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DIRECTIONALLY TUNABLE OPTICAL
REFLECTOR

PRIORITY DATA

[0001] The present application is a Continuation applica-
tion of U.S. patent application Ser. No. 18/186,387, filed
Mar. 20, 2023, entitled “Directionally Tunable Optical
Reflector”, which is a Continuation application of U.S.
patent application Ser. No. 17/466,550, filed Sep. 3, 2021,
and entitled “Directionally Tunable Optical Reflector”
issued on Mar. 21, 2023, as U.S. Pat. No. 11,609,374, which
claims benefit of Provisional U.S. patent application No.
63/164,044, filed on Mar. 22, 2021, entitled “Optical Device
With a Tunable Reflector”, the disclosures of each which
have been hereby incorporated by reference in their respec-
tive entireties.

BACKGROUND

[0002] The semiconductor integrated circuit (IC) industry
has experienced exponential growth. Technological
advances in IC materials and design have produced genera-
tions of ICs where each generation has smaller and more
complex circuits than the previous generation. In the course
of IC evolution, functional density (i.e., the number of
interconnected devices per chip area) has generally
increased while geometry size (i.e., the smallest component
(or line) that can be created using a fabrication process) has
decreased. This scaling down process generally provides
benefits by increasing production efficiency and lowering
associated costs.

[0003] Optical waveguides, which confine and guide
radiation waves such as light, are used as components in
integrated optical circuits that provide various functions.
Optical switches (which may or may not include portions of
the optical waveguides) have also been implemented to
direct the path of the radiation waves traveling via the
optical waveguides. However, conventional optical switches
often have various shortcomings, such as their lack of
flexibility, bulky size, excessive power consumption, and/or
inefficiencies related to the signal propagation.

[0004] Thus, while conventional optical switches are gen-
erally adequate for their intended purposes, they are not
entirely satisfactory in every aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present disclosure is best understood from the
following detailed description when read with the accom-
panying figures. It is emphasized that, in accordance with
the standard practice in the industry, various features are not
drawn to scale and are used for illustration purposes only. In
fact, the dimensions of the various features may be arbi-
trarily increased or reduced for clarity of discussion.
[0006] FIG. 1 illustrates a Goos-Hénchen Effect.

[0007] FIGS. 2A-2D, 3A-3D, 4A-4B, 5A-5B, 6A-6B,
7A-7B, 8, and 9A-9B illustrate diagrammatic views of
portions of optical circuits according to embodiments of the
present disclosure.

[0008] FIG. 10 illustrates an optical cell according to an
embodiment of the present disclosure.

[0009] FIGS. 11A-11B illustrate systems in which optical
circuits are implemented according to embodiments of the
present disclosure.
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[0010] FIG. 12 illustrates a fabrication facility according
to one or more aspects of the present disclosure.

[0011] FIG. 13 illustrates a flowchart of an embodiment of
a method for operating a photonic device, according to one
or more aspects of the present disclosure.

[0012] FIG. 14 illustrates a flowchart of an embodiment of
a method for fabricating a photonic device, according to one
or more aspects of the present disclosure.

DETAILED DESCRIPTION

[0013] The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over or on a second feature
in the description that follows may include embodiments in
which the first and second features are formed in direct
contact, and may also include embodiments in which addi-
tional features may be formed between the first and second
features, such that the first and second features may not be
in direct contact. In addition, the present disclosure may
repeat reference numerals and/or letters in the various
examples. This repetition is for the purpose of simplicity and
clarity and does not in itself dictate a relationship between
the various embodiments and/or configurations discussed.
[0014] Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly. Still further, when a number or a range of numbers is
described with “about,” “approximate,” “substantially,” and
the like, the term is intended to encompass numbers that are
within +/-10% of the number described, unless otherwise
specified. For example, the term “about 5 nm” encompasses
the dimension range from 4.5 nm to 5.5 nm.

[0015] This application relates to an optical device and
more particularly to an optical device with a tunable reflec-
tor and a method for manufacturing and operating the optical
device. In more detail, optical circuits have employed the
transmission of light (as a form of radiation) to perform
similar types of computational tasks that have been tradi-
tionally handled by electrical circuits via the transmission of
electrical signals. For example, conventional optical circuits
typically use phase shifters to achieve constructive interfer-
ence and destructive interference of light, which allows an
optical switch to select the output path of light. However, as
semiconductor device sizes continue to get scaled down,
conventional optical circuits have exhibited shortcomings.
For example, the conventional optical switches may occupy
too large of a footprint on the optical circuits, consume an
excessive amount of power, and/or propagate the optical
signals too inefficiently.

[0016] The present disclosure introduces a new type of
optical switch implemented using tunable reflectors to over-
come the shortcomings of the conventional optical circuits.
The tunable reflectors are connected to input waveguides
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and output waveguides. The refractive index of a cladding
portion of the reflector structure is smaller than the refractive
index of the waveguides. Multiple metal layers are disposed
near the waveguide and surrounding the reflector. By apply-
ing different voltages to at least one of the metal layers to
change the carrier concentration or the temperature of one or
more regions of the reflector facing the waveguide, the
refractive index at or near the interface of the waveguide and
the reflector can be flexibly tuned.

[0017] Therefore, when an incident light is projected to
the surface, the incident light can be reflected by the reflector
toward a desired direction. In this device, selection of optical
path is based on the degree of reflection, instead of a
constructive or destructive interference phenomenon. There-
fore, loss of optical power can be reduced. In addition, the
degree of reflection can be controlled by the variation of
temperature or carrier concentration at the interface of the
waveguide and the reflector, and thus the optical path can
achieve a high degree of tunability according to the reflec-
tion phenomenon. In addition, compared to the conventional
optical switches, the switches implemented herein typically
consume less power and have a substantially smaller foot-
print. The details of the device of the present disclosure are
described below.

[0018] FIG. 1 illustrates a Goos-Héanchen Effect in optical
switches implemented according to various aspects of the
present disclosure. Referring to FIG. 1, an optical device
may include a cladding layer 110 and a core layer 120. The
cladding layer 110 may be used to implement parts of the
reflector structure according to embodiments of the present
disclosure. In various embodiments, the cladding layer 110
may include silicon oxide (SiO,), silicon nitride (Si;N,),
silicon oxynitride (SiON), or a polymer material. The core
layer 120 may be used to implement waveguides for the
propagation of electromagnetic radiation waves, such as an
incident light 130A and/or an output light (e.g., a reflected
light 130B or 130C) according to various aspects of the
present disclosure. In various embodiments, the core layer
120 may include silicon, SiO,, Si;N,, a polymer (e.g.,
polyimide, polybenzoxazoles (PBO)), or SiON,.

[0019] Regardless of the specific materials chosen for the
cladding layer 110 and the core layer 120, their material
compositions are carefully configured to ensure that a refrac-
tive index of the cladding layer 110 is smaller than a
refractive index of the core layer 120, so that a total
reflection of an incident light 130A can be achieved. For
example, due to the core layer 120 having a greater refrac-
tive index than the cladding layer 110, the incident light
130A, upon hitting the interface between the cladding layer
110 and the core layer 120, should be reflected 100% as
reflected light 130B, as shown in FIG. 1, had the Goos-
Héanchen Effect not been present.

[0020] However, according to the Goos-Hénchen Effect,
linearly polarized light will undergo a small lateral shift
when it undergoes total reflection, as if the incident light had
briefly penetrated the interface between the cladding layer
110 and the core layer 120 before being reflected. As such,
the reflected path of the incident light 130A is shifted
laterally by a distance Ax, which means that the incident
light 130A is actually reflected as the reflected light 130C.
[0021] It is understood that although FIG. 1 illustrates an
example where the interface between the cladding layer 110
and the core layer 120 is substantially linear or straight, the
Goos-Hénchen Effect may apply to interfaces that are ellip-
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tical, parabolic, curvilinear, or have other arbitrary shapes as
well. In addition, changes in carrier concentration and/or
temperature at or near the interface between the cladding
layer 110 and the core layer 120 also have an impact on the
distance Ax. The present disclosure carefully configures the
carrier concentration and/or temperature at or near such an
interface to flexibly tune the path of the reflected light, as
will be discussed below in more detail.

[0022] FIG. 2A illustrates a top view of a portion of an
optical circuit, and FIG. 2B illustrates a cross-sectional view
of a portion of the optical circuit of FIG. 2A, according to
a first embodiment of the present disclosure. Specifically,
FIG. 2B generally corresponds to a cross-sectional cut along
a cutline A-A' of the optical device in FIG. 2A.

