DFB refiector by a similar predetermined
value. With alternatively reducing and increasing the duty cycles by a similar amount
at different regions of the DFB reflector, the overall effective index may remain
substantially unchanged, and hence the central wavelength of the interference wave
pattern inside the interference region may also remain substantially unchanged after
these duty cycle adjustments. The two grating structures, each has its period
substantially maiched to the period of the interference light can together serve as
both reflectors and an oplical antenna to emit light in a substantially vertical direction.
in some implementations, adding the grating structure may siili change the effective
index and hence the characleristics of the interference light can change. Therefore,

some itergltion processes might be needed for optimization.

[00149] An exemplary design flow has been described. Nevertheless, it will be
understood that varicus modifications may be made without departing from the spirit
and scope of the disclosure. For example, various forms of the flows shown above
may be used, with steps re-ordered, added, or removed. For example, in FIG. 12,
step 1206 and 1208 are optionally, and if incorporated can also be done before step
1210. As another example, step 1206 can also be done afier and with the same siep
1208. As another example, step 1204, 1206, and 1208 can also be done with the

same step. As another example, step 1210 can aiso be done before step 1204,

[00150] FIG. 13 shows an example of a flow diagram for fabricating a grating
based optical transmitter. The process 1300 may be performed by a system
including data processing apparatus, such as one or more computers that control

one or more apparatuses that perform the fabrication steps.

[00151] The system is used to fabricaie the light source region containing
gquantum wall or quantum wire or guantum dot structures on a substrate (1302). The
fabrication of light source region may be done by fabrication technigues including
molecular beam epitaxy (MBE) or metal organic chemical-vapor deposition

(MOCVD). In some implementations, a cladding layer can further be deposited by
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film depaosition techniques such as chemical vapor deposition, plasma-enhanced
chemical vapor deposition, sputtering, or any other suitable thin film deposition
techniques may be used io deposit one or more layers on top of the light source

region.

[00152] The system is used o fabricate the gratings (1304). The fabrication of
gratings may be done by a combination of fabrication techniques inciuding
lithography, elching and deposition. For example, lithography technigues such as
projection lithography with a stepper lithography ool electronic-beam lithography,
contact lithography, or any other suitable lithography techniques may be used o
pattemn the gratings. As another example, etching techniques such as dry etching,
wet etching, or any other suitable eiching technigues may be used {0 etch the
patierned gratings. A single grating structure or both grating structures as
mentioned in FIG. 3A can be fabricated by sharing the lithography and etching steps
using the same mask. Furthermore, if a surface corrugated DFB type reflector is
used, the surface corrugated structure can be done also at the same step when
fabricating the gratings. In some implementations, the gratings further include a
guarier-wavelength shift and taper structures as mentioned before. In some
implementations, thin film deposition techniques such as chemical vapor deposition,
plasma-enhanced chemical vapor deposition, sputtering, or any other suitable thin
film deposition technigues may be used o deposit one or more layers of materials on

the gratings as a cladding layer.

[00153] The system is used to fabricate the cavity {13086). The fabrication of
cavity may be done by lithography and efching to define the cavity into the target
dimensions. In some implementations, thin fim deposition technigues may be

optionally used to deposit one or more layers o passivate the patierned cavity.

[00154] The sysiem is used to fabricate the refiector (13208). The fabrication of
the refiector region may be done by a combination Hthography, etching and
deposition similar as mentioned before. in some implementations, a DBR type ora
corner reflecior can be formed during the same siep when forming the cavity (1306)
by sharing the same lithography, etching step and even the mask. In some
implementations, a metal reflecior can be formed by depositing a metal laver on the

sides of the cavity along the interference light direction. In some other
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implementations, a quarter-wavelength dielectric layer can be formed between the

cavity and the metal layer {0 achieve a high reflectivity.

[00155] The system is used to fabricate the elecirodes (1310} to provide
electrical carriers into the light source region or to modulate the glectrical field in the
light source region. At least two electrodes electrically coupled o the light source
region are formed by a combination of deposition, lithography and efching. In some
implementations, a third slectrode is formed such that the three slectrodes are
arranged to provide a conirol for relative electrical fields among the three electrodes
to modulate an electrical carrier concentration. Light generated by the electrical
carrier recombination resonates inside the interference region along a first direction
and emits cut of the interference region along a second direction that is different

from the first direction.

[00156] A number of implementations have heen described. Nevertheless, it
will be understocd that various modifications may be made without departing from
the spirit and scope of the disclosure. For example, various forms of the flows shown
above may be used, with steps re-ordered, added, or removed. For example, step
1306 can also be done before step 1304, As another example, step 1208 can also
be done with the same step 1304. As ancther example, step 1308 can also be done
with the same step 1308. As another example, step 1310 can also be done post step
1302.

OPTICAL DEVICE FOR REDIRECTING INCIDENT ELECTROMAGNETIC WAVE

[00157] Structure with one mirror on one side:

[00158]) Fig. 14A illustrates the block components of a first embodiment of the
optical device for redirecting an incident light. The optical device 1400 mainly
comprises a cavity 1410 with a first side 1412, a grating structure 1420 arranged on
a top face 1418 of or embedded into the cavity 1410, and a mirror 1416 arranged on
the first side 1412, The above-mentioned components can be arranged on g
supporting layer 1432 with a refractive index lower than that of the cavity to creale
total-internal reflection, for example, a silicon dioxide layer 1432 in adjunction with
cavity 1410 comprising of silicon or silicon nitride or silicon oxynitride thereon, or a

silica layer 1432 in adjunction with cavity 1410 comprising of doped silica thereon.
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The above-mentioned components can alse comprise of silicon or germanium or
nitride or oxide or polymer or glass or their combinations, and be arranged on a
highly reflective layer 1432, for exampie, an oxide-metal coating or a distributed

Bragg reflector (DBR) stack.

[00159] Provided that the light 1440 is incident on the left part of the cavity

1410 {(namely, the portion opposite o the first side 1412) as shown by an arrow, the
incident light can be regarded as being confined inside the cavily 1410 if during one
circulation from the initial entry point to the first side 1412 and then back 1o the initial

entry point, the incident light is substantially attenuated.

