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OPTICAL MODULES
BACKGROUND

[0001] Some optical circuits (e.g. waveguides) fabricated on a
substrate are directly coupled (e.g., pigtail coupling) to an optical fiber using
an optical adhesive. The coupling enables light to be transmitted between the
optical circuit and the optical fiber permanently attached to the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] FIG. 1 illustrates an example optical module including example
optical connectors.

[0003] FIG. 2 — 7 illustrate example mating structures that can be used
to couple the example optical connectors and the example substrate of FIG. 1.

[0004] FIG. 8 illustrates an example optical module that can be used to
implement the example optical module of FIG. 1.

[0005] FIG. 9 illustrates another example optical module that can be
used to implement the example optical module of FIG. 1.

[0006] FIG. 10 illustrates another example optical module that can be
used to implement the example optical module of FIG. 1.

[0007] FIG. 11 illustrates another example optical module that can be
used to implement the example optical module of FIG. 1.

[0008] FIG. 12 illustrates another example optical module in
accordance with the teachings of this disclosure.

The figures are not to scale. Instead, to clarify multiple layers and regions, the
thickness of the layers may be enlarged in the drawings. Wherever possible,
the same reference numbers will be used throughout the drawing(s) and
accompanying written description to refer to the same or like parts. As used in
the specification and claims herein, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates otherwise. In other
words, in the specification and claims herein, the singular forms “a,” “an,” and

“the” are used to indicate "one or more" unless the context clearly dictates

otherwise.
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DETAILED DESCRIPTION

[0009] The examples disclosed herein relate to optical modules having
relatively relaxed alignment tolerances between an optical fiber(s) and a
substrate including an optical circuit. The example optical modules may
include an optical circuit fabricated on a substrate, an integrated circuit, a heat
sink and/or grating couplers, and all associated mechanical parts. The
substrate may be a silicon on insulator wafer. The substrate may include
grating couplers, lenses, prisms, passive optical waveguides, lasers, optical
modulators and/or photodetectors, etc.

[0010] The example grating couplers are configured to efficiently
couple light between optical circuits and example removable expanded beam
fiber optical connectors. In some examples, the grating coupler and the optical
connectors produce expanded and/or collimated optical beams. The optical
connectors may at least partially house a respective optical fiber and/or
collimating lens. The optical fiber may be a single mode optical fiber, a
multicore optical fiber, and/or a multimode optical fiber. The example grating
couplers may be configured to expand and deflect light (e.g., between about a
50-200 micrometers (um) light beam) out of a plane of the substrate and/or
receive and turn light from the expanded beam optical connector into the plane
of the substrate.

[0011] In some instances, the optical connector may not be robust
enough to be exposed to some procedures that the substrate may undergo such
as, for example, a flip chip solder reflow procedure. To enable the substrate to
undergo these procedures, examples disclosed herein enable removably
coupling the optical connectors to the substrate using mating and/or alignment
structures. The example mating structures may be any suitable structure such
as a male and/or female portion(s) on the substrate that receive and/or interact
with a corresponding male and/or female portion(s) on the optical connector.
In some examples, the mating structure is a single structure. In other
examples, the mating structure is a pair or more than one structure. Structures
of the male and/or female portions may be formed (e.g., precisely formed) on

the substrate to enable the precise alignment of the grating couplers, lenses,
-0
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etc. using lithographic processes and/or any other suitable manufacturing
process.

[0012] In some examples, the mating structures disclosed herein
mechanically and/or optically couple (e.g., optomechanically coupled) the
substrate to the optical connector and the optical fiber by aligning the optical
connector with the optical circuit based on complementary mating structures
of the optical connector and the substrate. The optical fiber may be passively
aligned along all six axes, aligned along the x-axis, aligned along the y-axis
and/or aligned along the z-axis, etc.

