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(57) ABSTRACT

A structure and method for the formation of a reflector
structure having three-dimensional surface curvature 1s dis-
closed. Beam narrowing upon reflection from the three-
dimensionally curved surface in embodiments can provide
improved coupling efliciency in addition to the directional
change provided by the reflector.
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Form an interposer substrate having a planar waveguide layer, wherein
the planar waveguide layer includes patterned planar waveguides 1510s1

Form a patterned hard mask layer, wherein the hard mask layer includes

an optional patterned portion for forming a vertical facet through the planar
waveguide layer 101082

Form a WG facet in the planar waveguide layer 101053
Optionally remove the patterned HM layer 1010s4

Form a patterned gray scale mask layer that includes a gray scale

patterned portion for the formation of a reflector cavity having surface
curvature 1010s5

Form a reflector cavity having a surface with curvature in three
dimensions 1010s6

Remove the gray scale mask layer 1010s7
Form a reflector on the curved cavity surface 1010s8

FIG. 10
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Form an interposer substrate having a planar waveguide layer, wherein
the planar waveguide layer includes patterned planar waveguides, and

wherein the planar waveguide layer optionally includes a buried patterned
hard mask for the formation of alignment aids 131051

Form a patterned hard mask layer that includes an optional first patterned
portion for forming a vertical facet through the planar waveguide layer and a

second optional patterned portion for forming a recess,
wherein the recess includes an optional buried patterned hard mask for

forming alignment aids
131082

Form one or more of an optional waveguide facet, a recess, and a recess
having alignment aids In the planar waveguide layer 131083

Optionally remove the patterned hard mask layer 1310s4

Form a patterned photoresist layer that includes a gray scale patterned

portion for the formation of a reflector cavity having surface curvature
131085

Form a reflector cavity having a surface with curvature in three
dimensions 1310s6

Remove the patterned photoresist mask layer having the gray scale
patterned portion 131087

Form an reflector layer on the curved cavity surface

(such that light incident on the surface of the reflector is focused or
otherwise narrowed In two or more dimensions) 1310s8

FIG. 13
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Forming a reflector structure having curvature in more than two cross
sectional planes such that an optical signal reflected from the reflector is
focused In three dimensions,

wherein the reflector structure is configured to face a waveguide and
the optical signal exits from the waveguide, and

wherein the reflector structure is configured to face an emitting device
and the optical signal exits from the emitting device, and

wherein the reflector structure i1s configured to face a surface mounted
emitting device and the optical signal exits from the surface
mounted emitting device, and

wherein the reflector structure is configured to face a remotely
positioned emitting device and the optical signal exits from the
remotely positioned emitting device, and

wherein the reflector structure is configured to face a remotely
positioned recelving device and the optical signal is received by the
remotely positioned receiving device, and

wherein the reflector structure is configured to face a surface mounted
detector or other device and the optical signal is received by the
surface mounted detector or other device, and

wherein the reflector structure i1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the waveguide, lens,
detector, other device, or all or a portion of a PIC or an element of a
PIC, and

wherein the reflector structure is configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the reflector from the
waveguide, lens, detector, other device, or all or a portion of a PIC
or an element of a PIC.

FIG. 20
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Forming a reflector structure having three-dimensional surface curvature
such that an outgoing beam from the reflector is focused or otherwise
narrowed In three dimensions,

wherein the reflector structure i1s configured to face a waveguide and
the optical signal exits from the waveguide, and

wherein the reflector structure is configured to face an emitting device
and the optical signal exits from the emitting device, and

wherein the reflector structure i1s configured to face a surface mounted
emitting device and the optical signal exits from the surface
mounted emitting device, and

wherein the reflector structure is configured to face a remotely
positioned emitting device and the optical signal exits from the
remotely positioned emitting device, and

wherein the reflector structure is configured to face a remotely
positioned recelving device and the optical signal is received by the
remotely positioned receiving device, and

wherein the reflector structure is configured to face a surface mounted
detector or other device and the optical signal is received by the
surface mounted detector or other device, and

wherein the reflector structure is configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the waveguide, lens,
detector, other device, or all or a portion of a PIC or an element of a
PIC, and

wherein the reflector structure is configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the reflector from the
waveguide, lens, detector, other device, or all or a portion of a PIC
or an element of a PIC.

FIG. 21
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2224
N

Forming a waveguide or an emitting device on a substrate

2224s1

Forming a reflector structure on the substrate having a curved three-
dimensional surface facing the facet of a waveguide or emitting device
such that the cross section of an optical signal exiting the waveguide or
emitting device Is narrowed In two or more dimensions upon reflection

from the reflector,

wherein the reflector structure is configured to face a waveguide and
the optical signal exits from the waveguide, and

wherein the reflector structure i1s configured to face an emitting device
and the optical signal exits from the emitting device, and

wherein the reflector structure i1s configured to face a surface mounted
emitting device and the optical signal exits from the surface
mounted emitting device, and

wherein the reflector structure i1s configured to face a remotely
positioned emitting device and the optical signal exits from the
remotely positioned emitting device, and

wherein the reflector structure i1s configured to face a remotely
positioned receiving device and the optical signal is received by the
remotely positioned recelving device, and

wherein the reflector structure i1s configured to face a surface mounted
detector or other device and the optical signal is received by the
surface mounted detector or other device, and

wherein the reflector structure i1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the waveguide, lens,
detector, other device, or all or a portion of a PIC or an element of a
PIC, and

wherein the reflector structure i1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the reflector from the
waveguide, lens, detector, other device, or all or a portion of a PIC

or an element of a PIC.
222482

FIG. 22
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2326 \

Forming a substrate having a reflector structure facing a waveguide or
emitting device such that an optical signal from the waveguide or emitting
device and incident on the reflector structure is narrowed in two or more
dimensions upon reflection from the reflector structure,

wherein the reflector structure is configured to face a waveguide and
the optical signal exits from the waveguide, and

wherein the reflector structure is configured to face an emitting device
and the optical signal exits from the emitting device, and

wherein the reflector structure i1s configured to face a surface mounted
emitting device and the optical signal exits from the surface
mounted emitting device, and

wherein the reflector structure Is configured to face a remotely
positioned emitting device and the optical signal exits from the
remotely positioned emitting device, and

wherein the reflector structure is configured to face a remotely
positioned recelving device and the optical signal is received by the
remotely positioned receiving device, and

wherein the reflector structure is configured to face a surface mounted
detector or other device and the optical signal is received by the
surface mounted detector or other device, and

wherein the reflector structure i1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the waveguide, lens,
detector, other device, or all or a portion of a PIC or an element of a
PIC, and

wherein the reflector structure i1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the reflector from the
waveguide, lens, detector, other device, or all or a portion of a PIC
or an element of a PIC.

FIG. 23
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2428
T

Forming an interposer having a reflector structure such that an optical
signal reflected from the reflector structure is narrowed in two or more
dimensions upon reflection from the reflector structure,

wherein the reflector structure i1s configured to face a waveguide and
the optical signal exits from the waveguide, and

wherein the reflector structure is configured to face an emitting device
and the optical signal exits from the emitting device, and

wherein the reflector structure i1s configured to face a surface mounted
emitting device and the optical signal exits from the surface
mounted emitting device, and

wherein the reflector structure is configured to face a remotely
positioned emitting device and the optical signal exits from the
remotely positioned emitting device, and

wherein the reflector structure i1s configured to face a remotely
positioned recelving device and the optical signal is received by the
remotely positioned recelving device, and

wherein the reflector structure is configured to face a surface mounted
detector or other device and the optical signal is received by the
surface mounted detector or other device, and

wherein the reflector structure is configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the waveguide, lens,
detector, other device, or all or a portion of a PIC or an element of a
PIC, and

wherein the reflector structure is configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the reflector from the
waveguide, lens, detector, other device, or all or a portion of a PIC
or an element of a PIC.