100180] This condition can be further explained with the inilial entry point
having a reflectivity r for light coming from lefi side thereof and the cavity (defined
between the initial entry point and the first side 1412) having a one circulation
attenuation coefficient a. In this case, under the light confinement condition “a=r",
since r is now 0 (no light reflection at the initial entry point), a also needs to be §,
which means all of the light energy is attenuated afier one circulation. Here, the light
confinement condition means the light is spatially localized in the cavity region with
substantially zern back-reflection; the one circulation means the light travels from the
initial eniry point into the cavity 1410, onto the first side 1412, reflected by mirror

1418, and finailly back to the initial entry point.

[00161]) in real cases when a slight deviation from the ideal "a=r" case occours,
this embodiment still works but with a different coupling efficiency. Since in real
impiementations, many non-ideal factors such as process variation and material non-
uniformity usually play a role, such deviations from the exact condition are expected
in real implementations. Howsver, as long as such deviations are within designed
tolerances, they will not change the functionality of this embodiment. Hence, making
design choices under imperfect conditions is part of the “oplimization” process. For
example, if during the grating elching process, an over eich occurs, we can increase
the duty cycle (where the duty cycle is defined as the ratio of the peak width to the
sumt of peak width and vailey width of the grating along the wave propagation
direction} of the initial design to compensate for the over etch. If making such
choices still follows the concept of this embodiment, then all these design choices
and variations are also within the scope of the embodiment. This statement also

holds for the structure with mirrors on both sides which will be discussed in the
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following sections. In anocther perspective, this one mirror structure can be viewad
as one of the special cases of the following two-mirror structure where one of its

mirrors has refiectivity equais zero.

100182] As for the design of grating structure 1420, by substantially matching
the pattern of the grating structure 1420 with the pattern of the standing wave in the
cavily 1410, a subsiantial portion of the incident light can leave the cavity 1410
through the grating structure 1420 upward or downward at a predetermined angle
with respect to the incident direction. By tuning the grating height or duty cycle or
the cladding covering the grating structure or layer 1432 or their combinations, the
directionality can be modified to have aimost all powers emitting upward and at the
same time with almost no powers emitling downward, or vice versa. To simplify the
description without limiting the scope, upward emission is described as the major
scenario throughout this description. As shown in Fig. 2, the symbol d1 indicates the
distance between two adjacent maximum power points of the standing wave
{intensity periodicity) in the cavity 1410 and the symbol d2 indicates the period of the
grating structure 1420 (rectangular gratings are shown in this figure). The theoretical
matching condition is d2=2d1. By maiching the wave patiern, this grating structure
1420 acts as "antenng” and becomes most efficient for light to leave the cavity 1410
upward at the predetermined angle with respect to the initial incident direction. All
point source wavefronts emiited from each periodic segment (p1 and p2) are
combined into a joint planar wavefront which propagates upward with a
predetermined angle based on the {opographic design of the grating structure 1420,
such as its shapes, periods, duly cycles, depths/heights or their combination
properties. In the field of oplical coupling, the predetermined angle can be designed
as substantially vertical o top face of cavity for the sase of coupling light to/from the

external optical component.

[061863] Since there are some non-ideal factors such as cavity etching that
changes the effective reflective index and siching process itself that does not
necessary create straight line topography, the actual matching condition might
deviate from the theoretical condition d2=2d1. Hence, while the theoretical maiching
condition is d2=2d1, a slight deviation from the exact condition is expecied during
real implementations. For example, the distance d1 between two adjacent maximum

power points of the standing wave in the cavity 1410 and the half of the period d2 of
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the grating structure 1420 do not maich exactly but still have nearly the same order
of magnitude. In other words, the distance d1 between two adjacent maximum
power points of the standing wave in the cavily 1410 and the half of the period d2 of
the grating structure 1420 are substantially within the same order of magnitude. For
the definition of “the same order of magnitude”, two numbers have the same order of
magnitude if the ratio between the larger number and the smaller number is less
than 10. The other parameters, such as grating duty cycles, depths/heights, and
shapes of the grating structure, are design parameters, and such choices depend on
factors including the incident light polarization/mode/wavelength/spot size, material
of the cavity, and the intended directionality of the output light. All the choices for the
aforementioned parameiers might affect the performance, but do not change the
gssential functionality if they are properly chosen. Hence, these choices are part of

the “optimization” process based on the concept described above.

[00164] Fig. 15A shows one of the working examples {o demonstrate the
feasibility of the embodiment shown in Fig. 14A. The optical device 1400 comprises
a cavity 1410 with a first side 1412, a graling structure 1420 arranged on a top face
1418 of or embedded into the cavity 1410. A mirror 1416 is arranged at the first side
1412. The mirror 1418 is, for example, a tapered DBR mirror to provide nearly 100%
light reflection (typically, a high reflectivity, such as higher than 50%, is desired to
minimize the power leaking outside of the first side 1412 to achieve a light
confinement condition). The cavity 1410, for example, can be arranged on a
supporting layer 1432, and the supporting layer 1432 is arranged on a substrate
1430. The supporting layer 1432 has a refraclive index lower than that of the cavily
to create total-intermnal reflection, for example, a silicon dioxide layer 1432 in
adjunction with cavity 1410 comprising of silicon or silicon nitride or silicon oxynitride
thereon, or a silica layer 1432 in adjunction with cavity 1410 comprising of doped
silica thereof. The light is incident from the direction shown by the arrow 1440 and
enters the cavity 1410 through the initial entry point. The grating length L1 could be,
for example, around 10 um, to better match a conventional single-mode fiber (SMF)
mode profile. Other sizes can be chosen based on the size of the external optical
component this graiing structure intends to be coupled with. An exemplary grating
structure 1420 can be, for example, ribs of rectangular shape with 420 nm period,

0.58 duty cycle and 175 nm height, where the duty cycle is the ratio of the peak
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width to the full period (full period is the sum of peak width and valley width) aiong
the wave propagation direction and the height is along a direction vertical 1o the top
face 1418.