[0013] Optical insertion loss may occur between the optical connector
and optical circuit. To reduce insertion loss between the optical circuit and the
optical connector, in some examples disclosed herein, the mating structures on
the substrate and/or the optical connector include standoffs that create a
suitable spacing between the substrate and the optical connector to minimize
and/or reduce the insertion loss. In some examples, to increase an alignment
tolerance to effectively couple light entering/exiting the optical circuits and the
optical connector, one or more collimating lenses are disposed on the substrate
and/or the optical connector. In some examples, the optical module is
designed to minimize and/or reduce optical insertion loss caused by transverse
and angular placement error and/or misalignment.

[0014] In some of the illustrated examples, to facilitate directing (e.g.,
guiding, turning) light as it enters and/or exits the optical circuits, the optical
connector and/or the substrate are oriented and/or include a portion and/or
surface to tilt and/or turn the light beam(s). For example, to turn the light to
enter the plane of the substrate, the optical fibers and the light path in the
optical connector may be positioned at a non-perpendicular angle relative to
the grating couplers such that light beams exiting the optical connector are at a
non-perpendicular angle relative to a plane of the substrate. In other
examples, to turn the light to enter the plane of the substrate, the optical
connector may be substantially perpendicular to the plane of the substrate but

the optical axis of light beams exiting the optical connector may be offset
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relative to the optical axis of a collimating lens of the substrate and/or the
optical connector.

[0015] In other examples, to turn the light to enter the plane of the
substrate, a surface of the substrate and/or a surface of the optical connector
may be non-parallel relative to one another to, for example, tilt light beams at
a non-perpendicular angle relative to the substrate. Although the orientation
of the light beams and the optical connector may be non-perpendicular relative
to the substrate plane, in some examples, the mechanical mating features and
the engagement between these mating features are substantially perpendicular
relative to the substrate plane. However, the mechanical mating features may
be differently oriented and/or non-perpendicular relative to the substrate plane.

[0016] In some examples, a first surface of the substrate may be
designated and/or configured to receive an integrated circuit and/or a heat
sink. In some examples, a second surface of the wafer opposing the first
surface may be designated and/or configured to be coupled to an example
optical connector(s) and/or to be coupled to an organic package, a printed
circuit board, a flex circuit, etc. In such examples, a larger heat sink may be
used to engage a larger surface area of the first surface to promote increased
cooling of the integrated circuit and optical circuits by transferring more heat
from the integrated circuit and the substrate to the heat sink through the larger
surface area. Further, by providing the first surface with grating couplers and
the second surface with metal pads and/or solder bumps, the example circuit
may be tested optically and/or electrically at, for example, grating couplers on
the first surface of the substrate and/or metal pads and/or solder bumps on the
second surface of the substrate to ensure operability of the optical circuit
and/or the integrated circuit, for example. In some examples, the first surface
includes metal pads and/or solder bumps to enable electrical testing of the
optical circuits prior to attachment of the IC at the wafer level. By positioning
the fiber optical connectors on the second surface of the substrate, the grating
coupler(s) is exposed and accessible by test equipment or a test probe even

when the optical connector is coupled to the substrate, for example.
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[0017] To increase a light transmission efficiency of the grating
couplers and/or to deflect light into the substrate when the fiber optical
connector is disposed on the second surface of the wafer, a reflector may be
disposed over the grating couplers. The reflector may include silicon dioxide,
metal (e.g., gold, silver), a dielectric material and/or a distributed Bragg
reflector. The reflector may be orientated parallel or non-parallel to the
grating coupler and/or optical connector. To reduce reflections at an interface
(e.g., an air interface) between the substrate and the optical connector, in some
examples, a coating may be disposed at the interface (e.g., disposed on the
substrate). The coating may be an antireflective coating.

[0018] In other examples, the substrate is configured to accept optical
connectors on a first surface area (e.g., a left surface area) of the substrate, and
an integrated circuit and a corresponding heat sink on a second surface area
(e.g., aright surface area) of the substrate distally located from the first surface
area of the substrate. In some such examples, the heat sink may be
cantilevered from the substrate to increase the size of the heat sink and to
promote increased cooling effectiveness of the integrated circuit, the substrate,
etc.