FIG. 24
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2530
N

Forming an interposer having a reflector structure facing a waveguide or
emitting device such that an optical signal reflected from the reflectoris
narrowed or otherwise focused In two or more dimensions,

wherein the reflector structure is configured to face a waveguide and
the optical signal exits from the waveguide, and

wherein the reflector structure is configured to face an emitting device
and the optical signal exits from the emitting device, and

wherein the reflector structure is configured to face a surface mounted
emitting device and the optical signal exits from the surface
mounted emitting device, and

wherein the reflector structure is configured to face a remotely
positioned emitting device and the optical signal exits from the
remotely positioned emitting device, and

wherein the reflector structure is configured to face a remotely
positioned receiving device and the optical signal is received by the
remotely positioned receiving device, and

wherein the reflector structure i1s configured to face a surface mounted
detector or other device and the optical signal is received by the
surface mounted detector or other device, and

wherein the reflector structure is configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the waveguide, lens,
detector, other device, or all or a portion of a PIC or an element of a
PIC, and

wherein the reflector structure is configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal is received by the reflector from the
waveguide, lens, detector, other device, or all or a portion of a PIC
or an element of a PIC.

FIG. 25
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Forming an interposer comprising a planar waveguide layer, optionally
INcluding an electrical interconnect layer, and further comprising alignment
alds for mounting one or more optical emitting devices

2686s1

Forming a reflector structure on the interposer, wherein the reflector

structure includes a surface having three-dimensional curvature
2686s2

Forming one or more optical emitting devices on the alignment aids

2686s3

Forming a surface mounted or remotely mounted optical recelving device
facing the reflector structure such that an optical signal from the one or
more optical emitting devices mounted or otherwise formed on the
alignment aids on the interposer Is reflected by the reflector structure and
coupled to the surface mounted or remotely mounted optical receiving
device,
wherein the optical signal from the optical emitting device mounted or
otherwise formed on the alignment aids on the interposer is coupled to
the reflector directly, coupled to the reflector through a waveguide,
coupled to the reflector through all or a portion of an optical device, or
coupled to the reflector through all or a portion of a PIC 568654

FIG. 26
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Forming an interposer comprising a planar waveguide layer, optionally

INcluding an electrical interconnect layer, and further comprising alignment

aids for mounting one or more optical receiving devices
27/87s1

Forming a reflector structure on the interposer, wherein the reflector

structure includes a surface having three dimensional curvature
2/87S2

Forming one or more optical receiving devices on the alignment aids

278783

Forming a surface mounted or remotely mounted optical emitting device
facing the reflector, such that an emitted optical signal from the surface
mounted or remotely mounted optical emitting device is reflected by the
reflector structure and coupled to one or more optical receiving devices on
the alignment aids,
wherein the emitted optical signal reflected from the reflector structure
IS coupled directly, coupled through a waveguide, coupled through all
or a portion of an optical device, or coupled through all or a portion of a
PIC to the one or more optical receiving devices on the alignment aids

2/87s4

FIG. 27
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REFLECTOR STRUCTURE HAVING
THREE-DIMENSIONAL CURVATURE

[0001] This application claims priority from U.S. Provi-
sional Patent Application Ser. No. 63/357,7735, filed on Jul.

1, 2022, entitled “Retlector Structure Having Three-Dimen-
sional Curvature”, hereby incorporated by reference 1n its
entirety.

FIELD OF THE INVENTION

[0002] The disclosure relates to photonic integrated cir-
cuits, and more particularly to a structure and method for
routing optical signals into and from planar waveguides in
photonic integrated circuits.

BACKGROUND

[0003] Photonic integrated circuits (PICs) are used 1n
optical communications networks and other applications
that utilize optical signals for encoding and transporting
information. Planar waveguides are used 1n PICs for gmiding
the optical signals between the various optical and optoelec-
trical components within the circuit. Coupling losses, how-
ever, between waveguides and other optical components can
limit the performance of PICs.

[0004] Optical devices used 1n PICs can be formed from
the same planar waveguide layer as that used 1n the forma-
tion of patterned planar waveguides, as 1n the case of an
arrayed waveguide, for example. Optical devices can also be
formed elsewhere and mounted on the interposer or other
form of substrate upon which a PIC may be fabricated. The
optical plane of mounted optical devices 1s commonly
aligned with the same optical plane as the planar waveguide
layer. Optical devices can also be mounted or otherwise
formed out of the plane of the planar waveguide, as in the
case, for example, of surface-mounted devices that can
receive optical signals perpendicular to the path of propa-
gation 1n the planar waveguides patterned from a planar
waveguide layer.

[0005] Coupling losses between the various forms of
optical devices can result from a number of factors such as,
for example, the losses resulting from optical retlections at
the junctions of misaligned devices, the losses due to diver-
gence as a signal emerges from a device aperture, and the
losses due to mismatches between the spot size of a signal
output from one optical device and the aperture through
which the signal 1s coupled to another optical device.

[0006] Thus, a need 1n the art exists for structures and
methods that can enable eflicient optical signal transier
between optical devices 1n PICs.

SUMMARY

[0007] Embodiments of a reflector structure with three-
dimensional curvature and methods for the formation of the
reflector structure are disclosed herein.

[0008] Embodiments described herein disclose a structure
and methodology for the formation of a reflector structure
having surface curvature in multiple dimensions that enables
an 1mcoming optical signal to the retlector to be focused to
a smaller area upon retlection. An outgoing signal reflected
from a retlector structure with a reduced cross-sectional area
1s beneficial 1 applications 1n photonic integrated circuits
for which perpendicular coupling of a focused beam
between optical devices 1n a photonic circuit 1s preferred
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over the coupling of an unfocused signal. Focused signals
may be preferred, for example, 1n applications 1 which a
reduction 1n spot size 1s beneficial, for applications 1n which
an optical signal 1s coupled to an aperture or other device
feature, and 1n applications 1n which the control or elimi-
nation of beam divergence is pertinent.

[0009] In embodiments, an optical signal, incident on a
reflector having a three-dimensionally curved surface, 1s
reduced in cross-sectional area after reflection. The reduc-
tion 1n cross-sectional area of the outgoing signal, after
reflection, arises from a combination of reflector curvatures
in multiple planes that narrows the optical signal corre-
spondingly within each plane of curvature. In a preferred
embodiment, the focusing of an outgoing signal from a
reflector to a focal point, for example, enables improved
coupling with the placement of an aperture of a mounted
receiving device or other coupling target at the focal point of
the reflected signal. In other embodiments, narrowing of the
incoming signal can lead to improved coupling of the
outgoing signal after retlection and i1s achieved with the
multi-dimensional surface curvature provided in embodi-
ments.

[0010] In embodiments, a reflective structure 1s formed
having a curved surface in three-dimensions such that an
incoming signal incident upon, and reflected from, the
three-dimensionally curved surface 1s reduced 1n cross sec-
tional area upon reflection such that the area of incidence 1s
less than the surface area of the ingoing beam to the reflector
over a range of distance from the retlector.

[0011] In another embodiment, a reflective structure hav-
ing a three-dimensionally curved surface 1s formed on a
substrate comprised of a cavity and a reflective layer. The
cavity 1s formed on the substrate with three-dimensional
curvature such that upon formation of a retlective layer on
the cavity, an optical signal reflected from the reflective
structure can be reduced 1n size. In embodiments, the surface
curvature of the reflective structure, and the reduction in
signal area that results from the surface curvature, 1s a
combination of the surface curvature of the cavity and the
surface curvature of the reflective layer.