100165]) Simulation result shows that at 1305 nm wavelength with the
parameters chosen as shown above, a directionality of approximately 85%~86%
upward through the graiing can be obfained along with a low back-reflection of
approximately. To calculate the {otal coupling efficiency, a standard SMF {the fiber
facet is coated with an anti-reflection coatling) is placed on top of the grating. A
transverse electric (TE) optical signal is then injected into the cavity 1410 from the
initial entry point indicated by 1440 and is redirected into the SMF. The
corresponding minimum total coupling loss is calculated as approximately 1.25 dB at

1305 nm wavelength, and features a 3 dB full width of approximately 20nm~25 nm.

[00166] Note that the above numeric example is described (o demonstrale the
feasibility of this disclosure and shouid not by any means be regarded as Hmiting.
Other variations and oplimizations are considered {0 be within the scope of this

description as jong as they are covered in the claims set forth in this disclosure.

[06187] Structure with two mirrors at two opposite sides:

[00168] Fig. 14B shows the block components of a second embodiment of the
optical device for redirecting an incident light. The optical device 1400 mainily
comprises similar components as those shown in Fig. 14A; therefore, the similar
components use the same numeral for brevity of description. In the embodiment
shown in Fig. 148, the optical device 1400 further comprises a light reflector 1417
{also can be referrad as the second mirror M2 for the ease of Hustration) at the
second side 1414 of the cavity 1410,

(00169 Provided that the light is also incident from the left part of the second
side 1414 indicated by 1440, the incident light can be regarded as being confined
inside the cavity 1410 if certain design conditions are met. The material/size of the
cavily 1410, the refiectivity of the mirror 1418 (also can be referred as the first mirror
M1 for ease of lllustration) at the first side 1412, and the reflectivity of the light
reflector 1417 at the second side 1414, are selected such that the reflected light at

the initial light entry and all the light coming from the right side of the second side
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1414, transmitling through the light reflector 1417 and into the left side of second
side 1414, destructively interfere each cother at the left side of second side 1414 due
to their 11 phase difference under the resonant condition inside the cavily 1o achieve
the theoretical light confinement condition. Since the power leak out of the cavity
1410 {from all its surroundings such as its bottom, left side and right side in this 2D
exampie) is conirolled by the destructive interference under this condition based on
the design concept disclosed, the most efficient way for light to leave the cavity 1410
is through the grating structure 1420. By substantially matching the pattern of the
grating structure 1420 with that of the standing wave in the cavity 1410, a substantial
portion of the incident light leaves the cavity 1410 through the grating struciure 1420
upward with an angle based on the topographic design of the grating struciure 1420,
such as its shapes, periods, duty cycles and depths/heights. In the field of optical
coupling, the angle can be designed as substantially vertical to top face of cavity for

the ease of coupiing purpose.

100170} The first side 1412 and second side 1414 shown in Fig. 14B are
depicted with dash-dotted lines. Therefore, the optical structure atop the supporting
laver 1422 can be constituied by a plurality of optical waveguide regions integrally
formed or in one-piece form with each other. For example, light with a particular
wavelength impinges into a first waveguide region of the oplical device and
propagates (o a second waveguide region coupled to the first waveguide. The
second waveguide region is coupled to an interference region, where the light with
the particular wavelength reflects with a first reflectivily between the second
waveguide region and the interference region. The interference region is coupled to
a third waveguide region, where the light with the particular wavelength refiects with
a second reflectivity between the interference region and the third waveguide region.
A grating structure 1420 may be arranged on or embedded into the interference
region. in some implementations, the first reflectivity and the second reflectivity may
vary with wavelengths. In some implementations, the first reflectivity and the second

reflectivity may be constant across a range of wavelengths.

[00171] in the foliowing paragraphs, we further explain the physical principle of
the light confinement mechanism by using a hypothetically numeric example.
Assume the light enters into the cavily through the light reflactor 1417 (M2) at the
second side 1414. Before thal, the light power is setas 1. If we design a 10% M2
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{r=10%)}, then after passing through M2 the transmitted light power becomes 80%.
Under the confinement condition “a=1”, , which is the light intensity one circulation
attenuation coefiicient, is designed o be 10% as well. Here, one circulation means
the light travels from the second side 1414, through the cavity 1410, onto the first
side 1412, reflected by mirror 1416 (M1}, and finally back 1o the second side 1414,
but not yet reflected by M2. M1 is designed o be a perfect reflector with 100%
reflectivity. Then after light travels through the cavity 1410, reflected from M1, and
makes ancther {rip through the cavity 1410, before passing through the M2 again,
the light power becomes 80%*10%=8%. Atthe interface belween M2 and the cavity
1410, since M2 is typically a reciprocal structure, 89%%10%=0.9% of the light power
would reflect back to the cavity while 8.1% of the light power would pass through M2
and leave the cavity 1410, With reference to Fig. 19A, the light intensity is |, before
entering the cavily, and, after the first one circulation, the light intensity becomes
a=ls{ 1-M2R}{M1R)a. before back-transmitting through M2, where MZR is the
reflectivity of M2, M1R is reflectivity of M1, and the one circulation attenuation
coefficient is a=M1Rq., where . is the net attenuation coefficient introduced by the
cavity excluding the effect of M1. The back-transmitted light intensity through M2

then becomes lp=l(M2R).

[00172] Although in this example the portion of light from the light reflecior 1417
back to the incident source are 10% and 8.1% safter the zero pass and the first pass
respectively, they are out of phase under the resonant condition inside the cavity,
and hence the actual power leaks out of the cavity 1410 from the second side 1414
is smaller than the sum of 10% and 8.1%. Under the light confinement condition and
after numerous passes, all of the light from the light reflector 1417 back to the
incident source cancel each other due o destructive interference, meaning almost all
power of the origina! incident light is transferred into the cavity 1410 and then
redirected upward with a predetermined angie. As shown in Fig. 198, under the
confinement condition, the back-reflected light power le out of the cavity substantially

reachas zero afier numerous passes.

[00173] Since the one circulation attenuation coefficient a is a function of MR,
to meet the light confinement condition "M2R=q”, the reflectivily of M2R must be
smaller than that of M1R as long as the cavity is lossy. Also note that in order to

simplify the description, we assume the phase shifi (8m2) infroduced by M2 is zero,
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and hence the actual resonant condition “round-trip phase shift equals 2m™ (m:
integer) is the same as “one-circulation phase shift equals 2m 1" If 8m2 is not zero,
then the resonating condition becomes “8m2+ Boc =2mm” where 8oc is the phase

shift of one circulation.