[0019] FIG. 1 illustrates an example optical module 100 including a
substrate 102 on which an integrated circuit (IC) 104 and first and second
optical connectors 106, 107 are disposed. The IC 104 may be in
communication with the optical circuits. As shown in FIG. 1, the first and
second optical connectors 106, 107 are disposed on opposing surfaces 108,
109 of the substrate 102. However, in other examples, the first and second
optical connectors 106, 107 are disposed on the same surface 108 or the same
surface 109 of the optical module 100 (see, e.g., FIGS. 8 — 11) and/or are
disposed immediately adjacent one another (see, e.g., FIG. 12). Without
limitation, the optical connectors 106, 107 may include a single optical fiber,
optical fiber arrays, a single multicore optical fiber, or multiple multicore
optical fibers.

[0020] In the illustrated example of FIG. 1, solder bumps 110 are used

to couple (e.g., electrically couple) the integrated circuit 104 to the substrate
-5-
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102. As shown in the example of FIG. 1, electrically conductive through-
silicon vias (TSVs) and/or traces 112 extend through the substrate 102 and/or
surfaces 108, 109 to enable the integrated circuit 104 and/or the optical
circuits to be placed in communication with other devices adjacent the
opposing bottom or first surface 108 of the optical module 100. The other
devices may include another integrated circuit, a discrete electronic
component, an organic substrate and/or a larger printed circuit board, etc.
Additionally or alternatively, the traces 112 can provide electrical
communication to optical circuits and/or other devices on the substrate 102.

[0021] In the illustrated example of FIG. 1, to cool the integrated
circuit 104 and/or other components of the optical module 100, a heat sink 116
is coupled to the integrated circuit 104. The example heat sink 116 may be
larger and/or smaller than illustrated in FIG. 1. For example, the heat sink 116
may at least partially encapsulate the integrated circuit 104 (see FIG. 9).
Additionally or alternatively, in examples in which the integrated circuit 104 is
disposed immediately adjacent another surface 118 of the optical module 100
(e.g., a third surface or an edge of the optical module 100), the heat sink 116
may extend off of and/or be cantilevered from the substrate 102 and/or the
integrated circuit 104 (see, e.g., FIG. 12). Without limitation, the integrated
circuit 104 may include logic functions, laser drivers, modulator drivers and/or
a transimpedance amplifier (TTIA), for example.

[0022] In the example of FIG. 1, the substrate 102 is a silicon on
insulator wafer having optical circuits 119, such as grating couplers 120,
fabricated on the second surface 109 of the substrate 102. In this example, the
substrate 102 includes a buried Oxide (BOX) layer 121. However, in other
examples, the substrate 102 may not include the BOX layer 121. To
efficiently couple light within a high alignment tolerance into a plane of the
substrate 102 (e.g., a plane along a length or width of the substrate 102), a first
light guide 124 is disposed between the grating couplers 120 and the first
optical connector 106 and a second light guide 126 is disposed between the
substrate 102 and the second optical connector 107. The first light guide 124

may be integral to and/or included with the first optical connector 106 and/or
-6 -
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the substrate 102 and/or the second light guide 126 may be integral to and/or
included with the second optical connector 107 and/or the substrate 102.

[0023] The first and/or second light guides 124, 126 may include a
fiber optical cable(s) that is disposed at a non-perpendicular angle relative to
the grating coupler(s) 120 that guides (e.g., tilts, turns) the light as the light
enters the substrate 102. Additionally or alternatively, the first and/or second
light guides 124, 126 may include a fiber optical cable(s) that is offset relative
to an optical axis of a lens (e.g., a collimating lens) that tilts the light at a non-
perpendicular angle to the substrate 102 as the light enters the substrate 102.
In some examples, the lens may be coupled to the substrate 102, and/or the
respective optical connectors 106, 107. Additionally or alternatively, the first
and/or second light guides 124, 126 may include lenses that guide (e.g., turn,
tilt) the light as the light enters the substrate 102, and/or the first and/or second
light guides 124, 126 may include a surface of the substrate 102 and/or optical
connector(s) 106, 107 that is disposed at a non-parallel angle relative to the
plane of the substrate 102 to tilt the light beams at a non-perpendicular angle
relative to the grating couplers 120.