[0012] In yet another embodiment, a reflective structure
having a three-dimensionally curved surface i1s formed on a
substrate comprised ol a cavity, a reflective layer, and a
planar waveguide having an end facet. The cavity 1s formed
in the substrate in proximity to the end facet of the planar
waveguide and a reflective layer 1s formed on the cavity
facing the end facet of the waveguide such that optical
signals propagating from the end facet of the waveguide and
coupled to the reflector are focused to a smaller cross-
sectional area upon reflection than the area of the ingoing
beam to the reflector. A detector may be positioned in
proximity to the reflector, in embodiments, at a location to
receive the smaller area signal, wherein the narrowed signal
improves the coupling of the signal to the detector.

[0013] In yet another embodiment, a reflective structure
having a three-dimensionally curved surface 1s formed on an
interposer having a planar waveguide layer and an electrical
interconnect layer, wherein the reflective structure 1s com-
prised of a cavity, a reflective layer, and a planar waveguide
having an end facet. The cavity 1s formed 1n all or a portion
of the planar waveguide layer such that a reflector layer
formed on the curved surface of the cavity 1s coupled to the
end facet of the planar waveguide also formed from the
planar waveguide layer of the interposer. Optical signals
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propagating from the end facet of the waveguide and
coupled to the retlective curved cavity are focused to a
smaller area upon reflection than the area of the ingoing
signal to the reflector. A detector may be positioned 1n
proximity to the reflector at a location to recerve the smaller
area signal, wherein the narrowed signal improves the
coupling of the signal to the detector. The reflector structure
provides access to the optical signals propagating from the
end facet of the planar waveguide at a position perpendicular
or substantially perpendicular to the longitudinal axis of the
planar waveguide for receiving optical signals from, and for
coupling optical signals to, the planar waveguides formed
from the planar waveguide layer. Optical signals, for
example, that onginate from a PIC to which the planar
waveguide 1s coupled, can be coupled from the end facet of
the planar waveguide to the curved reflector layer and
turther coupled to a detector located on or above the
substrate to receive the retlected signal from the reflector.

[0014] In yet another embodiment, a cavity with a three-
dimensional curved surface 1s formed on a substrate having
a planar waveguide layer, and a retlector layer 1s formed on
the curved surface of the cavity. The cavity with the reflector
layer 1s formed 1n proximity to an end facet of a waveguide
formed from the planar waveguide layer such that light
exiting the waveguide 1s coupled to the retflective layer on
the curved surface of the cavity. The surface curvature of the
reflector, in embodiments, 1s such that coupled light exiting
the end facet of the waveguide and incident on the reflector
1s reflected to a focal point on an axis that 1s substantially
perpendicular to the longitudinal axis of the waveguide. In
an embodiment, the focused light 1s directed to an optical
device, such as a surface-mounted photodetector or other
optical device, receptive to the reflected signal.

[0015] In yet other embodiments, a cavity with three-
dimensional surface curvature 1s formed on a substrate, and
a reflector layer 1s formed on the curved surface of the
cavity. The cavity with the reflector layer i1s formed 1in
proximity to an emission facet of an optical device such that
an optical signal exiting the emission facet 1s coupled to the
reflective layer on the curved surface of the cavity. The
surface curvature of the reflector, 1n embodiments, 1s such
that a coupled optical signal exiting the emission facet of the
optical device and incident on the retlector 1s reflected to a
focal point on an axis that 1s substantially perpendicular to
the longitudinal axis of the emitting device. In an embodi-
ment, the focused signal i1s directed to an optical device
receptive to the reflected signal.

[0016] In vyet other embodiments, a cavity with three-
dimensional surface curvature 1s formed on a substrate, and
a reflector layer 1s formed on the curved surface of the
cavity. The cavity with the reflector layer i1s formed 1in
proximity to a receiving facet of an optical device such that
an optical signal from the reflector 1s coupled to the retlec-
tive layer on the curved surface of the cavity. The surface
curvature of the reflector, in embodiments, 1s such that a
coupled optical signal reflected from the reflector 1s nar-
rowed or otherwise focused and incident on the receiving
facet of the optical device.

[0017] Methods of forming embodiments of beam narrow-
ing reflectors are disclosed herein. In an example method of
formation of an embodiment, an interposer 1s formed having
a planar waveguide layer, and a patterned gray scale mask
layer 1s formed on the interposer. The planar waveguide
structure on the interposer 1s patterned using the gray scale
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mask to form one or more cavities having three-dimensional
curved surfaces and having planar waveguide facets coupled
to reflective layers formed on these curved surfaces. The
three-dimensional curvature of the cavities formed on the
interposer, 1 embodiments, results from the gray scale
lithographic exposure of the photoresist layer and the sub-
sequent etch or patterming process and particularly from the
tapered portion of the gray scale mask layer. The resulting
curvature of the reflector 1s such that optical signals exiting
the waveguide facet coupled to, and incident upon, a reflec-
tive layer formed on the curved surface of the cavity are
substantially focused or otherwise reduced in size.

[0018] Other embodiments, and other aspects and features
of embodiments, will become apparent to those skilled in the
art upon review of the following detailed description 1n
conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1A shows a perspective drawing of an
embodiment of a beam-width-reducing reflector having
three-dimensional surface curvature shown coupled to a
planar waveguide.

[0020] FIG. 1B shows a perspective drawing of another
embodiment of a beam-width-reducing reflector having
three-dimensional surface curvature.

[0021] FIG. 2A shows a prior art reflector structure with a
linearly varying base. (INSET shows example boundaries of
the reflected optical signal on the example linear retlector.)
[0022] FIG. 2B shows a prior art reflector structure with
two-dimensional curvature in the x-y plane as shown. (IN-
SET shows example boundaries of the reflected optical
signal on the example reflector with simple curvature.)
[0023] FIG. 2C shows an embodiment of a retlector struc-
ture with curvature i multiple planes. (INSET shows
example boundaries of the reflected optical signal on the
embodiment of the reflector having multidimensional cur-
vature.)

[0024] FIG. 2D shows orthogonal slices from (a) a linear
reflector, (b) a reflector with simple curvature, and (¢) an
embodiment of a reflector having three-dimensional curva-
ture.

[0025] FIG. 2E shows projections of orthogonal slices
onto (a) a linear retlector, (b) a retlector with simple curva-
ture, and (¢) an embodiment of a reflector having three-
dimensional curvature.

[0026] FIG. 2F shows an embodiment of a reflector having
three-dimensional curvature (a) with orthogonal planes
showing the slices having curvature in each of the slices, and
(b) beam narrowing that results from an embodiment of a
reflector having curvature in three dimensions.

[0027] FIG. 3A (a) shows a top down view of a litho-
graphic reticle having a gray scale portion for which an the
gray scale portion produces a linearly varying exposure with
position between a blocked portion and an open portion of
the reticle, (b) shows a schematic cross-sectional view of
lithographic apparatus that includes a radiation source and a
reticle having a gray scale portion, and also shows a PR layer
on a substrate with an example dose applied to the PR for
producing a linear profile in the PR layer, and (c¢) shows a
cross section of the PR layer from (a) after exposure to a
developer solution.

[0028] FIG. 3B (a) shows a top down view of a litho-
graphic reticle having a gray scale portion for which an the
gray scale portion produces an exposure that varies curvi-
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linearly with position between a blocked portion and an
open portion of the reticle, (b) shows a schematic cross-
sectional view of lithographic apparatus that includes a
radiation source and a reticle having a gray scale portion,
and also shows a PR layer on a substrate with an example
dose applied to the PR for producing a profile in the PR layer
having two-dimensional curvature, and (c) shows a cross
section of the PR layer with example two-dimensional
curvature from (a) after exposure to a developer solution
[0029] FIG. 4A shows (a) a schematic cross section draw-
ing of a gray scale reticle with lithographic radiation appa-
ratus, and (b) a schematic top-down drawing of a gray scale
reticle with plots of example radiation profiles on the
photoresist upon exposure, as mdicated.