[00174] Fig. 15B shows one of the working examples {o further illustrate the
feasibility of the embodiment shown in Fig. 14B. The oplical device 1400 comprises
a cavity 1410 with a first side 1412 and a second side 1414, a grating structure 1420
arranged on a top face 1418 of the cavity 1410, A mirror 1418 is arranged at the first
side 1412 and a light reflector 1417 is arranged at the second side 1414, The mirror
1416 is, for example, a tapered DBR mirror. The light reflector 1417 is, for exampls,
a single etched slit. The light is incident from the left side of the light reflecior 1417
and enters the cavity 1410 through the second side 1414, The graling struciure 1420
is, for exampie, rectangular with 420 nm period, 0.54~0.56 duty cycie and
180nm~185 nm height. In this example, the light reflector 1417 is a slit with width

below 70 nm to provide a mirror loss below 5%.

[00175] Given slit~grating distance and slit width around 180nm~188 nm and
38nm~40 nm, it can be simulated that at 1305 nm to 1310nm wavelength, a
directionality of approximately 85%~87% upward through the grating can be
obtained with a low back reflection The minimum total coupling loss is calculated as
approximately 1.1~1.4dB at 1305 nm o 1310nm wavelength, and features a 3 dB full
width of approximately 20 nm. Moreover, depending on the design choice, the siit
widih can also be changed, and the slit width is preferably smaller than three
effective optical wavelengths, which is derived from the incident wavelength and the
material refractive index it travels. Other implementations, for example, a tapered
DEBER reflector (such as the tapered DBR reflector 1417 shown in Fig. 16F), can also
be used as the light reflecior 1417. Hence the above singie slit example should not

be considered as the limiting case for the implementation of light reflector 1417,

[00176] Note that according to another embodiment, a separated region can be
inserted in between the lefi boundary of the grating struciure 1420 and the second
side 1414, or between the grating structure 1420 and the first side 1412 with a

waveguide taper functioning as a mode filter.
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[oo177] Even though the ribs of the grating structure 1420 shown in the above-
described embodiments {for example, the grating structure 1420 shown in Fig. 14B)
have sidewalls 1420a vertical to the top face of cavity 1410, the ribs of the grating
structure 1420 can have sidewalls 1420a slanted to the top face of cavity 1410 in a
nor-vertical manner. For example, the slanting angle of the sidewalls, the
height/depth, or the separations of the grating structures can be designed to modify
the emitting angle of the light into a predetermined angie with respect to the {op face
1418. The grating structure 1420 can also have slanted ribs in combination with

vertical ribs.

(00178} Furthermore, as shown in Fig. 15C, instead of ribs profruding from the
top face 1418 of the cavity 1410, the grating structure 1420 can be realized by
grooves penetrating into the top surface 1418 of the cavity 1410. These grooves can
penetrate info the cavity 1410 at a vertical angle as shown in Fig. 15C, orat a
slanted angle depending on the practical process conditions. Even though the
grooves are depicted to have a shallower depth in comparison to the slit 1417, it
should be noted that the grooves can have a deeper or the same depth in
comparison to the slit 1417. The grooves can be distributed with uniform or non-

uniform separation.

[00179] Moreover, even though the rectangular ribs shown in Fig. 15B and 15C
have uniform pericds and duty cycles, they can also be non-uniform depending on
application scenarios. For example, the periods and the duty cycles of the grating
struciure in the two side regions of the cavity are different than those of the grating
structure in the middie region of the cavity to betier match the Gaussian spatial

intensity distribution of a SMF.

[00180] Note that the above examples, inciuding the numeric parameters used,
are described o demonstrate the feasibility of this disclosure and should not by any
means be regarded as the only way to implement this disclosure. Cther variations
and optimizations should be considered to be within the scope of the disclosure as

fong as they are covered in the claims sei forth in this disclosure.
100181] Design Procedure

[00182) in some implementations, a design methodology can be described as

the following:

W
(]
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[00183] Based on the targst light polarization/mode/wavelength/spot size, and
the coupling device (ex: fiber on top of the grating or waveguide connected {o the
second side 1414, etc.), the dimensions and materials of the cavity and the substrale
can be determinad. For example, for a single mode optical signal with center
wavelength around 1310nm, a Si layer cavity around 250nm on an oxide layer can
be used. If the spot size of the exiernal fiber is around 10um, then the dimension of
the cavity needs to be around or larger than 10um o allow fiber to be coupled onio

the grating structure which will be later formed on or embedded into the cavity.

[00184] Then, choose a proper mirror design (ex: tapered DBR or corner mirror
or oxide-metal coating, etc.) with relatively high reflectivity as mirror 14186 and

determine the interference wave pattern inside the cavity.

[00185] Then, design grating structure 1420 on top of the cavity 1410 based on
the initial interference wave pattern. Note that adding grating will change the cavity
property and might slightly change the interference wave pattern inside, so some

iteration processes might be needed for optimization.

[00186] Then, based on the material quality and the physical dimensions of
cavity 1410 and grating structure 1420, the one circulation atienuation coefficient (¢}
carn be calculated along with the corresponding phase shift for the resonant

condition.

[00187] After getting the one circulation atienuation coefficient g, choose a

proper refiector design with its reflectivity r=a (or very close to g}, and place it ai the
sacond side 1414 as the light reflector 1417, Note that in the case of small or nearly
zero one circulation attenuation coefficient a, the corresponding reflectivity r can be

set as zero, meaning the light reflector 1417 is absent.

[00188] To better describe such special case when =0, a design methodology

with one mirror (namely the mirror 14186) can be further described as following:

(00189 Based on the target light polarization/modefwavelength/spot size, and
the coupling device (ex: fiber on top of the graling or waveguide connected (o the
second side 1414, elc.), the dimensions and materials of the cavity and the subsirate

can be determined.