[0024] The first and/or second optical connectors 106, 107 of the
illustrated example may be coupled to the substrate 102 using one or more
mating structures. Example corresponding and opposing mating structures of
the optical connectors 106, 107 and the grating couplers 120 and/or the
substrate 102 intermesh or interconnect with one another at particular
positions to passively align optical fibers in the optical connectors 106, 107
with the grating couplers 120 and/or the substrate 102 within a threshold
tolerance so that the grating couplers 120 and/or the substrate 102 and the
optical connectors 106, 107 form an optical coupling. The optical fibers may
be a single mode optical fiber or a multimode optical fiber, for example.

[0025] Different example mating structures and/or interconnecting
alignment structures such as shown in FIGS. 2 — 7 may be used to couple the
optical connectors 106, 107 and the substrate 102. The mechanical mating
features on the substrate 102 and/or optical connectors 106, 107 may include

standoffs. In some examples, the mechanical mating features may be
-7 -
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implemented using, but not limited to, injection molding, photopatterned
polymers, metal electroplating, wafer bonding, etching, pick and place
operations, etc.

[0026] As shown in the example of FIG. 2, pillars and/or elongated
portions or protrusions 202 may be formed on the substrate 102 that are to be
received in corresponding apertures of the first and/or second optical
connectors 106, 107 to couple the substrate 102 and the optical connectors
106, 107. As shown in the example of FIG. 3, protrusions or pillars 301 may
be formed on the substrate 102 to form apertures 302 into which pillars and/or
elongated portions of the optical connectors 106, 107 are to be received to
couple the substrate 102 to the optical connectors 106, 107.

[0027] As shown in the example of FIG. 4, a pillar and/or elongated
portion 402 may be formed on the substrate 102 and pillars or elongated
portions 403 may be formed on the substrate 102 to form an aperture 404. The
example pillar 402 and the example aperture 404 are to intermesh or
interconnect with a respective aperture and/or pillar and/or elongated portion
of the optical connectors 106, 107 to couple the substrate 102 to the optical
connectors 106, 107. As shown in the example of FIG. 5, through-holes
and/or apertures 502 may be formed in the substrate 102 to receive pillars,
pins and/or elongated portions of the optical connectors 106, 107 to couple the
substrate 102 to the optical connectors 106, 107.

[0028] As shown in the example of FIG. 6, pins 602 extend through
apertures 604 of the substrate 102. The example pins 602 are received in
corresponding apertures of the first and/or second optical connectors 106, 107
to couple the substrate 102 to the optical connectors 106, 107. As shown in
the example of FIG. 7, bumps and/or spheres 702 may be formed on the
substrate 102 that are to be received in corresponding apertures of the first
and/or second optical connectors 106, 107 to couple the substrate 102 and the
optical connectors 106, 107. In other examples, the bumps and/or spheres
may be similarly formed on the optical connectors 106, 107.

[0029] FIG. 8 illustrates an example optical module 800 that can be

used to implement the example optical module 100 of FIG. 1. In the example
-8-
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of FIG. 8, both first and second optical connectors 802, 804 are coupled to the
top surface 109 of the substrate 102. In the illustrated example, mating
structures are implemented as pillars 806 formed on the substrate 102 and
apertures 808 of the respective optical connectors 802, 804. The example
apertures 808 receive the example pillars 806 in an interconnecting fashion to
couple the optical connectors 802, 804 to the substrate 102. Mechanical
elements may strain relieve and fasten the optical connectors 802, 8§04 to an
organic substrate or printed circuit board, for example. In the illustrated
example, light guides 124 (FIG. 1) are implemented by positioning optical
fibers 810, 812, 814, 816 and corresponding collimating lenses 818, 820, 8§22,
824 at a non-perpendicular angle relative to the grating couplers 120. As
indicated by arrows 826, 828, light may enter and/or exit the optical
connectors 106, 107 and/or may enter and/or exit the substrate 102 at a non-
perpendicular angle relative to the substrate.