[0023] The optical device of FIGS. 2A-2B includes a
tunable optical reflector structure 200. As shown in FIG. 2B,
the optical reflector structure 200 is formed over a buried
oxide 210. In some embodiments, the buried oxide 210 may
be formed over a semiconductor substrate, such as a silicon
substrate. In some embodiments, the optical reflector struc-
ture 200 may be formed over another suitable material, for
example, another dielectric material or another semiconduc-
tive material.

[0024] The optical reflector structure 200 includes a por-
tion 110A of the cladding layer 110 discussed above, here-
inafter referred to as a cladding portion 110A. For example,
the cladding portion 110A (along with the rest of the
cladding layer 110) is formed over the buried oxide 210 (see
FIG. 2B) and may include materials such as silicon oxide,
silicon nitride, silicon oxynitride, or a polymer.

[0025] The optical reflector structure 200 is configured to
interact with a plurality of waveguides that are formed over
the buried oxide 210 to re-direct light. The waveguides may
include an input waveguide 120A and a plurality of output
waveguides 120B, 120C, and 120D. As discussed above, the
waveguides 120A-120D are also referred to as core layers
and may be implemented using materials such as silicon,
silicon oxide, silicon nitride, silicon oxynitride, or a poly-
mer. Note that although the embodiment illustrated in FIGS.
2A-2B include just one input waveguide, it is not intended
to be limiting. In other embodiments, multiple input wave-
guides may be implemented, as will be discussed in greater
detail below.

[0026] According to various aspects of the present disclo-
sure, the material compositions of the cladding portion 110
and the waveguides 120A-120D are configured such that the
waveguides 120A-120D each have a greater refractive index
than the cladding portion 110A. Such a configuration
ensures that total reflection of light can be achieved. In that
regard, an incident light 230A propagates as an input light
through the input waveguide 120A. The optical reflector
structure 200 is configured to receive the incident light 230A
as an input, and upon the incident light hitting an interface
240 (or slightly past it per the Goos-Hanchen Effect)
between the input waveguide 120A and the cladding portion
110A, reflect the incident light 230A as an output light.
[0027] The output light may propagate in a targeted output
waveguide 120B-120D as a reflected light 230B, 230C, or
230D. For example, the optical reflector structure 200 may
redirect the incident light 230A into the path corresponding
to the output waveguide 120B as an output light 230B, or
redirect the incident light 230A into the path corresponding
to the output waveguide 120C as an output light 230C, or
redirect the incident light 230A into the path corresponding



US 2024/0310576 Al

to the output waveguide 120D as an output light 230D, as
discussed in more detail below.

[0028] According to the first embodiment of the present
disclosure, the optical reflector structure 200 achieves the
tuning flexibility via a change in carrier concentration. In
that regard, the optical reflector structure 200 includes a
lightly doped portion 250 and a heavily doped portion 260.
The lightly doped portion 250 and the heavily doped portion
260 are both formed over the buried oxide 210, as shown in
the cross-sectional view of FIG. 2B. The lightly doped
portion 250 is formed below the cladding portion 110A and
is located directly adjacent to the input waveguide 120A. For
example, the lightly doped portion 250 may be in direct
physical contact with the input waveguide 120A. The heav-
ily doped portion 260 is formed on the other side of the
lightly doped portion 250. As such, the lightly doped portion
250 is disposed in between the heavily doped portion 260
and the input waveguide 120A. The lightly doped portion
250 and the heavily doped portion 260 may each be doped
with an N type dopant, or they may each be doped with a P
type dopant. However, the dopant concentration level within
the heavily doped portion 260 is greater than the dopant
concentration level within the lightly doped portion 250. The
lightly doped portion 250 and the heavily doped portion 260
may be formed using one or more ion implantation and/or
diffusion processes.

[0029] The optical reflector structure 200 further includes
a conductive via 270 formed over an upper surface of the
heavily doped portion 260, as well as a conductive pad 280
formed over the conductive via 270. The conductive via 270
and the conductive pad 280 each include a metal or a metal
compound, such as copper, aluminum, tungsten, titanium,
cobalt, or combinations thereof. Note that the conductive via
270 and the conductive pad 280 are not specifically illus-
trated in FIG. 2A for the sake of visual clarity and simplicity.
[0030] The conductive via 270 and the conductive pad 280
are capable of providing electrical connectivity between the
optical reflector structure 200 and external devices. For
example, the optical reflector structure 200 may be imple-
mented as a part of an optical switch inside a photonic
integrated circuit (IC). An electrical IC (not illustrated in
FIGS. 2A-2B herein) that is located external to the photonic
IC may contain electrical circuitry to generate electrical
control signals for controlling the optical reflector structure
200. Such electrical signals (e.g., voltage) may be sent to the
optical reflector structure 200 through the conductive pad
280 and the conductive via 270. It is understood that in the
embodiment illustrated herein, no current is generated in
response to the application of voltage, because the optical
circuit herein is an open circuit.

[0031] As the electrical signals are applied to the heavily
doped portion 260 and/or the lightly doped portion 250, the
carriers (which may be electrons in some embodiments or
may be holes in other embodiments) within the heavily
doped portion 260 and/or the lightly doped portion may
diffuse or otherwise move toward the interface 240 between
the input waveguide 120A and the cladding portion 110A.
Some of the carriers may diffuse through the interface 240
and move into the input waveguide 120A, which changes the
carrier concentration at or near the interface 240. Such a
change in carrier concentration at or near the interface 240
leads to a change in the refractive index of the input
waveguide 120A (and possibly a change in the refractive
index of the cladding portion 110A as well). Per the Goos-
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Hénchen Effect discussed above with reference to FIG. 1,
the change in the refractive index of the input waveguide
120A relative to the cladding portion 110A causes a change
in the shift in the path of the reflected light. In other words,
the direction or angle of the reflected light is effectively
shifted as a result of the application of the electrical signals
to the optical reflector structure 200.

[0032] Using the embodiment of optical reflector structure
200 shown in FIG. 2A as a simplified example, an applica-
tion of a first electrical signal may cause the incident light
230A propagating through the input waveguide 120A to be
reflected as an output light 230B that propagates out through
the output waveguide 120B. An application of a second
electrical signal may cause the incident light 230A propa-
gating through the input waveguide 120A to be reflected as
an output light 230C that propagates out through the output
waveguide 120C. An application of a third electrical signal
may cause the incident light 230A propagating through the
input waveguide 120A to be reflected as an output light
230D that propagates out through the output waveguide
120D. In this manner, the optical reflector structure 200,
working in conjunction with the external electrical circuitry,
may flexibly re-direct the incident light 230A into the path
of a targeted output waveguide.

[0033] As shownin FIG. 2B, the lightly doped portion 250
is configured to have a height 255, and the heavily doped
portion 260 is configured to have a height 265. The heights
255 and 265 are not randomly chosen but rather are spe-
cifically configured to optimize device performance herein.
In more detail, the lightly doped portion 250 herein may
serve as a buffer region between the heavily doped portion
260 and the input waveguide 120A. An energy barrier for an
Ohmic contact (i.e., an interface between any two regions
with different doping concentration levels) would be high if
the doping concentration levels of the two regions forming
such an Ohmic contact are drastically different, since it
would be more difficult for the carriers to be injected from
one region into the other. In other words, had the lightly
doped portion 250 not been implemented, and that the
interface 240 is formed directly between the heavily doped
portion 260 and the input waveguide 120A, then a big
difference exists in the doping concentration levels between
the heavily doped region (having a high doping concentra-
tion level) and the input waveguide 120A (having a sub-
stantially zero doping concentration level prior to any carrier
diffusion). Such a big difference in the doping concentration
levels may make it difficult for the carriers to be injected into
the input waveguide 120A from the heavily doped portion
260. However, with the lightly doped portion 250 serving as
a buffer, it is much easier for the carriers to be injected from
the heavily doped portion 260 into the input waveguide
120A. As such, the lightly doped portion 250 should have a
sufficiently tall height 255, so that it can effectively serve as
a buffer. Had the height 255 of the lightly doped portion 250
been too small in comparison to the height 265 of the heavily
doped portion 260, then the lightly doped portion 250 may
not adequately serve as a buffer, and as a result, it may still
be difficult to inject carriers from the heavily doped portion
260 into the input waveguide 120A.