WO 2018/009538 PCT/US2017/040712

[00180) Then, choose a proper mirror design (ex: tapered DBR or corner mirror
or oxide-metal coating, elc.} with relatively high reflectivity as mirror 16 and

determine the interference wave paitern inside the cavity.

100181] Then, design grating structure 1420 on {op of the cavity 1410 based on
the initial interference wave pattern. Note that adding grating will change the cavity
property and might slightly change the interference wave pattern inside, 50 some

iteration processes might be nesded for optimization.

[00182] Then, based on the material guality and the physical dimensions of
cavity 1410 and grating structure 1420, the one circulation attenuation coefficient (o)
can be calculated along with the corresponding phase shift for the resonant

condition.

[00183] Based on the above design methodology, an exemplary numeric
design procedure for implementing g high-performance coupler with substantially
vertical emission on a SOI substrate is shown blow. An optical simulation tool can be

used for testing the following design procedure:

[G0184] Design a wavequide back mirror (namely the mirror 1416) featuring
close to 100% refiection. This can be a silicon tapered waveguide DBR, a silicon

waveguide loop mirror, a silicon corner mirror, or a silicon-oxide-metal coating laver.

[00195] Send in an optical signal into the waveguide with waveguide back

mirror. Observe the interference wave pattern and identify the effective wavelength.

[G0186] Add a grating structure on the waveguide, so that the grating period is
almost the same as the period of the interference wave paitern. Note that the
grating length, for example, can be chosen to be comparable {o the size of external

coupling optics, e.g., a SMF.

[00187] Fine tune the graling parameiers, e.q., shapes, periods, duty cycles
and depths/heights, until a desired directionality (i.e. "superstrate power” divided by
“superstrate power plus substrate power”) and a desired far field angle {(ex:

substantially vertical emission) are reached af the same time.

[00188] Measure the one circulation attenuation coefficient and its phase shift,
and then design a wavequide front light reflector (namely the light reflector 1417)

with reflectivity maiched to this one circulation attenuation coefficient (r=a). Whether
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the condition of light confinement is met or not can then be checked by the iotal

bhack-reflection of the whole structure.

(00199 In above example, the mirror 1416 can be implemented by a tapered
waveguide DBR. The DBR is constructed by fully etched slits with space widths
equal to 50 nm, 100 nm, 175 nm, 250 nm, 234 nm x 4, and line widths equal to 187
mm, 150 nm, 133 nm, 116 nm, 107 nm x 3. A broadband refleciion ~ 100% covering
> 200 nim wavelength span can be oblainad by this arrangement. Next, a Tk optical
signal is sent into the waveguide with the waveguide back mirror {o identify the
effecltive wavelength. A grating period of 420 nm is chosen based on the
interference wave pattern, and a grating length ~ 10 um is chosen for later coupling
to a standard SMF. To avoid the scattering occurs at the grating-waveguide

boundary, a fin-like grating is applied that stands on the SOl waveguide.

[00200] The near field and far field patierns of the optical device disclosed
suggest that a uniform plane wave with substantially zero far field angle can be
achieved. The strong field intensity in the grating region suggests a cavity effect. In
fact, the disciosed optical device can be thought similar to an “oplical antenna” array
in which all emitters are locked in phase, and hence a directional emission occurs at

zero far field angle.

[00201] Furthermore, the grating structure parameters, including its shapes,
periods, duty cycles and depths/heighis can be tuned individually or collectively to
optimize the directionality and the far field angle. For example, the duty cycles can
be modified at the side near M1 and M2 to achieve different direclionality. Another
example is modifying the period and etch depths to achieve a different far field angle.
Note that the above examples are described o demonstrale the feasibility of this
disclosure and should not be construed as limitations, Other variations and
optimizations should be considered to be within the scope of this disclosure as long

as they are covered in the claims set forth in this disclosure.

[00202] Besides the above embodiments, the optical device has further
ramifications. Fig. 16A shows the block components of the optical device for
redirecting an incident light according to still another embediment. The optical
device shown in Fig. 16A has similar components as those shown in Fig. 158,

therefore, the similar components use the same (or similar) numerals for brevity.
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The optical device shown in Fig. 16A uses a metal coating or dielectric coating
1418A on the side surface of the cavity 1410 1o replace the tapered DBR mirror 1416
shown in Fig. 15E.

100203] Fig. 168 shows the block components of the optical device for
redirecting an incident light according to stili another embodiment. The oplical
device shown in Fig. 16B has similar components as those shown in Fig. 15B;
therefore, the similar components use the same (or similar) numerals for brevity.
The optical device shown in Fig. 16B uses a metal coating or dielectric coating
1416A separated from the side surface of the cavity 1410 by an air gap 1416B to
repiace the tapsred DBR mirror 1416 shown in Fig. 158.

[00204] Fig. 16C shows the block components of the optical device for
redirecting an incident light according o stili another embodiment. The oplical
device shown in Fig. 16C has similar components as those shown in Fig. 15B;
therefore, the similar components use the same (or similar) numerals for brevity.
The optical device shown in Fig. 16C uses a metal coating 1416A separated from
the side surface of the cavity 1410 by a dieleciric layer 1416C fo replace the tapered
DBR mirror 1416 shown in Fig. 158,

[00205] Fig. 18D shows the block components of the optical device for
redirecting an incident light according to stili another embodiment. The optical
device shown in Fig. 18D has similar components as those shown in Fig. 158;
therefore, the similar components use the same (or similar) numerals for brevity.
Moreover, to betier illusirate the mirror used in this example, the substrate 1430 and
supporting layer 1432 are omitted hare for simplification. The optical device shown
in Fig. 16D uses a corner mirror 14160, which has light reflecting sides 1416E due to
total-internal-reflection, at the first side 1412 of the cavity 1410 to replace the tapered
DBER mirror 1416 shown in Fig. 158, Note that the corner mirror 14160 can be in
one piece form with the cavity 1410 or integrally formed with the cavity 1410, In
some implementations, the second mirror 1417 may be replaced with a propagation

region, where light propagates without a reflection or joss.