[0030] FIG. 9 illustrates an example optical module 900 that can be
used to implement the example optical module 100 of FIG. 1. The example
optical module 900 is similar to the example optical module 800 of FIG. 8.
However, in contrast to the optical module 800 of FIG. 8, the first and second
optical connectors 802, 804 of FIG. 9 are both coupled to the bottom surface
108 of the substrate 102 facilitating use of a relatively larger heat sink 902
capable of substantially encapsulating the integrated circuit 104 and
interfacing with the substrate 102. Further, in this example, coupling both of
the optical connectors 802, 804 on the bottom surface 108 of the optical
module 900 enables using the grating couplers 120 as optical testing points
903 on the top surface 109 of the optical module 900.

[0031] In the illustrated example of FIG. 9, to reduce reflection at an
interface between the substrate 102 and the optical connectors 802, 804, a
coating (e.g., an antireflective coating) 904 is disposed at the interface on the
substrate 102 and/or the optical connectors 802, 804. In this example, the light
guides 124 (FIG. 1) are implemented by positioning the optical fibers 8§10,
812, 814, 816 and corresponding collimating lenses 818, 8§20, 822, 8§24 at a

non-perpendicular angle relative to the grating couplers 120. In some
-9.-
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examples, the surface 108 includes an antireflection coating to minimize
insertion loss at an interface. The interface may be an air substrate interface.

[0032] FIG. 10 illustrates an example optical module 1000 that can be
used to implement the example optical module 100 of FIG. 1. The example
optical module 1000 is similar to the example optical module 900 of FIG. 9.
However, the light guides 124 (FIG. 1) are implemented differently in FIG. 10
than in FIG. 9. To implement the light guides 124 (FIG. 1) of FIG. 10,
collimating lenses 1002, 1004, 1006, 1008 of respective first and second
optical connectors 1010, 1012 oppose and/or are offset relative to collimating
lenses 1014, 1016, 1018, 1020 on the substrate 102. In the illustrated example
of FIG. 10, the light guides 124 (FIG. 1) are implemented by opposing ones of
the lenses 1002, 1004, 1006, 1008 on the connectors 1010, 1012 and lenses
1014, 1016, 1018, 1020 on the substrate 102. The interaction between the
respective lenses 1002, 1004, 1006, 1008, 1014, 1016, 1018, 1020 as the light
passes therethrough enables light to enter and/or exit the optical connectors
1010, 1012 substantially perpendicularly but then turns at a non-perpendicular
angle with respect to the substrate 102 (e.g., a plane along a length or width of
the substrate 102). In some examples, the lenses 1014, 1016, 1018, 1020 of
the substrate 102 are coated with an antireflective coating. To increase a light
transmission efficiency of the grating couplers 120 and/or to deflect light into
the substrate 102, in some examples, a reflector 1022 is disposed over the
grating couplers 120. The example reflector 1022 may include silicon
dioxide, metal (e.g., gold, silver), a dielectric material and/or distributed Bragg
reflectors. The reflector 1022 may be orientated parallel or non-parallel to the
grating couplers 120.

[0033] FIG. 11 illustrates an example optical module 1100 that can be
used to implement the example optical module 100 of FIG. 1. The example
optical module 1100 is similar to the example optical module 1000 of FIG. 10.
However, the light guides 124 (FIG. 1) of FIG. 11 are implemented differently
in FIG. 11 than in FIG. 10. To implement the light guides 124 (FIG. 1) in
FIG. 11, the substrate 102 includes angled surfaces and/or prism arrays 1102,

1104 that are disposed at a non-parallel angle relative to the grating couplers
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120 and/or the lenses 1002, 1004, 1006, 1008 of the respective optical
connectors 1010, 1012 to facilitate turning or tilting light as the light enters the
substrate 102. In this example, the surfaces 1102, 1104 include a coating (e.g.,
an antireflective coating) 1106.