[0030] FIG. 4B shows schematic top down and cross
section views ol an embodiment of a photoresist layer with
three-dimensional curvature on an interposer after exposure
to a lithographic radiation source through a gray scale reticle
and a subsequent developer step to remove the exposed
areas of the gray mask layer.

[0031] FIG. § shows a tlowchart for a method of forming
an embodiment of a reflector having a surface with three-
dimensional curvature using a gray scale reticle for litho-
graphic patterning of a photoresist mask layer.

[0032] FIG. 6 shows a flowchart for a method of forming
an embodiment of an interposer having a reflector with
three-dimensional surface curvature.

[0033] FIG. 7A shows an interposer having patterned
planar waveguides and an optional electrical interconnect
layer.

[0034] FIG. 7B shows an interposer as in FIG. 7A with the
addition of a patterned gray scale mask layer: (a) Section
A-A', (b) top view, and (¢) Section B-B'.

[0035] FIG. 7C shows an interposer as 1in FIG. 7B after the
patterning of the planar waveguide layer: (a) Section A-A',
(b) top view, and (c¢) Section B-B'.

[0036] FIG. 7D shows an interposer as in FIG. 7C after
removal of the patterned gray scale mask layer: (a) Section
A-A', (b) top view, and (¢) Section B-B'.

[0037] FIG. 7E shows an interposer as in FIG. 7D after
formation of a reflector layer on a reflector cavity: (a)
Section A-A', (b) top view, and (c¢) Section B-B'.

[0038] FIG. 8 shows a tlowchart for a method of forming
another embodiment of an interposer having a retlector with
three-dimensional surface curvature.

[0039] FIG. 9A shows an interposer as 1in FIG. 7A with the
addition of a patterned hard mask layer.

[0040] FIG. 9B shows an interposer as in FIG. 9A with the
addition of a patterned gray scale mask layer: (a) Section
A-A', (b) top view, and (¢) Section B-B'.

[0041] FIG. 9C shows an interposer as in FI1G. 9B after the
patterning of the planar waveguide layer: (a) Section A-A',
(b) top view, and (c¢) Section B-B'.

[0042] FIG. 9D shows an interposer as in FIG. 9C after
removal of the patterned hard mask and gray mask layers:
(a) Section A-A', (b) top view, and (c¢) Section B-B'.
[0043] FIG. 9E shows an interposer as in FIG. 9D after
formation of a reflector layer on a reflector cavity: (a)
Section A-A', (b) top view, and (c¢) Section B-B'.

[0044] FIG. 10 shows a flowchart for a method of forming
yet another embodiment of an interposer having a reflector
with three-dimensional surface curvature.

[0045] FIG. 11A shows an interposer as in FIG. 7A after
the formation of a hard mask layer and patterning of the
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planar waveguide layer to form a waveguide facet: (a)
Section A-A', (b) top view, and (¢) Section B-B'.

[0046] FIG. 11B shows an interposer as in FIG. 11 A after
removal of the hard mask layer and with the formation of a
patterned gray scale mask layer: (a) Section A-A', (b) top
view, and (¢) Section B-B'.

[0047] FIG. 11C shows an iterposer as in FIG. 11B after
the patterning of the planar waveguide layer to form a
reflector cavity having a surface with curvature in three-
dimensions: (a) Section A-A', (b) top view, and (c¢) Section
B-B'.

[0048] FIG. 11D shows an interposer as in FIG. 11C after
removal of the gray scale mask layer the formation of a
reflector layer on a reflector cavity: (a) Section A-A', (b) top
view, and (¢) Section B-B'.

[0049] FIG. 12A shows a method for the formation of
alignment aids used in assemblies having embodiments of
reflector structures.

[0050] FIG. 12B(a)-(e) show schematic drawings corre-
sponding to the steps of FIG. 12A.

[0051] FIG. 13 shows a flowchart for a method of forming

yet another embodiment of an interposer having a retlector
with three-dimensional surface curvature wherein the
method includes for the formation of alignment aids.

[0052] FIG. 14A shows an iterposer as 1 FIG. 7A that
further includes a buried hard mask for the formation of
alignment aids after the formation of a hard mask layer: (a)
Section A-A' and (b) top view.

[0053] FIG. 14B shows an interposer as in FIG. 14 A after
patterning of the planar waveguide layer to form a wave-
guide facet and to form a recess having alignment aids: (a)
Section A-A', (b) top view, and (c¢) Section B-B'.

[0054] FIG. 14C shows an interposer as in FIG. 14B after
formation of a reflector layer on a retlector cavity: (a)
Section A-A', (b) top view, and (c¢) Section B-B'.

[0055] FIG. 15A shows an interposer as in FIG. 7A that
further includes a buried hard mask for the formation of
alignment aids shown after the formation of a hard mask
layer and patterning step to form a recess having alignment
aids: (a) Section A-A', (b) top view, and (c¢) Section B-B'.
Embodiment shown does not include a pattern for forming
a waveguide facet.

[0056] FIG. 15B shows an interposer as in FIG. 15A after
formation of reflector cavity and the formation of a reflector
layer on a reflector cavity shown facing a recess with
alignment aids: (a) Section A-A' and (b) top view.

[0057] FIG. 16A shows an mterposer as 1 FIG. 7A that
further includes a buried hard mask for the formation of
alignment aids shown after the formation of a hard mask
layer and patterning step to form a recess having alignment
aids: (a) Section A-A', (b) top view, and (c¢) Section B-B'.
Embodiment shown includes all or a portion of a PIC.
[0058] FIG. 16B shows an interposer as in FIG. 16 A after
formation of reflector cavity and the formation of a reflector
layer on a reflector cavity shown facing all or a portion of a
PIC: (a) Section A-A', (b) top view, and (¢) Section B-B'.
[0059] FIG. 17A shows an interposer with a mounted
device over an embodiment of a reflector structure for a
mounted device having an aperture positioned at a focal
point of the retlected signal: (a) Section A-A', (b) top view,
and (c¢) Section B-B'.

[0060] FIG. 17B shows an example of a surface-mounted
device having an aperture for a receiving device such as a
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photodiode and for an emitting device such as a vertical-
cavity surface-emitting laser (VCSEL).

[0061] FIG. 18A shows embodiments of a reflector 1n
assemblies configured to receive an incoming optical signal
from a planar waveguide: (a) for an assembly that includes
all or a portion of a PIC and with outgoing signal coupled to
a surface-mounted receiving device, (b) for an assembly that
includes a mounted emitting device (optionally on alignment
aids) and with outgoing signal coupled to a surface-mounted
receiving device, and (c¢) for an assembly that includes a
mounted emitting device (optionally on alignment aids) and
all or a portion of a PIC and with outgoing signal coupled to
a surface-mounted receiving device.

[0062] FIG. 18B shows embodiments of a reflector in
assemblies configured (a) to receive an mcoming optical
signal from a mounted emitting device (optionally on align-
ment aids) and with outgoing signal coupled to a surface-
mounted receiving device, (b) to receive an incoming optical
signal from a mounted emitting device on alignment aids
and with outgoing signal coupled to a remotely mounted
receiving device, and (c¢) to receive an incoming optical
signal from a mounted device (optionally on alignment aids)
for an assembly that includes all or a portion of a PIC and
with outgoing signal coupled to a surface-mounted receiving,
device.

[0063] FIG. 19A shows embodiments of a reflector 1n
assemblies configured to receive an incoming optical signal
from above the reflector, (a) for an assembly with ingoing
signal from a surface-mounted emitting device and with
outgoing signal coupled to a planar waveguide layer and all
or a portion of a PIC, (b) for an assembly with ingoing signal
from a surface-mounted emitting device and with outgoing
signal coupled to a planar waveguide layer and that includes
a mounted receiving device (optionally on alignment aids),
and (c) for an assembly with ingoing signal from a surface-
mounted emitting device and with outgoing signal coupled
to a planar waveguide layer and that includes all or a portion
of a PIC and a mounted receiving device (optionally on
alignment aids).