100206] Fig. 16k shows the block components of the optical device for
redirecting an incident light according to stili another embodiment. The oplical

device shown in Fig. 18E has similar components as those shown in Fig. 180, inthe
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embodiment shown in Fig. 18D, the ribs in the grating structure 1420 are located
along substantially paralie! lines, and the paralle! lines are substantially
perpendicular {0 a propagation direclion of light. In the embodiment shown in Fig.
16E, the grooves in the grating structure 1420 are located along substantially curved
lines (for example, circular lines or elliptical lines with a common focal point).
Moreover, even though a mirror 1419 is depicted at the circumference of the fan-like
grating structure 1420, the skilled in the related art can easily replace the mirror 1418

with other kinds of reflecting means such as tapered DBR mirror.

[00207] Fig. 16F shows the block components of the optical device for
redirecting an incident light according to stili ancother embediment. The optical
device shown in Fig. 16F has similar components as those shown in Fig. 158 except
that both of the first mirror 16 and the second mirror 1417 adopt tapered DBR

MIrrors.

[00208] Fig. 16G shows the block components of the optical device for
redirecting an incident light according to stili another embodiment. The optical
device shown in Fig. 168G has similar components as those shown in Fig. 18D except

that the second mirror 1417 in Fig. 168G is a tapered DBR mirror.

[00209] Fig. 18H shows the block components of the optical device for
redirecting an incident light according to stili another embodiment. The optical
device shown in Fig. 16H has similar components as those shown in Fig. 16D except
that the first mirror in Fig. 18D is represented by a smooth surface which could be

later coated with other reflective layer {0 increase the reflectivity.

[G0210] The grating structure 1420 can be implemented using various designs,
for example, rectangular or friangular cross section implemented in a single column,
array or segmented forms as shown in Figs. 17A (symmetric triangular ribs), 178
{rectanguiar ribs), 17C (arrayed-dotted ribs), 17D (triangular ribs with ordered or
random number per row) and 17E (segmenied ribs) from the top view. Figs. 17F to
17J are the corresponding cross section views of Figs. 17A to 17E. Note that by
changing the design of the grating structure, the emitting far field angle and
directionality can be tuned. Other shapes can also be used as long as the distance

d1 between two adjacent maximum power points of the standing wave in the cavily
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1410 and the half of the period d2 of the grating structure 1420 have the same order

of magnitude.

[00211] Morecver, the pretruding ribs embodiments shown in Figs. 17A to 174
can be replaced with penelrating grooves of corresponding shape (symmetric
triangular, rectangular, arrayed-dotied, asymmetric triangular, and segmented), and

these modifications are also within the scope of the disclosure.

[00212] Fig. 18A to 18C show several simplified perspective views of the
optical devices to further iilustrate the light paths for various application scenarios.
The optical device shown in Fig. 18A has similar biock components as those shown
in Fig. 14B; therefore, the optical device shown in Fig. 18A can be viewed as one of
the possible 3D perspective views. More specifically, the cavity 1410 has a first side
1412 with mirror, a second side 1414 with light reflector, and two sides 1413a and
1413b each connected between the first side 1412 and the second side 1414. The
grating structure can be embedded on the top surface 18a or the bottom surface
1418b. Furthermore, since the purpose of figure 18A to 18C is to illustrate the light
paths, the structures of mirror, reflector and grating are not shown here for simple
viewing purpose. The solid arrows in the figures are 1o indicate the major light
propagating paths while the dotited arrow is to illustrate the minor light path when the
directionality is not tuned to 100%. Figure 18A illusirates an exemplary light path,
where the light is incident from the second side and majority of the light is redirected
toward the fop with a substantially 90° angle with respect to the incident direction.
Figure 18B is similar to Figure 18A but with different grating design on 1418a or
1418b to provide other emission far field angles. In this figure, 81 eguals 82, which is
a result of the cavity effect. For example, whan 81 is 45°, 61 is also substantially 45°.
Moreover, Figure 18C illustrates the case when the grating structure is designed in a
way, for example with non-symmetric shape, to emphasize on one direction as
shown in the solid arrow (81) instead of the other as shown in a dashed arow (62).
For simple viewing purpose, the dotted arrow indicating the minor light path {(when
the directionality is not tuned to 100%) is not shown here. Combining with the
reciprocal nature of this structure, many other possible light redirecting scenarios are
possible and hence the examples shown here are for illustrative purpose and should

not be viewed as limiting the scope of this disclosure. Other variations should be
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considered {0 be within the scope of this disclosure as long as they are covered in

the claims set forth in this disclosure.

[00213] Various implementations may have been discussed using two-
dimensional cross-sections for easy description and illustration purpose.
Nevertheless, the three-dimensional variations and derivations should also be
included within the scope of the disclosure as long as there are corresponding two-

dimensional cross-sections in the three-dimensional structures.

[00214] Embodiments and all of the functional operations described in this
specification may be implemented in digital electronic circuitry, or in computer
software, firmware, or hardware, including the structures disclosed in this
specification and their structural equivalents, or in combinations of one or more of
them. Embodimenis may be implemenied as one or more computer program
products, i.e., one or more modules of computer program instructions encoded on a
computer-readable medium for execution by, or to control the operation of, data
processing apparatus. The computer readable-medium may be a machine-readable
storage device, a machine-readabie storage substrate, a memory device, a
composition of matter affecting a machine-readable propagated signal, or a
combination of one or more of them. The computer-readable medium may be a non-
fransitory computer-readable medium. The lerm “data processing apparatus”
encompasses all apparatus, devices, and machines for processing data, including by
way of example a programmable processor, a computer, or mulliple processors or
computers. The apparatus may include, in addition to hardware, code that creates
an execution environment for the computer program in guestion, e.g., code that
constifules processor firmware, a protocol stack, a database management system,
an operating system, or a combination of one or more of them. A propagated signal
is an artificially generated signal, e.q., a machine-generated elecirical, optical, or
glectromagnetic signal that is generated to encode information for fransmission to

suitable receiver apparatus.