[0034] FIG. 12 illustrates an example optical module 1200 that is
similar to the example optical module 100 of FIG. 1. However, in contrast to
the example optical module 100 of FIG. 1, the example optical module 1200 is
illustrated as coupling the first and second optical connectors 106, 107 to the
substrate 102 immediately adjacent one another to facilitate mounting the
integrated circuit 104 immediately adjacent an edge surface 118 of the optical
module 1200. In this example, positioning the integrated circuit 104
immediately adjacent the edge surface 118 facilitates using a relative large
heat sink 1202 arranged in a cantilevered configuration extending from the
integrated circuit 104. Mechanical components may be implemented to strain
relieve the heatsink and fasten the heat sink to an organic substrate or larger
printed circuit board, for example.

[0035] Examples disclosed herein relate to optical modules including
expanded beam optical connectors that can be removably coupled to the
substrate of the optical module. Using example optical connectors, light
guides, and/or grating couplers disclosed herein enables relaxed alignment
tolerances and reduces manufacturing errors (e.g., increasing manufacturing
quality) by substantially ensuring that the optical connectors are optically
aligned with the grating couplers of the substrate. In some examples, mating
features such as interacting male and/or female structures and standoffs
facilitate coupling and/or optically aligning the substrate and the optical
connector. In the examples disclosed herein, the grating couplers and/or the
optical circuits may receive light that enters and/or exits the grating couplers
and/or the optical circuits.

[0036] As disclosed herein, an optical module includes an optical
circuit formed on a substrate to be electrically coupled to an integrated circuit
flip chipped onto the substrate, first interconnecting alignment structures

formed on the substrate and an optical connector including second
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interconnecting alignment structures. The optical connector is to be
removably coupled to the substrate by interconnecting the first and second
interconnecting alignment structures to optically couple the optical connector
with the grating coupler array of the optical circuit.

[0037] An example optical module includes a substrate comprising an
optical circuit, an integrated circuit coupled to the substrate, an optical
connector removably optomechanically coupled to the substrate adjacent the
grating coupler of the optical circuit.. In some examples, the optical connector
includes a single mode optical fiber or a multimode optical fiber. In some
examples, the grating coupler is a first grating coupler and the optical
connector is a first optical connector. If the substrate includes a second
grating coupler, the optical module further includes a second optical connector
removably coupled to the substrate in optical communication with the second
grating coupler.

[0038] An example optical module includes an optical circuit formed
on a substrate to be electrically coupled to an integrated circuit, first
interconnecting alignment structures formed on the substrate and an expanded
beam optical connector including second interconnecting alignment structures.
The expanded beam optical connector to be removably coupled to the
substrate by interconnecting the first and second interconnecting alignment
structures to optically couple the expanded beam optical connector with the
optical circuit.

[0039] An example optical module includes a substrate comprising a
grating coupler, an optical connector removably coupled to the substrate
adjacent the grating coupler to optically couple the optical connector and the
grating coupler and an integrated circuit coupled to the substrate. In some
examples, the optical connector includes a single mode optical fiber, a
multimode optical fiber, or a multicore fiber. In some examples, the grating
coupler is a first grating coupler and the optical connector is a first optical
connector. In some examples, the substrate includes a second grating coupler,

the optical module further comprising a second optical connector removably
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coupled to the substrate in optical communication with the second grating
coupler.

[0040] In some examples, the integrated circuit is disposed between
the first and second optical connectors. In some examples, the second optical
connector is disposed between the first optical connector and the integrated
circuit. In some examples, the optical module includes a heat sink
cantilevered from the integrated circuit. In some examples, the optical module
also includes a heat sink engaging the integrated circuit and a surface of the
substrate. In some examples, an optical fiber of the optical connector is
disposed at a non-perpendicular angle relative to the grating coupler to tilt
light entering the substrate. In some examples, a surface of the substrate
facing the optical connector is disposed at a non-parallel angle relative to the
grating coupler to tilt light entering the substrate.