[0034] On the other hand, if the height 255 of the lightly
doped portion 250 is too tall, that would lead to a reduction
in the area or volume of the cladding portion 110A. As
discussed above, the optical reflector structure 200 utilizes
the combination of the cladding portion 110A and the input
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waveguide 120A to serve as a reflective interface to achieve
total reflection. As the length of the interface 240 is reduced
by a corresponding increase in the height 255 of the lightly
doped portion 250, the optical reflector structure 200 may
not function properly, or at least not optimally in reflecting
the incident light 230A, since the interface 240 would have
been substantially reduced. For these reasons discussed
above, the height 255 is configured to be tall enough for the
lightly doped portion 250 to adequately serve as a buffer, yet
not too tall to interfere with the intended operations (e.g.,
reflection of the incident light 230A) of the optical reflector
structure 200.

[0035] It is also understood that in some embodiments,
multiple different electrical signals can be applied to the
optical reflector structure 200 to produce a finely tuned
profile for the carrier concentration profile. FIGS. 2C and 2D
are top views of the optical reflector structure 200 that
illustrate two examples of such carrier profiles 290A and
290B, respectively. As shown in FIGS. 2C and 2D, the
optical reflector structure 200 includes a plurality of con-
ductive pads 280-285 implemented over different regions of
the heavily doped portion 260. Different voltages may be
applied to the conductive pads 280-285. For example, a first
voltage may be applied to the conductive pad 280, a second
voltage may be applied to the conductive pad 281, a third
voltage may be applied to the conductive pad 282, a fourth
voltage may be applied to the conductive pad 283, a fifth
voltage may be applied to the conductive pad 284, and a
sixth voltage may be applied to the conductive pad 285. In
the embodiment shown in FIG. 2C, the first voltage>the
second voltage>the third voltage>the fourth voltage>the
fifth voltage>the sixth voltage. For example, the first voltage
may be V+++, the sixth voltage may be V+, and the second,
third, fourth, and fifth voltages have values in between V+++
and V+. Conversely, in the embodiment shown in FIG. 2D,
the first voltage (e.g., V+)<the second voltage<the third
voltage<the fourth voltage<the fifth voltage<the sixth volt-
age (e.g., V+++).

[0036] The application of different voltages (or other types
of suitable electrical signals) cause different amounts of the
carriers to be injected from the heavily doped portion 260
into the input waveguide 120A. Most of the carriers injected
into the input waveguide 120A are still distributed at or near
the interface 240 between the input waveguide 120A and the
cladding portion 110A. However, due to the differences in
the voltages being applied through the conductive pads
280-285, the carrier concentration profiles 290A and 290B
are shaped differently. In the embodiment of FIG. 2C, since
the first voltage applied through the conductive pad 280 is
the greatest, and the sixth voltage applied through the
conductive pad 285 is the lowest, the carrier concentration
profile 290A is shaped such that the carrier concentration
level within the waveguide 120A is the greatest near the
conductive pad 280, the lowest near the conductive pad 285,
where it also gradually declines as the location within the
waveguide 120A gets farther away from the conductive pad
280 and closer to the conductive pad 285.

[0037] Conversely, in the embodiment of FIG. 2D, since
the sixth voltage applied through the conductive pad 285 is
the greatest, and the first voltage applied through the con-
ductive pad 280 is the lowest, the carrier concentration
profile 290B is shaped such that the carrier concentration
level within the waveguide 120A is the greatest near the
conductive pad 285, the lowest near the conductive pad 280,
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where it also gradually declines as the location within the
waveguide 120A gets farther away from the conductive pad
285 and closer to the conductive pad 280.

[0038] The carrier concentration profile 290A corresponds
to changes in the refractive indexes at different regions of the
input waveguide 120A relative to the refractive index at the
cladding portion 110A of the optical reflector structure 200,
such that the incident light 230A is reflected by the cladding
portion 110A into the output waveguide 120C. In other
words, applying the voltages in the manner described in
FIG. 2C allows the optical reflector structure 200 to re-direct
the incident light 230A into the target output waveguide
120C as an output light 230C. On the other hand, the carrier
concentration profile 290B corresponds to changes in the
refractive indexes at different regions of the input waveguide
120A relative to the refractive index at the cladding portion
110A of the optical reflector structure 200, such that the
incident light 230A is reflected by the cladding portion 110A
into the output waveguide 120B. In other words, applying
the voltages in the manner described in FIG. 2D allows the
optical reflector structure 200 to re-direct the incident light
230A into the target output waveguide 120B as an output
light 230B.

[0039] It is understood that although the carrier concen-
tration profiles 290A and 290B indicate how the carrier
concentration levels vary at the different regions of the
waveguide 120A, they may or may not represent the actual
geographical footprint of the carriers within the waveguide
120A in a top view. Furthermore, it is understood that the
carrier concentration profiles 290A and 290B are merely
non-limiting examples. Applying different voltages (or other
suitable electrical signals) to the conductive pads 280-285
will generate different carrier concentration profiles within
the input waveguide 120A, which allows the refractive
indexes at different regions of the input waveguide 120A to
be configured differently, and this in turn will cause the
incident light 230A to be re-directed differently as well.
Therefore, it can be seen that the optical reflector structure
200 can flexibly re-direct the incident light 230A merely by
applying different electrical signals to the optical reflector
structure 200. Furthermore, it is understood that the number
of conductive pads (such as the conductive pads 280-285),
their respective sizes or shapes, and/or their respective
locations on the optical reflector structure 200 is also non-
limiting and can be configured depending on the design
needs and/or manufacturing requirements. By configuring
the number, size/shape, and/or location of each of the
conductive pads implemented on the heavily doped portion
260, the optical reflector structure 200 can further tune the
resulting carrier concentration profile within the input wave-
guide 120A.

[0040] Compared to conventional optical switches that
rely on constructive interference or destructive interference
to control the propagation path of the light, the optical
reflector structure 200 herein offers an improved optical
switch with greater flexibility in the angle or degree of light
re-direction, since multiple different electrical signals can be
applied to the optical reflector structure (which may be done
via different arrangements of conductive pads) to fine tune
the carrier concentration profile 290A or 290B within the
waveguide 120A at or near the interface 240. In addition,
since the incident light 230A is reflected at 100% (i.e., total
reflection), the optical reflector structure 200 has a reduced
power consumption compared to the conventional optical
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switches, where every stage of light switching reduces the
output power by about 50%. Furthermore, the optical reflec-
tor structure 200 herein has a much smaller footprint com-
pared to conventional optical switches.

[0041] FIG. 3A illustrates a top view of a portion of an
optical circuit, and FIG. 3B illustrates a cross-sectional view
of a portion of the optical circuit corresponding to FIG. 3A,
according to a second embodiment of the present disclosure.
Specifically, FIG. 3B generally corresponds to a cross-
sectional cut along the cutline A-A' of the optical device in
FIG. 3A. For reasons of consistency and clarity, similar
components in the first embodiment (discussed above with
reference to FIGS. 2A-2D) and the second embodiment will
be labeled the same.

[0042] Similar to the first embodiment, the optical reflec-
tor structure 200 of the second embodiment includes a
cladding portion 110A that forms an interface 240 with the
input waveguide 120A. The optical reflector structure 200
also includes the heavily doped portion 260, the conductive
via 270 formed on the heavily doped portion 260, and the
conductive pad 280 formed on the conductive via 270.
Unlike the first embodiment, however, the optical reflector
structure 200 of the second embodiment need not form the
lightly doped portion 250. This is because the second
embodiment does not use carrier diffusion to change the
refractive index within the input waveguide 120A in order to
re-direct the incident light 230A. Instead, the optical reflec-
tor structure 200 of the second embodiment causes a varia-
tion of temperature to directionally tune the reflected light.

[0043] In more detail, the conductive pad 280 is electri-
cally coupled to the electrical IC discussed above, which is
located external to the photonic IC in which the optical
reflector structure 200 is implemented. The electrical IC may
contain electrical circuitry to generate and send electrical
signals (e.g., voltage) to the optical reflector structure 200
through the conductive pad 280, the conductive via 270, and
other similar conductive vias not specifically shown herein.
The other conductive vias are implemented to connect
different regions of the conductive pad 280 with the heavily
doped portion 260. A closed circuit is formed by the con-
ductive pad 280 and the conductive vias (including the
conductive via 270) for the conduction of electrical current
therein. Thus, the application of the voltage to the conduc-
tive pad 280 generates thermal energy (e.g., heat) due to the
inherent resistance of the conductive pad 280 and the other
conductive elements through which electrical current is run.
It is understood that the heavily doped portion 260 may also
generate thermal energy in response to the application of
voltage on the conductive pad 280.