[00215] A computer program (also known as a program, sofiware, software
application, script, or code) may be written in any form of programming language,
including compiled or interpreted languages, and it may be deployed in any form,
including as a standalone program or as a module, component, subroutine, or other

unit suitable for use in a computing environmant. A computer program does not
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necessarily correspond o a file in a file system. A program may be storedin a
portion of a file that holds other programs or data {e.¢., one or more scripts stored in
a markup language document), in a single file dedicated to the program in question,
or in multinle coordinated files (e.q., files that store one or more modules, sub
programs, or portions of code). A computer program may be deployed to be
executed on one compuier or on multiple computers that are localed at one site or

distributed across multiple sites and interconnected by a communication network.

[00216] The processes and logic flows described in this specification may be
performed by one or more programmable processors executing one or more
computer programs to perform functions by operating on input data and generating
output. The processes and logic flows may also be performed by, and apparatus
may also be implemented as, special purpose logic circuitry, e.g., an FPGA (field

programmable gate array) or an ASIC (application specific integrated circuit).

00217} Processors suitable for the execution of a computer program include,
by way of example, both general and special purpose microprocessors, and any one
or more processors of any kind of digital computer. Generally, a processor will
receive instructions and data from a read only memory or a random access memory
or both. The essential elements of @ compuiter are g processor for performing
instructions and one or more memeory devices for storing instructions and data.
Generally, a computer will also include, or be operatively coupled o receive data
from or transfer data o, or both, one or more mass storage devices for storing data,
e.g., magnetic, magneto optical disks, or optical disks. However, a compuler need
not have such devices. Moreover, a computer may be embedded in another device,
2.g., a tablet computer, a mobile telephone, a personal digital assistant (PDA), a
mobile audio player, a Global Fositioning System (GPS) receiver, {o name just a few.
Computer readable media suitable for storing computer program instructions and
data include all forms of non-volatile memory, media and memory devices, including
by way of example semiconductor memory devices, e.g., EFROM, EEPROM, and
flash memory devices; magnetic disks, e.q., internal hard disks or removable disks;
magneto optical disks; and CD-ROM and DVD-ROM disks. The processor and the

memory may be supplemented by, or incorporated in, special purpose logic circuitry.

[G0218] To provide for interaction with a user, embodiments may be

implementad on a computer having a display device, e.g., a CRT (cathode ray tube)

63



WO 2018/009538 PCT/US2017/040712

or LCD (liquid crystal display) moenitor, for displaying information fo the user and a
kevhoard and a pointing device, .¢., a mouse or a trackball, by which the user may
provide input to the computer. Cther kinds of devices may be used to provide for
interaction with a user as well; for example, feedback provided to the user may be
any form of sensory feedback, e.q., visual feedback, auditory feedback, or tactile
feedback; and input from the user may be received in any form, including acoustic,

speech, or tactile input.

[00219) Embodiments may be implemented in a computing system that
includes a back end component, .q., as a data server, or that includes a middleware
component, €.g., an application server, or that includes a front end component, e.g.,
a client computer having a graphical user interface or a Web browser through which
a user may interact with an implementation of the techniques disclosed, or any
combination of one or more such back end, middleware, or front end componenis.
The components of the system may be interconnectad by any form or medium of
digital data communication, e.g., a communication network. Examples of
communication networks include a local area network (“LAN™) and a wide ares
network ("WANT), e.q., the Intermnet.

[00220] The computing system may include clients and servers. A client and
server are generally remote from each other and typically interact through a
commumnication network., The relationship of client and server arises by virtue of
computer programs running on the respective computers and having a client-server

relationship to each other.

(002211 While this specification contains many specifics, these should not be
construed as limitations, but rather as descriptions of features specific {o particular
embodiments. Certain features that are described in this specification in the context
of separate embodiments may alsc be implemented in combination in a single
embodiment. Conversely, various features that are described in the contextof a
single embodiment may also be implemented in mulliple embodimenis separately or
in any suitable subcombination. Moreover, although fealures may be described
above as acting in certain combinations and even initially claimed as such, one or
more features from a claimead combination may in some cases be excised from the
combination, and the claimed combination may be direcied to a subcombination or

variation of a subcombination.
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[06222] Similarly, while operations are depicted in the drawings in a particular
order, this should not be understood as requiring that such operations be performed
in the particular order shown or in sequential order, or that all iliusirated operations
be performed, to achieve desirable results. In certain circumstances, multitasking
and paralie! processing may be advantageous. Moreover, the separation of varicus
system components in the embodiments described above shouid not be understood
as requiring such separation in all embodiments, and it shouid be undersiood that
the described program components and systems may generally be integrated

together in a single soflware product or packaged into multiple soflware products.

[00223] Thus, particular embodiments have been described. Other
embodiments are within the scope of the following claims. For example, the actions
recited in the claims may be performed in a different order and still achieve desirable

results.

[00224]) Note that any and all of the embodiments described above can be
combined with each other, except {0 the extent that it may be stated otherwise above
or io the exient thai any such embodiments mighi be mutually exclusive in function

and/or structure.

[00225] Although the present invention has been described with reference {o
specific exemplary embodiments, it will be recognized that the invention is not limited
to the embodiments described, but can be practiced with modification and alleration
within the spirit and scope of the appended claims. Accordingly, the specification
and drawings are to be regarded in an illustrative sense rather than a restriclive

sense.
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What is claimed is;

1. An optical apparatus, comprising:

a light source region configured to generate light

a first reflector region and a second reflector region configured to refiect the
generated light to form an interference light along a first direction;

an interference region formed between the first reflector region and the
second reflector region and coupled to the light source region, and the interference
region configured to confine at least a portion of the interference light formed by light
reflected between the first reflactor region and the second reflector region along the
first direction; and

a grating region containing a first grating structure and a second grating
structure with substantially the same periodicity but different duly cycles, wherein
both grating structures are arranged along the first direction with 180° phase offset,

wherein the grating region is formed on a region confining at least a portion of
the interference light, and the grating region is configured to emit at least a portion of

the light along a second direction that is different from the first direction.

2. The optical apparatus of claim 1, wherein the grating periodicity of the first
grating structure substantially matches the periodicity of the interference light inside

the interference region.

3. The optical apparatus of claim 1, wherein a quarter-wavelength shift region is
formed in the grating region by removing or adding at least one segment of the

grating structure.