[0064] FIG. 19B shows embodiments of a reflector in
assemblies configured to receive an incoming optical signal
from above the reflector, (a) for an assembly with an
incoming optical signal from a surface-mounted emitting
device and with outgoing signal coupled to a mounted
receiving device (optionally on alignment aids), (b) for an
assembly with an mncoming optical signal from a remotely
mounted emitting device and with outgoing signal coupled
to a mounted receiving device (optionally on alignment
aids), and (c¢) for an assembly with an imcoming optical
signal from a surface-mounted receiving device and with
outgoing signal coupled to all or a portion of a PIC and that
includes a mounted receiving device (optionally on align-
ment aids).

[0065] FIG. 20 shows a flowchart for a method of forming
embodiments of a reflector having curvature 1n more than
one cross-sectional plane.

[0066] FIG. 21 shows a flowchart for a method of forming
a reflector having three-dimensional curvature such that an
outgoing beam from the reflector 1s focused or otherwise
narrowed 1n three dimensions.

[0067] FIG. 22 shows a flowchart for a method of forming

embodiments of a reflector having a curved three-dimen-
sional surface facing the facet of waveguide or emitting
device such that the cross section of an optical signal exiting
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the waveguide or emitting device 1s narrowed 1n two or more
dimensions upon reflection from the reflector.

[0068] FIG. 23 shows a flowchart for a method of forming

a substrate having a reflective structure facing a waveguide
or emitting device so that an optical signal from the wave-
guide or emitting device and incident on the reflective
structure 1s narrowed 1n two or more dimensions upon
reflection from the retlector structure.

[0069] FIG. 24 shows a flowchart for a method of forming
an interposer having a retlector structure such that an optical
signal reflected from the reflector structure 1s narrowed 1n
two or more dimensions upon reflection from the reflector
structure

[0070] FIG. 25 shows a flowchart for a method of forming
an interposer having a reflector structure facing a waveguide
or emitting device such that optical signals reflected from
the reflector are narrowed or otherwise focused 1n two or
more dimensions.

[0071] FIG. 26 shows a flowchart for a method of forming
an assembly that includes an interposer having alignment
aids, a reflector having three-dimensional curvature, a
receiving device mounted or otherwise formed on the align-
ment aids, and a surface-mounted or remotely mounted
emitting device.

[0072] FIG. 27 shows a flowchart for a method of forming

an assembly that includes an interposer having alignment
aids, a reflector having three-dimensional curvature, an
emitting device mounted or otherwise formed on the align-
ment aids, and a surface-mounted or remotely mounted

receiving device.

[0073] Further areas of applicability of the present inven-
tion will become apparent from the detailed description
provided heremafter. It should be understood that the
detailed description of exemplary embodiments 1s intended
for 1llustration purposes only and 1s, therefore, not intended
to necessarily limit the scope of the present invention.

DETAILED DESCRIPTION

[0074] Embodiments described herein disclose a reflector
structure and methodology for the formation of a retlector
structure that enables optical signals to be provided to, and
received from, planar waveguides or other components in
photonic mtegrated circuits that are formed, for example, on
an iterposer structure or other substrate.

[0075] The embodiments described herein further disclose
a reflector structure and methodology for the formation of a
reflector structure having surface curvature in multiple
dimensions that enables an ingoing optical signal to the
reflector to be focused to a smaller area upon reflection. An
outgoing signal reflected from a reflector structure with a
reduced cross-sectional area i1s beneficial 1n applications in
photonic integrated circuits for which perpendicular cou-
pling of a focused beam between optical devices 1n a
photonic circuit 1s preferred over the coupling of an unfo-
cused signal. Focused signals may be preferred, for
example, 1n applications 1n which a reduction 1n spot size 1s
beneficial, for applications in which an optical signal 1s
coupled to an aperture or other device feature, and 1n
applications 1 which the control or elimination of beam
divergence 1s pertinent.
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Definitions

[0076] A “reflector structure” and “reflector,” as used
herein refers to a structure comprised of a base support and
an optional reflective surface layer. A base support with
regard to the base support of a reflector structure, as used
herein, 1s a structure formed in or on a substrate that 1s
shaped and aligned to enable a redirection of an optical
signal. A retlective surface layer, as used herein, refers to a
reflective surface layer formed on a base support of a
reflector to provide reflection of an optical signal incident on
the reflector layer. Base supports, as described herein, are
often formed from optically transparent materials and the
reflective properties of the base supports can be substantially
improved with the formation of a reflective layer on the base
support.

[0077] A “waveguide facet,” as used herein, refers to a
termination of a waveguide. Waveguide facets described
herein are formed, for example, by etching vertically
through a planar waveguide. The termination of a waveguide
1s used in embodiments, for example, to couple optical
devices to planar waveguides at the termination, and for
coupling of planar waveguides to optical devices, such as,
for example, a reflector. In embodiments, a waveguide facet
1s formed with a vertical etch through a plane that is
perpendicular to the longitudinal axis of a planar waveguide,
wherein the longitudinal axis 1s typically the axis of propa-
gation for optical signals 1n the waveguide.

[0078] A “substrate” as used herein refers to, but 1s not
limited to, a mechanical support such as a semiconductor, an
insulator, or a metal, or a combination of layers of one or
more of a semiconductor, insulator, and metal upon which
devices and structures such as planar waveguide structures,
semiconductor devices, optical devices, photonic devices,
optoelectronic devices, electronic devices, and the like can
be deposited, grown, mounted, placed or otherwise formed
and for which structures such as photonic integrated circuits
(PICs) and embodiments may be formed. Substrates may
include, but are not limited to, silicon, InP, GaAs, silica-on-
s1licon, silica, silica-on-polymer, glass, a metal, a ceramic, a
polymer, or a combination thereof.

[0079] An “interposer” as used herein refers to a substrate
with a planar waveguide layer and an optional electrical
interconnect layer that are formed on a substrate as further
described herein.

[0080] A “planar waveguide layer” as used herein refers
to, but 1s not limited to, a material or combination of
materials that has good optical transmission properties with
low optical signal attenuation, and through which the direc-
tion of optical signal propagation 1s parallel, or substantially
parallel to the surface of a substrate. Planar waveguide
materials may include, but are not limited to, a wide range
of dielectric films of S1, O, and N 1n the form of silicon
oxynitride, silicon nitride, and silicon oxide, and InP and
alloys of InP among others. Polymer layers may also be used
as planar waveguide layers and as cladding layers for other
materials. Additionally, multilayer structures of silicon
oxynitride and silicon oxide are included. “Waveguides,” as
used herein, include the core of the waveguide through
which optical signal substantially propagates and may
include one or more cladding layers that surround the core
layer.

[0081] An “electrical interconnect” as used herein refers
to, but 1s not limited to, a material having good electrical
conductivity and includes structures formed from thin films,
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thick films, and plated films for example of materials 1nclud-
ing, but not limited to, metals such as aluminum, copper,
gold, chromium, tantalum, tungsten, tin, silver, platinum,
nickel, palladium, titanium, and combinations of such mate-
rials, among others. Flectrical interconnects may be hori-
zontal interconnects that form conductive lateral connec-
tions between lateral locations on or within an electrical
interconnect layer. Electrical interconnects may be vertical
interconnects that form conductive vertical connections
between vertical locations between lateral interconnections.
Vertical 1nterconnections may be formed, for example,
between lateral interconnections, between electrical inter-
connect layers, between the electrical contacts of surface-
mounted devices and underlying electrical interconnect lay-
ers, among other types of vertical interconnections. Vertical
interconnections are commonly referred to as vias.

[0082] An “electrical interconnect layer” as referred to
herein refers to, but 1s not limited to a layer that includes
clectrical iterconnects and the intermetal dielectric layers
that may be required to electrically insulate and to provide
mechanical support for the electrically conductive materials
in the layer.