[0044] Since the conductive pad 280 is located adjacent to
(or possibly over) the input waveguide 120A, the heat
produced by the conductive pad 280 affects the portions of
the input waveguide 120A at or near the interface 240 as
well, which changes the refractive index in these affected
portions of the input waveguide 120A. As discussed above,
the change in the refractive index of the input waveguide
120A relative to the refractive index of the cladding portion
110A will cause the path of the reflected light to shift. In this
manner, the second embodiment of the optical reflector
structure 200, while working in conjunction with the control
circuitry of the electrical IC, is capable of tunably re-
directing the incident light 230A as a reflected light 230B
into the output waveguide 120B, or as a reflected light 230C
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into the output waveguide 120C, or as a reflected light 230D
into the output waveguide 120D.

[0045] Similar to the first embodiment where different
voltages may be applied to the optical reflector structure 200
to produce different carrier concentration levels, the second
embodiment may apply different voltages to the optical
reflector structure 200 to produce different amounts of
thermal energy, in order to finely control the path of the
reflected light. FIGS. 3C and 3D are top views of the second
embodiment of the optical reflector structure 200 that illus-
trate two examples of such carrier profiles 290C and 290D,
respectively. As shown in FIGS. 3C and 3D, the optical
reflector structure 200 includes a plurality of conductive
pads 280-284 implemented over different regions of the
heavily doped portion 260. In some embodiments, each of
the conductive pads 280-284 may be coupled to the heavily
doped portion through two different conductive vias (e.g.,
vias similar to the conductive via 270), so that a closed loop
connection may form for each of the conductive pads
280-284.

[0046] Different voltages may then be applied to the
conductive pads 280-284. For example, a first voltage may
be applied to the conductive pad 280, a second voltage may
be applied to the conductive pad 281, a third voltage may be
applied to the conductive pad 282, a fourth voltage may be
applied to the conductive pad 283, and a fifth voltage may
be applied to the conductive pad 284. In the embodiment
shown in FIG. 3C, the first voltage (V+++)>the second
voltage>the third voltage>the fourth voltage>the fifth volt-
age (V+). Conversely, in the embodiment shown in FIG. 3D,
the first voltage (e.g., V+)<the second voltage<the third
voltage<the fourth voltage<the fifth voltage (e.g., V+++).
[0047] The application of different voltages causes differ-
ent amounts of heat to be generated by the conductive pads
280-284 (or even by the heavily doped portion 260 below).
For example, in the embodiment of FIG. 3C, the conductive
pad 280 generates the most amount of heat, the conductive
pad 284 generates the least amount of heat, and the con-
ductive pads 281-283 generate varying amounts of heat
between the amounts of heat generated by the conductive
pads 280 and 284. On the other hand, in the embodiment of
FIG. 3D, the conductive pad 280 generates the least amount
of heat, the conductive pad 284 generates the most amount
of heat, and the conductive pads 281-283 generate varying
amounts of heat between the amounts of heat generated by
the conductive pads 280 and 284.

[0048] The varying amounts of heat generated by the
conductive pads 280-284 help produce differently shaped
temperature profiles 300A (see FIG. 3C) and 300B (see FIG.
3D) in the portions of the input waveguide 120A at or near
the interface 240. In the embodiment of FIG. 3C, the
temperature profile 300A is shaped such that the waveguide
120A is the hottest near the conductive pad 280, the coldest
near the conductive pad 284, where the temperature of the
input waveguide 120A along the interface 240 also gradually
declines the farther away it gets from the conductive pad 280
and the closer it gets to the conductive pad 284. Such a
temperature profile 300A (and the corresponding changes in
the refractive index of the input waveguide 120A) causes the
incident light 230A to be re-directed by the optical reflector
structure 200 into the output waveguide 120C as the output
light 230C.

[0049] Conversely, in the embodiment of FIG. 3D, the
temperature profile 300B is shaped such that the waveguide
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120A is the hottest near the conductive pad 284, the coldest
near the conductive pad 280, where the temperature of the
input waveguide 120A along the interface 240 also gradually
declines the farther away it gets from the conductive pad 284
and the closer it gets to the conductive pad 280. Such a
temperature profile 300B (and the corresponding changes in
the refractive index of the input waveguide 120A) causes the
incident light 230A to be re-directed by the optical reflector
structure 200 into the output waveguide 120B as the output
light 230B.

[0050] It is understood that although the temperature pro-
files 300A and 300B indicate how the temperatures vary at
the different regions of the waveguide 120A, they may or
may not represent the actual geographical footprint of the
regions within the waveguide 120A having such tempera-
tures in a top view. Furthermore, it is understood that the
carrier concentration profiles 300A and 300B are merely
non-limiting examples. Applying different voltages (or other
suitable electrical signals) to the conductive pads 280-284
will generate different temperature profiles within the input
waveguide 120A, which allows the refractive indexes at
different regions of the input waveguide 120A to be config-
ured differently, and this in turn will cause the incident light
230A to be re-directed differently as well. Therefore, it can
be seen that the optical reflector structure 200 can flexibly
re-direct the incident light 230A merely by applying differ-
ent electrical signals to the optical reflector structure 200.
Furthermore, it is understood that the number of conductive
pads (such as the conductive pads 280-284), their respective
sizes or shapes, and/or their respective locations on the
optical reflector structure 200 is also non-limiting and can be
configured depending on the design needs and/or manufac-
turing requirements. By configuring the number, size/shape,
and/or location of each of the conductive pads implemented
on the heavily doped portion 260, the optical reflector
structure 200 can further tune the resulting carrier concen-
tration profile within the input waveguide 120A.

[0051] FIGS. 4A and 4B illustrate a top view and a
cross-sectional view, respectively, of an optical circuit
according to a third embodiment of the present disclosure.
Again, FIG. 4B generally corresponds to a cross-sectional
cut along the cutline A-A' of the optical device in FIG. 4A.
For reasons of consistency and clarity, similar components
in the embodiments discussed above with reference to FIGS.
2A-2D and 3A-3D will be labeled the same in the third
embodiment of FIGS. 4A-4B.

[0052] Similar to the second embodiment, the third
embodiment of the optical reflector structure 200 also uti-
lizes heat generation to effectuate a change in the refractive
index within portions of the input waveguide 120A, so that
the incident light 230A can be tunably re-directed. However,
rather than implementing conductive pads on the heavily
doped portion 260 (and away from the input waveguide
120A, as is the case in the second embodiment discussed
above), the third embodiment of the optical reflector struc-
ture 200 implements the conductive pads directly on the
input waveguide 120A, and therefore thermal energy is
generated and applied directly to the input waveguide 120A.
[0053] In more detail, the optical reflector structure 200
forms a conductive pad 320 directly on the upper surface of
the input waveguide 120A, where portions of the conductive
pad 320 may also extend laterally into the cladding portion
110A. The optical reflector structure 200 further includes
conductive vias 330 and 331 located on different regions of
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the conductive pad 320, as well as a conductive pad 350
located over the conductive vias 330-331. The conductive
pads 320 and 350 are electrically and physically coupled
together by the conductive vias 330 and 331.

[0054] Electrical signals (e.g., voltage) may be generated
by external circuitry and applied to the conductive pad 350,
which forms a closed loop (or a closed circuit) with the vias
330-331 and the conductive pad 320. As a result, electrical
current is conducted, and heat is generated due to the
inherent resistance of the conductive pads 320 and 350 and
the conductive vias 330-331. Similar to the second embodi-
ment discussed above, the heat generated as a result of the
application of the voltage will produce a certain temperature
profile (e.g., similar to the temperature profile 300A or 3008
discussed above) within the input waveguide 120A.
Depending on where and how much the voltages are applied,
the temperature profile within the input waveguide 120A can
be shaped accordingly, which in turns changes the values of
the refractive index within the different regions of the input
waveguide 120A relative to the cladding portion 110A.
Consequently, the incident light 230A can be reflected into
one of the targeted output waveguides 120B, 120C, or 120D
as the output light 230B, 230C, or 230D, respectively.
[0055] Note that although the third embodiment as illus-
trated utilizes a single conductive pad (e.g., either the
conductive pad 320 or the conductive pad 350) directly over
the input waveguide 120A, this is not intended to be
limiting. In alternative embodiments, multiple different con-
ductive pads similar to the conductive pad 320 or the
conductive pad 350 (and with their corresponding vias) may
be implemented directly on the input waveguide 120A, so as
to more precisely tune the temperature profile of the input
waveguide 120A.