[0041] In some examples, the optical module includes a lens on the
substrate facing the optical connector to tilt light entering the substrate. In
some examples, the integrated circuit and the grating coupler are disposed on a
first surface of the substrate and the optical connector is disposed on a second
surface of the substrate, the first surface opposing the second surface. In some
examples, the grating coupler includes an exposed optical testing point.

[0042] An example optical module includes an optical circuit formed
on a substrate to be electrically coupled to an integrated circuit, a first
interconnecting alignment structure formed on the substrate and an optical
connector including a second interconnecting alignment structure, the optical
connector to be removably coupled to the substrate by interconnecting the first
and second interconnecting alignment structures to optically couple the optical
connector with the grating coupler. In some examples, the second
interconnecting alignment structure includes an aperture to receive a
protrusion of the first interconnecting alignment structure to removably couple
the optical connector with the substrate.

[0043] Although certain example methods, apparatus and articles of
manufacture have been disclosed herein, the scope of coverage of this patent is

not limited thereto. On the contrary, this patent covers all methods, apparatus
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and articles of manufacture fairly falling within the scope of the claims of this

patent.
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What Is Claimed Is:

1. An optical module, comprising:

an optical circuit formed on a substrate to be electrically coupled to an
integrated circuit;

first interconnecting alignment structures formed on the substrate; and

an expanded beam optical connector comprising second
interconnecting alignment structures, the expanded beam optical connector to
be removably coupled to the substrate by interconnecting the first and second
interconnecting alignment structures to optically couple the expanded beam
optical connector with the optical circuit.

2. An optical module, comprising:

a substrate comprising a grating coupler;

an optical connector removably coupled to the substrate adjacent the
grating coupler to optically couple the optical connector and the grating
coupler; and

an integrated circuit coupled to the substrate.

3. The optical module of claim 2, wherein the optical connector
comprises a single mode optical fiber, a multimode optical fiber, or a
multicore fiber.

4. The optical module of claim 2, wherein the grating coupler is a
first grating coupler and the optical connector is a first optical connector,
wherein the substrate comprises a second grating coupler, the optical module
further comprising a second optical connector removably coupled to the
substrate in optical communication with the second grating coupler.

S. The optical module of claim 4, wherein the integrated circuit is
disposed between the first and second optical connectors.

6. The optical module of claim 4, wherein the second optical
connector is disposed between the first optical connector and the integrated
circuit.

7. The optical module of claim 6, further comprising a heat sink

cantilevered from the integrated circuit.
- 15 -
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8. The optical module of claim 2, further comprising a heat sink
engaging the integrated circuit and a surface of the substrate.

9. The optical module of claim 2, wherein an optical fiber of the
optical connector is disposed at a non-perpendicular angle relative to the
grating coupler to tilt light entering the substrate.

10. The optical module of claim 2, wherein a surface of the
substrate facing the optical connector is disposed at a non-parallel angle
relative to the grating coupler to tilt light entering the substrate.

11. The optical module of claim 2, further comprising a lens on the
substrate facing the optical connector to tilt light entering the substrate.

12. The optical module of claim 2, wherein the integrated circuit
and the grating coupler are disposed on a first surface of the substrate and the
optical connector is disposed on a second surface of the substrate, the first
surface opposing the second surface.

13. The optical module of claim 12, wherein the grating coupler
comprises an exposed optical testing point.

14. An optical module, comprising:

an optical circuit formed on a substrate to be electrically coupled to an
integrated circuit;

a first interconnecting alignment structure formed on the substrate; and

an optical connector comprising a second interconnecting alignment
structure, the optical connector to be removably coupled to the substrate by
interconnecting the first and second interconnecting alignment structures to
optically couple the optical connector with the grating coupler.

15. The optical module of claim 14, wherein the second
interconnecting alignment structure comprises an aperture to receive a
protrusion of the first interconnecting alignment structure to removably couple

the optical connector with the substrate.

- 16 -
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