[0083] An “optical signal” as referred to herein refers to,
but 1s not limited to, a signal that includes one or more
wavelengths of light 1n the range of the visible and near
infrared portions of the electromagnetic spectrum that
include the range from 100 nm to 3000 nm. Particular
applications are relevant to telecommumnications applica-
tions, but not limited to, the ranges of the infrared spectrum
from 1260 to 1565 nm.

[0084] A “‘semiconductor” as used herein refers to, but 1s
not limited to, a material having an electrical conductivity
value falling between that of a metal conductor and an
insulator. The material may be an elemental material such as
silicon and germanium, or a compound material such as
from the III-V family of semiconductors, including those
between indium (In), gallium (Ga), and aluminum (Al) with
nitrogen (N), phosphorous (P), arsenic (As), including for
example InP, GaAs, GaN, GaP, InAs, and AlAs, and further
including InGaAsP, GaAlAs, and other multi-elemental
semiconducting alloys commonly utilized 1in photonic struc-
tures. A “metal” as used herein and throughout this disclo-
sure refers to, but 1s not limited to, a material (element,
compound, and alloy) that has good electrical and thermal
conductivity. This may include, but not be limited to,
aluminum, copper, gold, chromium, titanium, tantalum,
tungsten, tin, silver, platinum, nickel, palladium, and com-
binations of such maternials.

[0085] Relerences to “an embodiment,” “another embodi-
ment,” “yet another embodiment,” “one example,” “another
example,” “yet another example,” “for example,” and so on,
indicate that the embodiment(s) or example(s) so described
may include a particular feature, structure, characteristic,
property, element, or limitation, but that not every embodi-
ment or example necessarily includes that particular feature,
structure, characteristic, property, element or limitation.
Furthermore, repeated use of the phrase “in an embodiment™
does not necessarily refer to the same embodiment.

bl B 4 4

Structure Embodiments

[0086] FIG. 1A shows a perspective drawing of an
embodiment of a reflector structure 106 formed on substrate
101. An incoming beam of light 170a from a planar wave-
oguide 144 or other optical device 1in the embodiment is
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incident on a reflector layer 107 formed on the reflector
structure 106. The surface curvature of the reflector structure
106 1s such that the outgoing beam of light 1705 1s reduced
in size upon reflection from the reflector layer 107, and 1s
shown to have a minimum cross-sectional area at focal point
112 1in FIG. 1A. The cross-sectional area of the incident
beam 170a and the reflected beam 1706 are represented in
FIG. 1A by the sequence of ellipses and the reduction 1n the
cross-sectional area for the focused reflected beam 1705 1s
turther represented by the progressively smaller area of the
cllipses 1n FIG. 1A upon reflection from the reflector layer
107. A progressively increasing beam size 1s anticipated
beyond the minimum beam area anticipated at location 112.
Optional recess 148 1s shown 1n FIG. 1A between end facet
145 of the planar waveguide 144 and the reflector structure
106 1n the embodiment.

[0087] Reflector structure 106 1s comprised of a cavity 104
having three-dimensional surface curvature formed on sub-
strate 101, and a reflective layer 107 formed on the cavity
surtace 109. Optical signal 170a exiting the waveguide facet
145 of the waveguide 144 in the embodiment, 1s shown
reflected from the curved reflector layer 107 of the reflector
structure 106. In the embodiment, end facet 145 of the
waveguide 144 terminates 1n recess 148. The three-dimen-
sional curvature of the reflective surface layer 107 of the
reflector structure 106 1s such that a beam 170q exiting the
waveguide facet 145 and reflected from the reflector surface
layer 107 1s reduced in cross sectional area at a location up
to, including, and at some distance beyond the location of
the minimum cross-section signal area at focal point 112.

[0088] Optical signals exiting the end facet 143 of planar
waveguide 144 can be accessed upon reflection from the
reflector structure 106 at locations above the retlector sur-
tace layer 107. These exiting optical signals 170a from
waveguide 144 may originate from a device in a photonic
circuit, for example, that 1s formed on or coupled to the
substrate 101. These exiting optical signals 170aq from the
waveguide 144 can be processed or otherwise utilized upon
reflection from the retlector structure 106. Placement of a
photodetector or other device or device feature at, or in
proximity to, the focal point 112, for example, can facilitate
conversion of the outgoing signal optical signal 1075 to an
clectrical signal. Other applications can be envisioned for
the extraction and utilization of optical signals outside of a
planar waveguide and the photonic circuits that are coupled
to a planar waveguide to locations outside of the planar

waveguide circuit. Some example applications are described
turther herein.

[0089] Reflector layer 107 on the reflector structure 106
can be a metal such as aluminum or gold, for example, or
another reflective maternial. Reflector layer 107 may also be
a composite structure comprised of one or more reflective
layer and one or more passivation layer, for example, to
prevent degradation of the reflective properties of the reflec-
tor layer 107.

[0090] FIG. 1A shows imncoming optical signal 170aq, an
embodiment of reflector structure 106, and outgoing optical
signal 17056 after reflection. The incoming signal 170a may
be, for example, an optical signal as used 1n a photonic
integrated circuit (PIC). The mncoming signal 170a, 1n the
figure, 1s shown exiting waveguide facet 145 of patterned
planar waveguide 144 to the reflector structure 106. The
cross-sectional area of the incident incoming optical signal
107a 1s reduced 1n size upon reflection from the retlector
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structure 106 as a result of the curvature provided by the
combination of the curvature of the surface 109 of the
reflector cavity 104 and the retlector layer 107 formed on the
curved surface 109 of the reflector structure 106. Reductions
in cross sectional area of an optical signal after reflection
from the reflector structure 106 can improve the eflicacy of

signal transfer between the source of the mmcoming signal
170a and the target of the outgoing signal 17056 to which the
optical signal 1s coupled. Improvements in eflicacy can
result, for example, from the reduction 1n the beam area and
the improved collection efliciency that can result from the
smaller beam area on the corresponding aperture to which
the beam 1s coupled. Reductions in signal divergence that
can occur as optical signals exit an end facet or aperture of
an emitting device can also lead to improvements in the
cllicacy of signal transtfer. FIG. 1A shows a focal point 112
of mimimal cross-sectional signal area resulting from the
beam narrowing eflects of the curvature in the reflector
structure 106. By coupling a recerving device, for example,
at, or near to, the location 112, the efliciency of the coupling
can be improved with the reduction 1n spot size, particularly
for receiving devices with limited receiving area and for
receiving devices that have receiving areas that are smaller
in cross section area than that of the imncoming beam size.

[0091] FIG. 1B shows another embodiment of reflector
structure 106 configured to recerve incoming optical signal
170a from above the retlector and to retlect the optical signal
into the longitudinal axis of a waveguide or other device on
the substrate 101. In the embodiment shown 1n FIG. 1B, an
incoming beam of light 1704 1s incident on a reflector layer
107 of the reflector structure 106 and the surface curvature
of the retlector structure 106 1s such that the outgoing beam
of light 1705 1s reduced 1n cross-sectional area upon retlec-
tion, reaching a minimum at a focal point 112 1n the beam
path. In the embodiment shown i FIG. 1B, the outgoing
beam 17056 aiter the reflection 1s propagating 1n a direction
that 1s parallel or substantially parallel to the propagation
axis of the planar waveguide layer 144 shown in FIG. 1A.
The embodiment shown 1n FIG. 1B shows the reflector layer
107 formed on the cavity surface 109 of the reflector cavity
104. Receiving apertures, for example, of optical devices for
receiving or otherwise coupling to the optical signal 17056
can be positioned, for example, at or 1mn proximity to the
location of the focused signal 112. All or a portion of a PIC,
a waveguide, a lens, a device or a component or device of
a PIC may also be positioned at, or in proximity to, the focal
point 112 of the outgoing optical beam 1705 1n FIG. 1B 1n
other embodiments.