[0056] In the first, second, and third embodiments dis-
cussed above, the interface 240 and/or other portions of the
optical reflector structure 200 (such as the heavily doped
portion 260) may each have a concave (e.g., concave with
respect to the input waveguide 120A) curvilinear shape or
profile in the top view. FIGS. 5A-5B, 6A-6B, and 7A-7B
below describe embodiments where the interface 240 has a
convex (e.g., convex with respect to the input waveguide
120A) curvilinear shape or profile in the top view. Again, for
reasons of consistency and clarity, similar components in the
embodiments discussed above and the embodiments below
will be labeled the same.

[0057] FIGS. 5A-5B illustrate top views of an optical
circuit that includes a fourth embodiment of the optical
reflector structure 200. Even though the fourth embodiment
of the optical reflector structure 200 has a convex shape, it
still shares similarities with the first embodiment, in that the
optical reflector structure 200 implements conductive pads
280 and 281 over a heavily doped portion 260, such that
voltages can be applied to the heavily doped portion 260 to
cause carrier diffusion from the heavily doped portion 260
into the input waveguide 120A.

[0058] By configuring the voltages, different carrier con-
centration profiles 390A and 390B may be produced, as
shown in FIGS. 5A and 5B, respectively. In the embodiment
of FIG. 5A, since a greater voltage V+++ is applied to the
conductive pad 280, and a smaller voltage V+ is applied to
the conductive pad 281, the resulting carrier concentration
profile 390A is greater near the conductive pad 280 and
smaller near the conductive pad 281. As a result, the changes
in the refractive index in the input waveguide 120A causes
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the incident light 230A to be reflected by the optical reflector
structure 200 into the output waveguide 120B as the output
light 230B. In the embodiment of FIG. 5B, since a greater
voltage V+++ is applied to the conductive pad 281, and a
smaller voltage V+ is applied to the conductive pad 280, the
resulting carrier concentration profile 390B is greater near
the conductive pad 281 and smaller near the conductive pad
280. As a result, the changes in the refractive index in the
input waveguide 120A causes the incident light 230A to be
reflected by the optical reflector structure 200 into the output
waveguide 120C as the output light 230C. Based on the
above discussions, it can be seen that although the fourth
embodiment has a convex-shaped reflector, it can also
effectively and flexibly tune the path of the reflected light by
configuring the carrier concentration profile of the input
waveguide 120A.

[0059] FIGS. 6A-6B illustrate top views of an optical
circuit that includes a fifth embodiment of the optical
reflector structure 200. Even though the fifth embodiment of
the optical reflector structure 200 has a convex shape, it still
shares similarities with the second embodiment, in that the
optical reflector structure 200 implements one or more
conductive pads such as the conductive pad 280 over a
heavily doped portion (such as the heavily doped portion
260 discussed above), such that voltages can be applied to
the conductive pad 280 to generate heat. By configuring the
voltages applied to the conductive pad 280 (or other con-
ductive pads), different temperature profiles 400A and 400B
may be produced, as shown in FIGS. 6A and 6B, respec-
tively. As a result, the temperature variations translate into
variations in the refractive index, thereby allowing the
optical reflector structure 200 to reflect the incident light
230A differently in FIGS. 6A and 6B. As such, although the
fifth embodiment has a convex-shaped reflector, it can also
effectively and flexibly tune the path of the reflected light by
configuring the temperature profile of the input waveguide
120A.

[0060] FIGS. 7A-7B illustrate a top view and a cross-
sectional view of an optical circuit that includes a sixth
embodiment of the optical reflector structure 200, respec-
tively, where the cross-sectional view of FIG. 7B generally
corresponds to a cross-sectional cut of the top view of FIG.
7A along the cutline A-A'. Even though the sixth embodi-
ment of the optical reflector structure 200 has a convex
shape, it still shares similarities with the third embodiment,
in that the optical reflector structure 200 implements a
conductive pad 320 directly on the input waveguide 120A,
another conductive pad 350 over the conductive pad 320,
and vias 330-331 that interconnects the conductive pads 320
and 350 together. Similar to the third embodiment discussed
above with reference to FIGS. 4A-4B, the sixth embodiment
also applies voltages to the conductive pad 350 to generate
heat, which changes the refractive index of the input wave-
guide 120A. As such, although the sixth embodiment has a
convex-shaped reflector, it can also effectively and flexibly
tune the path of the reflected light 230B or 230C into either
the output waveguide 120B or 120C by configuring the
temperature profile of the input waveguide 120A.

[0061] It is also understood that the concave or convex
curvilinear shape or profiles for the reflectors discussed
above are not intended to be limiting unless otherwise
specified. In alternative embodiments, the optical reflector
structure may be configured to have linear or straight top
view profiles, angular top view profiles, or arbitrarily-shaped
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profiles. Of course, it is understood that the carrier concen-
tration profiles or the temperature profiles may be configured
accordingly (depending on the shape or profile of the
reflector). It is also understood that although silicon, silicon
oxide, or silicon nitride may frequently be used to imple-
ment the input and output waveguides, polymer materials
(e.g., polyimide) may also be used to implement waveguides
in alternative embodiments.

[0062] The optical reflector structure 200 discussed above
can also be implemented with other reflectors to provide
further light path tunability. For example, FIG. 8 illustrates
the top view of a portion of an optical circuit that includes
the optical reflector structure 200 and another reflector 450.
The optical reflector structure 200 may be implemented
using any of the embodiments discussed above. The reflector
450 may also be implemented as an embodiment of the
optical reflector structure discussed above, or it may be
implemented using another technique. Regardless of how
the optical reflector structure 200 and the reflector 450 are
implemented, they may work in conjunction with one
another to reflect an incident light 230A (propagating in the
input waveguide 120A) differently.

[0063] As a non-limiting example, the incident light 230A
may be reflected by the reflector 450 into two different
reflected lights 230B and 230C, which already diverge in
their paths, as shown in FIG. 8. The reflected light 230B and
the reflected light 230C are further reflected by the reflector
450 as reflected light 230D and 230E, respectively. The
reflected light 230D is reflected again by the optical reflector
structure 200, which produces a reflected light 230F as an
output that propagates via the output waveguide 120B. The
reflected light 230F is reflected again by the optical reflector
structure 200, which produces a reflected light 230G as an
output that propagates via the output waveguide 120C.
[0064] In this simplified example, the optical reflector
structure 200 alone may or may not be able to produce the
two output light paths. However, since the reflector 450
itself can already produce divergent light paths for the
incident light 230A, its combination with the optical reflec-
tor structure 200 can achieve a greater variety or flexibility
of output light paths than either the optical reflector structure
200 or the reflector 450 alone can produce. In this manner,
the reflector 450 may offer an additional degree of freedom
in tuning the output path of the reflected light.

[0065] Another characteristic of the optical circuit herein
is that it can have a multi-in-multi-out (MIMO) structure. In
other words, each waveguide may be used as either an input
or an output. For example, referring now to FIGS. 9A-9B,
two different embodiments of the optical reflector structure
200 discussed above may be used to implement example
MIMO structures of optical devices. The embodiment
shown in FIG. 9A may include an optical reflector structure
200 with a concave shape, whereas the embodiment shown
in FIG. 9B may include an optical reflector structure 200
with a convex shape. In either of these embodiments, the
optical reflector structure 200 may be implemented using the
carrier diffusion/injection technique (e.g., the first or fourth
embodiments), or the thermal heating technique discussed
above (e.g., the second, third, fifth, or sixth embodiments).
[0066] Regardless of the embodiment used to implement
the optical reflector structure 200, it interacts with multiple
waveguides such as waveguides 120A, 120B, 120C, and
120D. Each of these waveguides 120A-120D may serve as
either an input waveguide or as an output waveguide. For
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example, a light 230A may propagate through the wave-
guide 120A as an input light, and it may be reflected by the
optical reflector structure 200 into either the waveguide
120C or the waveguide 120D as an output light 230C or
230D, respectively. Similarly, a light 230B may also propa-
gate through the waveguide 120B as an input light and be
reflected by the optical reflector structure 200 into either the
waveguide 120C or the waveguide 120D as the output light
230C or 230D, respectively. On the other hand, the light
230C may propagate through the waveguide 120C as an
input and be reflected by the optical reflector structure 200
into either the waveguide 120A or the waveguide 120B as
the output light 230A or 230B, respectively. The light 230D
may also propagate through the waveguide 120D as an input
and be reflected by the optical reflector structure 200 into
either the waveguide 120A or the waveguide 120B as the
output light 230A or 230B, respectively. Such a MIMO
structure provides further directional tuning control.