4, The optical apparatus of claim 3, wherein a taper region is formed in adjacent
o the quarter-wavelength shift region along the first direction wherein the period or
duty cycle of the taper region increases or decreases from the side closer o the
guarter-wavelength shift region toward the side away from the quarter-wavelength

shift region.
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8. The optical apparatus of claim 1, wherein the first reflecior region is a surface
corrugated grating structure forming a distribuled feedback or g distributed Bragg

refiector,

8. The optical apparatus of claim 5, wherein the duty cycle of the first grating
structure of the graling region is different from the duty cycle of the surface
corrugated grating structure of the first reflector region, and the period of the first

grating structure is twice the period of the surface corrugated grating structure.

7. The optical apparatus of claim 5, wherein the first grating structure of the
grating region is formed on the same planar surface as the surface corrugated

grating structure of the first reflector region.

8. The oplical apparatus of claim 1, wherein the light source is at least partially
embedded in the interference region, and contains alternating -V material layers

forming a quantum well or quantum wire or guantum dot structure.

9. The optical apparatus of claim 1, wherein a portion of the grating region is

formed on the interference region, or the fist reflecior region.

10. The oplical apparatus of claim 1, wherein the second direction is substantially

perpendicular 1o the first direction.

11.  The optical apparatus of claim 1, wherein the grating periodicity of the first
grating structure region is d2, wherein the interference light inside the interference

region has an intensity pericdicity of d1, wherein d2 substantially equals to 2 x d1.

12.  The oplical apparatus of claim 1, wherein the grating region has a grating
length along the first direction and a grating width along a third direction
perpendicular {o the first direction at a planar surface, and the grating width is

different from the grating length to obtain an circular beam profile.
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13.  The optical apparatus of claim 1, further comprising:

an n-doped region and a p-doped region configured to provide an electric field
in the interference region with an application of a voltage or a current across the n-
doped region and the p-doped region,

wherein the interference region is configured to provide a different
interference pattern for the interference light with the application of a voltage or a

current across the n-doped region and the p-doped region.

14.  The optical apparatus of claim 1, further comprising:

an n-doped region and a p-doped region configured to provide an eleciric fisld
in the first and/or second reflector region with an application of a voltage or a current
across the n-doped region and the p-doped region,

wherein the first and/or second reflector region is configured to provide a
different refleclivity with the application of a voltage or a current across the n-doped

region and the p-doped region.

15, The optical apparatus of claim 1, wherein the first reflector region or the
second reflector region includes one of a corner mirror, a DBR mirror, a DFB mirror,
an anomalously dispersive mirror, a waveguide loop mirror, g dislectric layer with a

metal mirror, or a metal layer.

16.  The oplical apparatus of claim 1, wherein the grating region has lattice vectors
formed so that the locations of the in-phase antinodes of the interference light inside
the interference region substantially match the locations of the grating valleys or

peaks.

17.  The oplical apparatus of claim 1, further comprising:

a first electrode and a second elecirode eleciricaliy coupled to the light source
region, the first electrode and the second electrode configured to generate light
through an electrical carrier injection by an electrical field applied between the first

glectrode and the second electrode.
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18.  The oplical apparatus of claim 17, further comprising:

a third electrode electrically coupled to the light source region, the third
elecirode configured o modulate an electrical carrier concentration in the light
source region by an electrical fisld applied (i} betwesan the first electrode and the

third electrode or {ii) between the second electrode and the third eleclrode.

19.  The oplical apparatus of claim 18, wherein the light source region coniains at
least two different layers of materials and the first elecirode and the third slectrode

are physically in contact {o different layers of materials of the light source region.

20. The optical apparatus of claim 18, whersin a dielectric layer is formed
between the third electrode and the light source region and the third electrode is
configured o modulate the amount of electrical carriers recombined in the light
source region through a capacitive effect without injecting electrical carriers into the

light source region.

21, The optical apparatus of claim 18, wherein at least two different voltage levels
are applied {o the third electrode in sequence to modulate the amount of electrical
carriers recombined in the light source region (o obtain different oulput light power

level,

22.  The cptical apparatus of claim 18, wherein the grating region and the third
electrode are located on the opposite sides of the interference region, and the light is

emitied through the side of the grating region.

23.  The optical apparatus of claim 18, wherein the grating region and the third
electrode are located on the opposite sides of the interference region, and the light is

emitted through the opposite side of the graling region.
24, The optical apparatus of claim 18, wherein the grating region and the third

electrode are {ocated on the same side of the interference region, and the light is

emitied through the side of the grating region.
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25.  The oplical apparatus of claim 18, wherein the grating region and the third
glectrode are located on the same side of the interference region, and the light is

emitied through the opposite side of the grating region.

26. The optical apparatus of claim 18, wherein at least part of the third elecirede

is transparent to the light emitling through the side of the grating region.

27. A method for forming an optical transmitter, the method comprising:

forming a light source region;

forming an interference region, a first reflector region and a second reflector
region, wherein the inlerference region, of which the light source region is at least
partiglly embeddad in, is bounded at two opposite ends along a first direction by the
first and second reflector region; and

forming a grating region including a first graiing structure, covering at least
part of the interference region, wherein the first grating structure has periodicity
substantially matched to the period of the interference light along a first direction,

wherein light generated by the electrical carrier recombination resonates
inside the interference region along the first direction and emils out of the

interference region glong a second direction that is different from the first direction.

28. The method of claim 27, wherein the grating region further includes a second
grating structure with the same perodicity but different duty cycle as the first grating
structure, and a third grating structure that is a surface corrugated structure forming

a DFB type reflector region.

29. The method of claim 27, further including forming a quarter-wavelength shift
region in the grating region by removing or adding at least one segment of the

grating structure.

30. The method of claim 28, further including forming a taper region in adjacent to
the quarter-wavelength shift region along the first direction wherein the period and
the duty cycle of the taper region increases or decreases from the side closer to the
gquarter-wavelength shift region toward the side away from the quarter-wavelength

shift region.
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31. The method of claim 27, further including forming at least three electrodes
glectrically coupled to the light source region, wherein the three slectrodes arranged
to provide a conirol for relative electrical fields among the three electrodes o
modulate an electrical carrier concentration inside the light source region, and one of

the elecirode is an insulating slectrode without electrical carrier injection.
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