[0092] The cross-sectional area of the incident beam 170a
and the reflected beam 1705 are represented 1n FIG. 1B by
the sequence of ellipses and the reduction in the cross-
sectional area for the focused retlected beam 17056 1s further
represented by the progressively smaller areas of the ellipses
in FIG. 1B upon reflection from the reflector layer 107. A
progressively imncreasing beam size 1s anticipated beyond the
location of the minimum beam area at focal point 112.
Reflector layer 107 on the reflector structure 106 can be a
metal such as aluminum or gold, for example, or another
reflective matenial. Retlector layer 107 may also be a com-
posite structure comprised of one or more retlective layer
and one or more passivation layer, for example, to prevent
oxidation or other form of degradation in the reflective
properties of the reflector layer 107.
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[0093] Inthe embodiment shown in FIG. 1B, an incoming
signal 170a 1s incident onto the retlector layer 107 from a
position normal or substantially normal to the substrate 101
as shown. The incident incoming signal 170q 1n FIG. 1B 1s
reflected perpendicularly or substantially perpendicularly in
the embodiment from the reflector layer 107. In other
embodiments, the reflection angle may be different than a
right angle or approximately a right angle. The curvature of
the retlector structure 106 enables a reduction of the cross-
sectional area of the reflected signal 1705 from that of the
incident mcoming optical signal 170a, thereby providing a
means for potential improvement 1n the coupling efliciency
between the source of the mmcoming optical signal 170a and
the target of the reflected outgoing optical signal 1705.

[0094] Reductions in the cross-sectional area of an optical
signal after reflection from the reflector structure 106 can
improve the eflicacy of signal transfer between the source of
the incoming signal 170aq and the target of the outgoing
signal 1705 to which the incoming signal 1s coupled. These
improvements in eflicacy can result, for example, through
the reduction in the beam area, through the reduction of
signal divergence, and through the improved collection
ciliciency for devices with a fixed aperture or receiving
surface, among other reasons. FIG. 1B shows a focal point
112 having a minimum cross-sectional signal area resulting
from the beam narrowing eflects of the curvature in the
reflector structure 106 for the embodiment shown 1n FIG.
1B. By coupling a receiving device, for example, at the focal
point 112, the efliciency of the coupling can be improved
with the reduction 1n spot size, particularly for receiving
devices with limited receiving area and for receiving devices
that have receiving areas that are smaller 1n cross section
arca than that of the mncoming beam 170aq.

[0095] FIGS. 1A and 1B 1illustrate the effect of the three-
dimensional curvature of embodiments of reflector structure
106 on two configurations of incoming beams 170a, and the
beam-narrowing eflect that this three-dimensional curvature
has on the outgoing signal 1705 from the reflector structure
106. The resulting beam-narrowing of the retlected signal
can result 1n improved coupling etliciency in addition to the
directional change provided by the reflector structure 106.

[0096] For reference to descriptions provided herein,
propagation directions may be characterized as “in plane”
propagation and ‘“out-of-plane” propagation. “In-plane”
propagation as described herein refers to lateral propagation
within the thickness of the planar waveguide layer. Propa-
gation within the thickness of a patterned planar waveguide
may occur, for example, as signals propagate within the
coniines of the thickness of the core and cladding layers of
the patterned planar waveguides formed from the patterned
planar waveguide layer. Optical signals would propagate, for
example, along an optical axis in a longitudinal direction 1n
the patterned planar waveguide formed from the patterned
planar waveguide layer.

[0097] For a planar optical waveguide formed on a flat
substrate surface, the optical axis may align substantially
parallel to the plane of the substrate surface. For the purpose
of an example, the substrate may be a silicon substrate
having a diameter of 200 mm and a thickness of 1 mm, thus
forming a cylinder. The top surface of the cylindrical sub-
strate, 1n this example, 1s formed in the geometric plane of
the top circular surface of the cylindrical substrate. The
optical axes of patterned planar waveguides, in such an
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example, 1s the plane of propagation within the core layer of
the patterned planar waveguides formed on the cylinder.
[0098] In contrast, “out-of-plane” propagation, as
described herein, refers to signal propagation that 1s directed
perpendicularly, or substantially perpendicularly, to the “in-
plane” directions. An optical signal, for example, propagat-
ing in a patterned planar waveguide formed from a planar
waveguide layer may propagate i a horizontal direction
(parallel to the large plane of the substrate). An “out of
plane” propagation would then be perpendicular, or substan-
tially perpendicular, to the in-plane propagation. “Perpen-
dicular” refers to a direction of propagation that 1s at 90
degrees from the “in-plane” direction of propagation. In an
embodiment, for example, an optical signal propagating
from an end facet of a patterned planar waveguide and
incident on an embodiment of a reflector structure, 1s nar-
rowed 1 beam area and further incident on a receiving
device positioned at 90 degrees from the “in-plane” propa-
gation direction upon retlection from the retlector structure.
[0099] “‘Substantially perpendicular”, in some embodi-
ments, may refer to propagation atfter reflection of the optical
signal from the m-plane direction to a direction that 1s at an
angle of greater than 45 degrees from the mn-plane direction
such that the optical signal can be received by the receiving
aperture ol an optical detector positioned at a 45 degree
angle or greater from the in-plane direction.

[0100] In other embodiments, “substantially perpendicu-
lar” may refer to propagation after reflection of the optical
signal from the in-plane direction to a direction “out-oi-
plane” at an angle of greater than 60 degrees from an
in-plane direction such that the narrowed spot size may be
received by a the aperture or receiving facet of a detecting,
device positioned at an angle of 60 degrees or greater from
the 1n-plane propagation direction.

[0101] Conversely, “perpendicular” may refer to the posi-
tion of an emitting aperture or feature of an emitting device
that 1s positioned at an angle of 90 degrees from the in-plane
direction such that an optical signal emitted from the emut-
ting device and retlected from an embodiment of the reflec-
tor structure 1s narrowed 1n beam area prior to incidence on
the end facet of a waveguide or other optical device having
an 1n-plane optical axis.

[0102] ““‘Substantially perpendicular” may also refer to the
position of an emitting device that 1s positioned at an angle
within 60 degrees of the in-plane direction such that an
optical signal emitted from the emitting device and retlected
from an embodiment of the reflector structure 1s narrowed 1n
beam area prior to incidence on the end facet of a waveguide
or other optical device having an in-plane optical axis.

[0103] ““‘Substantially perpendicular” may also refer to the
position of an emitting device that 1s positioned at an angle
within 45 degrees of the in-plane direction such that an
optical signal emitted from the emitting device and reflected
from an embodiment of the reflector structure 1s narrowed 1n
beam area prior to incidence on the end facet of a waveguide
or other optical device having an in-plane optical axis.

[0104] As described herein, optical signals may be
directed from 1n-plane to out of plane or from out of plane

to m-plane
[0105] The eflects of reflector surface curvature on the

redirection and beam narrowing of reflected optical signals

1s shown 1n the schematic drawings 1n FIGS. 2A-2F. FIGS.
2A and 2B show prior art reflector structures formed on
substrates having planar waveguides formed from a planar
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waveguide layer. FIG. 2C shows an embodiment of a
reflector structure formed on a cavity 204 having curvature
in three dimensions and the effect that the curvature has on

the narrowing of an mmcoming beam 270a from a planar
waveguide facet positioned facing the reflector. FI1G. 2D-2F

show the curvature of retlectors 1n orthogonal slices taken
through the reflectors of FIGS. 2A and 2B and through
embodiments of reflectors having three-dimensional curva-

fure.