[0067] FIG. 10 is a simplified diagrammatic view of an
optical switch cell 500 in which the optical reflector struc-
ture 200 discussed above may be implemented. For
example, the optical switch cell 500 may include a source at
which a light is generated (or received), a plurality of
destinations (such as destinations A, B, C, or D) at which the
light may be outputted, and optical circuitry for intercon-
necting the source and the destinations. The optical circuitry
may include reflectors 520-522 and waveguides 530-536 in
the non-limiting example of FIG. 10. The reflectors 520-522
may each be implemented as an embodiment of the optical
reflector structure 200 discussed above. The waveguides
530-536 may each be implemented as one of the input
waveguides or as one of the output waveguides discussed
above.

[0068] Depending on how the reflectors are configured
(e.g., based on electrical control signals such as voltages
received from external circuitry), light may be re-directed to
any one of the destinations A, B, C, or D. For example, in
an optical switching scenario 550, the optical switch 520
re-directs the light received from the source via the input
waveguide 530 into the output waveguide 531, and the
optical switch 521 then re-directs the light received from the
waveguide 531 into the destination A via the waveguide 533.
In an optical switching scenario 551, the optical switch 520
re-directs the light received from the source via the input
waveguide 530 into the output waveguide 531, and the
optical switch 521 then re-directs the light received from the
waveguide 531 into the destination B via the waveguide 534.
In an optical switching scenario 552, the optical switch 520
re-directs the light received from the source via the input
waveguide 530 into the output waveguide 532, and the
optical switch 522 then re-directs the light received from the
waveguide 532 into the destination C via the waveguide 535.
In an optical switching scenario 552, the optical switch 520
re-directs the light received from the source via the input
waveguide 530 into the output waveguide 532, and the
optical switch 522 then re-directs the light received from the
waveguide 532 into the destination D via the waveguide
536.

[0069] Note that the optical cell 500 need not have a
separate set of reflectors and waveguides for each of the
switching scenarios 550-553. Rather, the same underlying
set of reflectors 520-522 and waveguides 530-536 may be
used to tunably perform the different switching tasks, based
on electrical signals received by the reflectors 520-522 from

Sep. 19, 2024

external circuitry. The flexible reconfigurability of the opti-
cal circuits using the reflectors discussed herein is one of the
benefits of the present disclosure.

[0070] FIGS. 11A-11B illustrate example systems in
which the optical reflector structure 200 discussed above
may be implemented. In that regard, FIG. 11A illustrates a
device 600 that includes an electrical IC 610 and a photonic
IC 620 that is electrically coupled to the electrical IC 610.
The electrical IC 610 contains various types of electrical
circuitry, such as processors, memory cells, logic devices,
transceivers, controllers, sensors, etc. Among the electrical
circuitry implemented on the electrical IC 610 is a controller
circuit 640. The controller circuit 640 is configured to
generate the electrical signals (e.g., voltage) and send the
generated electrical signals to the photonic IC 620. These
electrical signals may be considered programming instruc-
tions in some embodiments. The photonic IC 620 may
include waveguides and reflectors discussed above, for
example, the optical reflector structure 200. Based on the
received electrical signals, the optical reflector structure 200
of the photonic IC 620 may re-direct the light into one of a
variety of possible light paths. Again, the re-directing of the
light may be achieved nearly instantly without having to
re-tape-out the photonic IC 620, since the light switches
(e.g., the reflectors) of the photonic IC 620 are not hardwired
to perform the light switching. In this manner, the device
600 may function similar to a field-programmable gate array
(FPGA), due to the flexibility and the versatility in which the
light switching performed by the photonic IC 620. As such,
the device 600 may also be referred to as an optical FPGA.
[0071] FIG. 11B is similar to FIG. 11A in the sense that it
also illustrates a device 700 that includes both electrical
circuitry and optical circuitry. However, whereas the device
600 includes an electrical IC 610 and a photonic IC 620 that
are separate from one another (though electrically coupled
together), electrical circuitry and photonic circuitry are
integrated together in the device 700. In other words, the
device 700 may include a same chip that contains both
electrical circuitry (e.g., the controller circuit 640) and
photonic circuitry (e.g., the waveguides and the tunable
reflectors discussed above). As such, the device 700 may
also be referred to as an electrical-photonic IC 700 herein.
In any case, the functionalities and/or capabilities offered by
the device 700 may be substantially similar to those offered
by the device 600, including but not limited to, program-
mably re-directing the optical paths of light.

[0072] In some embodiments, the device 600 and/or the
device 700 may include a temperature sensor 710. The
temperature sensor 710 may include suitable electrical cir-
cuitry configured to detect or measure a temperature of
nearby regions. For example, the temperature sensor 710
may include a bandgap circuit, which is implemented based
on the principle that a forward voltage of a silicon diode
(e.g., associated with a base-emitter junction of a bipolar
junction transistor (BIJT)) is directly correlated with tem-
perature. As such, by measuring such a forward voltage, the
temperature of the silicon diode (and the temperature of
nearby devices) can be sensed.

[0073] One of the benefits provided by the temperature
sensor 710 is that it allows calibration to be performed
before the devices 600 or 700 is put in actual operation in the
field. In that regard, the temperature sensor 710 may be
placed proximate to the optical reflector structure 200 dis-
cussed above, for example within a distance that is between
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about 0.028 microns and about 0.5 microns, to ensure that
the sensor 710 can accurately measure the temperature
experienced by the optical reflector structure 200. In
embodiments where the optical reflector structure 200 is
implemented based on the application of voltage to generate
heat, the temperature sensor 710 can be used to determine
how much voltage is needed to produce a given temperature
(e.g., measured by the temperature sensor 710) at the optical
reflector structure 200, as well as the light re-direction angle
corresponding to that specific temperature. This process may
be repeated for a variety of temperatures as a part of an
initial calibration process that is performed before the device
600 or 700 is put in field operation.

[0074] For example, as a part of the calibration process, it
may be determined that a voltage Vi is needed to generate
the amount of heat that heats up the reflector (or a prede-
termined portion thereof) to a temperature T,, where the
light reflection angle is A,. It may also be determined that a
voltage V, is needed to generate the amount of heat that
heats up the reflector (or a predetermined portion thereof) to
a temperature T,, where the light reflection angle is A,, so
on and so forth. The following table provides a simplified
illustration of the above calibration process:

Voltage Temperature Light Reflection Angle
Vl Tl Al
Va Ty Ay
V,, T,, A,,
[0075] Although the above table illustrates the calibration

data for one example temperature sensor 710, it is under-
stood that a plurality of temperature sensors similar to the
temperature sensor 710 may be implemented on the electri-
cal IC 610 or on the electrical-photonic IC 700, so that the
calibration process may take into account of the particular
region of the respective IC in which a reflector is located.
For example, a first temperature sensor may be implemented
in a first corner of the electrical-photonic IC 700 to measure
the temperature of a first reflector nearby, a second tempera-
ture sensor may be implemented in a second corner of the
electrical-photonic IC 700 to measure the temperature of a
second reflector nearby, and a third temperature sensor may
be implemented in a center region of the electrical-photonic
1C 700 to measure the temperature of a third reflector nearby.
[0076] It is also understood that such a calibration process
may be performed at a variety of different environments. For
example, a first calibration process may be performed in a
cold physical environment (e.g., =25 degrees Celsius to
simulate an outside temperature in a cold climate region), a
second calibration process may be performed in a temperate
physical environment (e.g., 25 degrees Celsius to simulate
an temperature in a mild climate region or the temperature
inside a building or a room), and a third calibration process
may be performed in a hot physical environment (e.g., 50
degrees Celsius to simulate an outside temperature in a
desert or in the heat of summer). The different environments
may also take into account of other electrical equipment or
devices that would be placed near the devices 600 or 700
when the devices 600 or 700 are placed in actual field
operation. For example, if in field operation the devices 600
or 700 would be implemented in an electronic device (e.g.,
a computer server) that is placed adjacent to another elec-
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trical device that also generates a lot of heat, then the
calibration process discussed above may be performed while
placing the devices 600 or 700 adjacent to the other elec-
trical device, so as to simulate how much the heat generated
by the other electrical device will impact the performance of
the reflectors implemented on the devices 600 or 700.
[0077] Regardless of how the calibration process is per-
formed, it is understood that the calibration data obtained
therefrom may be used to adjust the operation of the devices
600 or 700 when the devices 600 or 700 are placed in the
actual field. For example, based on the calibration data, the
controller circuit 640 may adjust the amount of voltage to be
generated and sent to the reflectors of the photonic circuit,
so that the light is still accurately re-directed to reach a
targeted output path. As such, the temperature sensors 710
herein allow the calibration process to be performed, which
will in turn allow the devices 600 or 700 to function more
accurately.

[0078] It is understood that the various aspects of the
present disclosure may apply to different types of radiation,
including but not limited to: visible light, infrared light,
ultraviolet light, or radiation waves having wavelengths in
other spectrum ranges.

[0079] FIG. 12 illustrates an integrated circuit fabrication
system 900 according to embodiments of the present dis-
closure. The fabrication system 900 includes a plurality of
entities 902, 904, 906, 908, 910, 912, 914, 916 . . . , N that
are connected by a communications network 918. The
network 918 may be a single network or may be a variety of
different networks, such as an intranet and the Internet, and
may include both wire line and wireless communication
channels.

[0080] In an embodiment, the entity 902 represents a
service system for manufacturing collaboration; the entity
904 represents an user, such as product engineer monitoring
the interested products; the entity 906 represents an engi-
neer, such as a processing engineer to control process and
the relevant recipes, or an equipment engineer to monitor or
tune the conditions and setting of the processing tools; the
entity 908 represents a metrology tool for IC testing and
measurement; the entity 910 represents a semiconductor
processing tool, such an EUV tool; the entity 912 represents
a virtual metrology module associated with the processing
tool 910; the entity 914 represents an advanced processing
control module associated with the processing tool 910 and
additionally other processing tools; and the entity 916 rep-
resents a sampling module associated with the processing
tool 910.

[0081] Each entity may interact with other entities and
may provide integrated circuit fabrication, processing con-
trol, and/or calculating capability to and/or receive such
capabilities from the other entities. Each entity may also
include one or more computer systems for performing
calculations and carrying out automations. For example, the
advanced processing control module of the entity 914 may
include a plurality of computer hardware having software
instructions encoded therein. The computer hardware may
include hard drives, flash drives, CD-ROMs, RAM memory,
display devices (e.g., monitors), input/output device (e.g.,
mouse and keyboard). The software instructions may be
written in any suitable programming language and may be
designed to carry out specific tasks. In some embodiments,
the advanced processing control module of the entity 914
may include the control circuit 640 or circuitry operating the
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control circuit 640, and/or circuitry for performing the
calibration process discussed above.

[0082] The integrated circuit fabrication system 900
enables interaction among the entities for the purpose of
integrated circuit (IC) manufacturing, as well as the
advanced processing control of the IC manufacturing. In an
embodiment, the advanced processing control includes
adjusting the processing conditions, settings, and/or recipes
of one processing tool applicable to the relevant wafers
according to the metrology results.

[0083] In another embodiment, the metrology results are
measured from a subset of processed wafers according to an
optimal sampling rate determined based on the process
quality and/or product quality. In yet another embodiment,
the metrology results are measured from chosen fields and
points of the subset of processed watfers according to an
optimal sampling field/point determined based on various
characteristics of the process quality and/or product quality.
[0084] One of the capabilities provided by the IC fabri-
cation system 900 may enable collaboration and information
access in such areas as design, engineering, and processing,
metrology, and advanced processing control. Another capa-
bility provided by the IC fabrication system 900 may
integrate systems between facilities, such as between the
metrology tool and the processing tool. Such integration
enables facilities to coordinate their activities. For example,
integrating the metrology tool and the processing tool may
enable manufacturing information to be incorporated more
efficiently into the fabrication process or the APC module,
and may enable wafer data from the online or in site
measurement with the metrology tool integrated in the
associated processing tool. It is understood that the IC
fabrication system 900 may be used to fabricate both the
electrical IC 610 and the photonic IC 620, or the electrical-
photonic IC 700 discussed above.

[0085] FIG. 13 is a flowchart illustrating a method 1000 of
operating an optical device according to embodiments of the
present disclosure. The method 1000 includes a step 1010 to
receive an incident light via an input waveguide. The input
waveguide has a first refractive index.

[0086] The method 1000 includes a step 1020 to receive,
via a tunable reflector structure, one or more electrical
signals. A cladding layer of the tunable reflector structure
has a second refractive index that is smaller than the first
refractive index.

[0087] The method 1000 includes a step 1030 to re-direct,
by the tunable reflector structure and based on the received
one or more electrical signals, the received incident light as
an output light into a targeted output waveguide of a
plurality of output waveguides.

[0088] In some embodiments, the input waveguide, the
tunable reflector structure, and the output waveguides are
components of a photonic integrated circuit (IC). In some
embodiments, the one or more electrical signals are gener-
ated via an electrical IC different from the photonic IC.
[0089] In some embodiments, a carrier concentration pro-
file or a temperature profile of the input waveguide varies in
response to receiving the one or more electrical signals. In
some embodiments, a variation of the carrier concentration
profile or a variation of the temperature profile causes the
received incident light to be reflected at a different angle.
[0090] It is understood that the method 1000 may include
further steps performed before, during, or after the steps
1010-1030. For example, the method 1000 may include a
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step of measuring, via one or more temperature sensors of
the electrical IC, temperatures at different regions of the
input waveguide. As another example, the method 1000 may
include a step of performing, at least in part using the one or
more temperature sensors, a temperature calibration for the
reflector structure prior to the re-directing of the received
incident light. For reasons of simplicity, other additional
steps are not discussed herein in detail.

[0091] FIG. 14 is a flowchart illustrating a method 1100 of
fabricating an optical device according to embodiments of
the present disclosure. The method 1100 includes a step 1110
to form a cladding layer over a material layer.

[0092] The method 1100 includes a step 1120 to form a
waveguide component over the material layer. The wave-
guide component forms an interface with the cladding layer.
The waveguide component has a greater refractive index
than the cladding layer.

[0093] The method 1100 includes a step 1130 to form a
doped component over the material layer. The doped com-
ponent and the waveguide component is separated by at least
a portion of the cladding layer.

[0094] The method 1100 includes a step 1140 to form a
conductive contact over the doped component. The conduc-
tive contact is electrically coupled to the doped component.
[0095] In some embodiments, the step 1140 comprises
patterning the conductive contact such that the conductive
contact has a curvilinear profile in a top view.

[0096] In some embodiments, the step 1110 comprises
forming silicon oxide (Si0,), silicon nitride (Si;N,), silicon
oxynitride (SiON), or a polymer material as the cladding
layer. In some embodiments, the step 1120 comprises form-
ing silicon, SiO_, Si;N,, polyimide, polybenzoxazoles
(PBO), or SiO,N,, as the waveguide component.

[0097] In some embodiments, the step 1120 comprises
patterning the waveguide component such that the wave-
guide component defines a plurality of input paths for a light
or a plurality of output paths for the light.

[0098] In some embodiments, the step 1130 comprises
forming a heavily doped component that is separated from
the waveguide component by at least the portion of the
cladding layer.

[0099] It is understood that the method 1100 may include
further steps performed before, during, or after the steps
1110-1140. For example, the method 1100 may include a
step of forming a lightly doped component between the
heavily doped component and the waveguide component. As
another example, the method 1000 may include a step of
forming one or more temperature sensors. For reasons of
simplicity, other additional steps are not discussed herein in
detail.

[0100] In summary, the present disclosure pertains to an
improved optical reflector for switching light in a photonic
device. The reflector has a cladding portion that is located
directly adjacent to, and forms an interface with, an input
waveguide. The reflector receives electrical signals such as
voltage from an external circuit. In some embodiments, the
electrical signals may cause carriers to diffuse into different
portions of the input waveguide, which causes a change in
different portions of the refractive index of the input wave-
guide. Such a change in the refractive index of the input
waveguide changes the output path of the reflected light due
to the Goos-Hinchen Effect. In other embodiments, the
electrical signals may heat up different regions of the input
waveguide differently, which again causes a change in the
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refractive index of the input waveguide, and that in turn
changes the output path of the reflected light due to the
Goos-Hénchen Effect.

[0101] The optical device discussed herein provides a
variety of advantages. However, it is understood that not all
advantages are discussed herein, different embodiments may
offer different advantages, and that no particular advantage
is required for any embodiment. One advantage is the
directional tunability of the reflectors. Whereas conventional
light switches may have rigid or fixed light paths, the
reflectors herein may adjust the direction of its output light
with much greater flexibility. For example, by configuring
the specific amount of voltage applied to the reflector, the
direction of the reflected light can also be adjusted. Since
voltages can be incremented or decremented by relatively
small steps, the direction of the reflected light can also be
adjusted in relatively small angles. As such, the reflectors of
the present disclosure can re-direct light in a much greater
variety of output paths. Another advantage is the reconfig-
urability and the programmability of the optical devices
herein. By working in conjunction with the controller cir-
cuit, and by performing the calibration processes prior to
putting the optical devices in actual field operation, the
present disclosure can achieve field programmability of the
photonic circuitry, without having to re-tape-out the pho-
tonic circuits. In other words, the photonic circuits of the
present disclosure may function similar to electrical FPGAs,
although in a photonic switching context. Another advantage
is that the optical devices herein may have reduced power
consumption compared to conventional optical devices. This
is because the reflectors herein do not rely on constructive
interference or destructive interference to re-direct the light.
As such, whereas the conventional optical switches tend to
lose optical power after every stage of switching, the optical
switches of the present disclosure can substantially retain all
of the optical power via the principles of total reflection. In
other words, optical power is still substantially preserved
after every stage of optical switching. Yet a further advan-
tage is that the reflectors of the present disclosure can
achieve relatively small sizes compared to conventional
optical switches. Hence, the optical IC may have a smaller
device size or smaller footprint in the overall system.

[0102] One aspect of the present disclosure pertains to a
device. The device includes an input waveguide, a plurality
of output waveguides, and a reflector structure configured to
tunably re-direct, via optical reflection, light received from
the input waveguide into a targeted output waveguide of the
output waveguides.

[0103] Another one aspect of the present disclosure per-
tains to a device. The device includes an optical circuit that
includes one or more input waveguides, a plurality of output
waveguides, and a reflector structure. At least a portion of
the reflector structure forms an interface with the one or
more input waveguides. The portion of the reflector structure
has a smaller refractive index than the one or more input
waveguides. The device includes an electrical circuit elec-
trically coupled to the optical circuit. The electrical circuit
generates and sends different electrical signals to the reflec-
tor structure. In response to the reflector structure receiving
the different electrical signals, a carrier concentration level
at or near the interface or a temperature at or near the
interface changes, such that incident radiation received from
the one or more input waveguides is tunably reflected by the
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reflector structure into a targeted output waveguide of the
plurality of output waveguides.

[0104] Yet another aspect of the present disclosure per-
tains to a method of operating a photonic device. An incident
light is received via an input waveguide. The input wave-
guide has a first refractive index. Via a tunable reflector
structure, one or more electrical signals are received. A
cladding layer of the tunable reflector structure has a second
refractive index that is smaller than the first refractive index.
By the tunable reflector structure and based on the received
one or more electrical signals, the received incident light is
re-directed as an output light into a targeted output wave-
guide of a plurality of output waveguides.

[0105] Yet a further aspect of the present disclosure
involves a method of fabricating a photonic device. A
cladding layer is formed over a material layer. A waveguide
component is formed over the material layer. The waveguide
component forms an interface with the cladding layer. The
waveguide component has a greater refractive index than the
cladding layer. A doped component is formed over the
material layer. The doped component and the waveguide
component is separated by at least a portion of the cladding
layer. A conductive contact is formed over the doped com-
ponent. The conductive contact is electrically coupled to the
doped component

[0106] The foregoing outlines features of several embodi-
ments so that those of ordinary skill in the art may better
understand the aspects of the present disclosure. Those of
ordinary skill in the art should appreciate that they may
readily use the present disclosure as a basis for designing or
modifying other processes and structures for carrying out the
same purposes and/or achieving the same advantages of the
embodiments introduced herein. Those of ordinary skill in
the art should also realize that such equivalent constructions
do not depart from the spirit and scope of the present
disclosure, and that they may make various changes, sub-
stitutions, and alterations herein without departing from the
spirit and scope of the present disclosure.

What is claimed is:

1. An optical circuit, comprising:

an input waveguide configured to receive an incident
light;

a first reflector configured to reflect the incident light into
a first reflected light and a second reflected light;

a second reflector configured to reflect the first reflected
light into a third reflected light and reflect the second
reflected light into a fourth reflected light;

a first output waveguide configured to propagate the third
reflected light; and

a second output waveguide configured to propagate the
fourth reflected light;

wherein:
the first reflector or the second reflector contains an

interface having a tunable refractive index.

2. The optical circuit of claim 1, wherein the refractive
index is tunable via an application of a voltage.

3. The optical circuit of claim 1, wherein the refractive
index is tunable via a change in a carrier concentration.

4. The optical circuit of claim 1, wherein the refractive
index is tunable via a change in a temperature.

5. The optical circuit of claim 1, wherein the first reflector
or the second reflector includes a cladding layer, a first
doped region, and a second doped region that is more doped
than the first doped region.
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6. The optical circuit of claim 5, wherein the cladding
layer is located over the first doped region in a cross-
sectional side view.
7. The optical circuit of claim 5, wherein the second
doped region has a greater vertical dimension than the first
doped region in a cross-sectional side view.
8. The optical circuit of claim 5, wherein the first doped
region and the second doped region are each located over an
oxide layer in a cross-sectional side view.
9. The optical circuit of claim 1, wherein the first reflector
and the second reflector have different structural configura-
tions.
10. The optical circuit of claim 1, wherein:
the first reflected light and the second reflected light
define a first angle in a top view; and
the third reflected light and the fourth reflected light
define a second angle different from the first angle in
the top view.
11. An optical circuit, comprising:
a first waveguide configured to receive an incident light;
a first reflector configured to reflect the incident light into
a first reflected light and a second reflected light;
a second waveguide configured to propagate the first
reflected light and the second reflected light;
a second reflector configured to receive and reflect the
first reflected light into a third reflected light and
receive and reflect the second reflected light into a
fourth reflected light;
a third waveguide configured to propagate the third
reflected light; and
a fourth waveguide configured to propagate the fourth
reflected light;
wherein:
the first reflector has a first interface with the first
waveguide;

the second reflector has a second interface with the
second waveguide; and

a refractive index at the first interface or at the second
interface is tunable via an application of a voltage, a
change in a carrier concentration, or a change in a
temperature.
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12. The optical circuit of claim 11, wherein the first
reflector and the second reflector have different structural
configurations.

13. An optical circuit, comprising:

a first input waveguide configured to receive a first

incident light;

a second input waveguide configured to receive a second

incident light;

a reflector configured to reflect the first incident light into

a first reflected light to reflect the second incident light
into a second reflected light, wherein an interface
between the reflector and the first input waveguide or
an interface between the reflector and the second input
waveguide has a refractive index that is tunable;

a first output waveguide configured to propagate the first

reflected light; and

a second output waveguide configured to propagate the

second reflected light.

14. The optical circuit of claim 13, wherein:

the reflector includes a cladding layer; and

the interface is between the cladding layer and the first

input waveguide or between the cladding layer and the
second input waveguide.

15. The optical circuit of claim 14, wherein:

the reflector further includes a first doped region and a

second doped region that is more heavily doped than
the first doped region;

the first doped region is located below the cladding layer

in a cross-sectional side view; and

the second doped region is located beside both the clad-

ding layer and the first doped region in the cross-
sectional side view.

16. The optical circuit of claim 13, wherein the refractive
index is tunable via an application of a voltage.

17. The optical circuit of claim 13, wherein the refractive
index is tunable via a change in a carrier concentration.

18. The optical circuit of claim 13, wherein the refractive
index is tunable via a change in a temperature.

19. The optical circuit of claim 13, wherein the reflector
has a concave profile in a top view.

20. The optical circuit of claim 13, wherein the reflector
has a convex profile in a top view.
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