[0106] FIG. 2A shows an example of prior art for a
reflector that i1s linearly varying in the x-y plane and non-
varying in the z-direction with reference to the reference
coordinate system provided in the figure. The reflector
shown 1s assumed to have a reflective surface on the linearly
sloped cavity surface. An optical signal exiting the wave-
guide facet of the planar waveguide to such a reflector
structure 1s re-directed perpendicularly from the points of
incidence upon reflection from the reflector for a slope o1 45
degrees between the reflector surface and the incoming
beam to the reflector surface. The projected boundaries of an
example optical signal envelope emerging from the end
facet of a closely coupled patterned planar waveguide are
shown 1 the INSET of FIG. 2A for the linear reflector
having a slope of 45 degrees. This figure shows the upper,
lower, and lateral boundaries 1mposed by the geometric
projection ol the waveguide onto the reflector layer in the
figure, although some divergence in the signal upon exiting
the waveguide 1s anticipated. For the linearly sloped reflec-
tor, assuming a slope of 45 degrees, the beam 1s reflected
perpendicularly from the angle of incidence. The reflected
signal does not converge to a line or point upon reflection
from the reflector but rather 1s subject to a simple reflection.
For linear reflectors the outgoing angle 1s equal to the angle
of incidence of the incoming beam to the reflector.

[0107] FIG. 2B shows another example of prior art for a
reflector that 1s nonlinearly varying in the “x-y” plane, and
nonvarying in the “x-z”” and “y-z” plane with reference to the
reference coordinate system provided in the figure. The
reflector shown 1s assumed to have a reflective surface on the
non-linearly varying cavity surface. An optical signal exiting
the waveguide facet of the planar waveguide to such a
reflector structure 1s re-directed from the points of incidence
upon retlection from the reflector. The projected boundaries
of an example optical signal envelope emerging from the
end facet of the closely coupled planar waveguide onto the
reflector layer are shown in the INSET of FIG. 2B. This
figure shows the upper, lower, and lateral boundaries
imposed by the geometric projection of the waveguide onto
the retlector layer in the figure, although some divergence in
the signal upon exiting the waveguide 1s anticipated. The
upper and lower boundaries for the geometrically projected
envelope of an mmcoming beam propagating from the end
tacet of the planar waveguide, and the incident signal within
these boundaries, are focused into a common line of focus
as indicated 1n FIG. 2B by the notation, “focal line”. For the
reflector shown 1 FIG. 2B having curvature in the “x-y”
plane, an incoming beam incident on the reflector 1s both
narrowed or otherwise focused and changed in direction
upon retlection. The narrowing of the reflected signal 1n the
example shown i FIG. 2B occurs in the “x-y” plane and
results from the curvature in the “x-y” plane of the retlector
layer as shown, but the narrowing of the signal 1s limited to
the “x-y”” plane.
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[0108] FIG. 2C shows an embodiment of a reflector struc-
ture 206 that 1s nonlinearly varying in the “x-y”, “x-z”, and
“y-z” planes as shown with reference to the reference
coordinate system provided 1n the figure. Reflector structure
206 on interposer 201 includes a retlector layer 207 formed
on cavity surface 209. An optical signal 270a exiting a
patterned planar waveguide 244, for example, to such a
reflector structure 206 1s re-directed upon retlection from the
reflective surface layer 207. The projected boundaries of an
example optical signal envelope emerging from the end
facet 245 of a closely coupled planar waveguide 244 onto
the reflective surface layer 207 are shown 1n the INSET of
FIG. 2C. This figure shows the upper, lower, and lateral
boundaries imposed by the geometric projection of the
waveguide 244 onto the reflective surface layer 207 1n the
figure, although some divergence in the signal upon exiting
the waveguide 244 1s anticipated. The upper and lower
boundaries for the geometrically projected envelope of an
incident optical signal 270a propagating from an end facet
2435 of planar waveguide 244, and the incident signal within
these boundaries, are focused 1nto a common point of focus
as indicated in FIG. 2C by focal point 212. For the embodi-
ment of the reflector structure 206 shown 1n FIG. 2C having
curvature 1n the “x-y” plane, in the “y-z” plane, and 1n the
“x-7z” plane, an incident optical signal on the reflector 1s both
narrowed or otherwise focused and changed in multiple
directions upon reflection. The narrowing of the reflected
signal 1n the embodiment shown 1n FIG. 2C results from the
multidimensional curvature of the reflective surface of
reflector surface layer 207 as shown, but the narrowing of

the signal 1s not limited to the “x-y”” plane as in the structure
shown in FIG. 2B.

[0109] FIG. 2D further illustrates surface curvature in
embodiments 1n comparison to the reflectors shown in FIGS.
2A and 2B. FIG. 2D(a) shows slices from the perspective
drawing (as labeled) for slices taken from an “x-z” plane, a
“y-z” plane, and an “x-y”” plane through the linear reflector.
Each of the orthogonal slices show straight linear slices of
the linear reflector and these straight-line slices do not
provide beam-narrowing of the reflected signals. The linear
“x-z” slice from the perspective drawing n 2D(a) will
produce a simple reflection for an incident beam and does
not provide beam narrowing. Similarly, for a slice through
the linear reflector 1n a “y-z”” plane, the linear projection of
the slice onto the reflector does not result 1n beam narrowing
of the incident beam but rather a simple retlection along the
linear intersection of the “y-z” plane with the linear retlector.
And for a slice through the linear reflector 1n an x-y plane,
the projection of the intersection between an x-y plane and
the linear reflector of FIG. 2D(a) 1s a straight line having no
beam narrowing eflect on an incident optical signal reflect-
ing from the linear reflector surface.

[0110] FIG. 2D(b) shows slices from a perspective draw-
ing (as labeled) for slices taken from an “x-z” plane, a “y-z”
plane, and an “x-y” plane through a reflector having simple
concave curvature. The slices 1 the “x-z” and the *“y-z”
planes show straight linear slices and the slice from the
“x-y” plane shows the simple curvature 1 one dimension.
The linear “x-z” slice from the perspective drawing in 2D(b)
will produce a simple retlection for an incident beam and
does not provide beam narrowing. Similarly, for a slice
through the reflector of FIG. 2D(b) in a “y-z” plane, the
linear projection of the slice onto the reflector does not result
in beam narrowing of the incident beam but rather a simple
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reflection along the linear intersection of the *“y-z” plane
with the reflector. And for a slice through the reflector
having curvature 1n an x-y direction, the projection of the
intersection between an x-y plane and the linear reflector of
FIG. 2D(b) 1s a curved line having a beam narrowing eflect
on an incident optical signal reflecting from the curved
reflector surface.

[0111] FIG. 2D(c) shows slices from a perspective draw-
ing (as labeled) for slices taken from an “x-z” plane, a “y-z”
plane, and an “x-y” plane through an embodiment of a
reflector having curvature in three dimensions. That 1s,
curvature in the slices 1s shown 1n the orthogonal slices from
cach of the “x-z”, “y-z”, and “x-y” planes. Projections
through each of the example intersecting planes result in
beam narrowing of reflected optical signals. Curvature in the
projection of the embodiment of the reflector shown 1n FIG.
2D(c) will produce beam narrowing of an incident beam
within the x-z plane. Similarly, for a slice through the
reflector of FIG. 2D(c¢) 1n a “y-z” plane, the linear projection
of the slice onto the reflector also results 1n beam narrowing
of the incident beam 1n the “x-y” plane. And further, for a
slice through the reflector having curvature mn an “x-y”
direction, the projection of the intersection between an “x-y”
plane and the curved reflector of FIG. 2D(c¢) 1s a curved line
having a beam narrowing etlect on an incident optical signal
reflecting from the curved reflector surface. Beam narrowing,
in each of the x-z slice, the “y-z” slice, and the “x-y” slices
through an embodiment of the reflector structure having
curvature in three dimensions results 1n beam narrowing 1n
cach of the three directions planes from which the slices are
taken.

[0112] FIG. 2E further shows the projections of the
orthogonal slices of FIG. 2D onto the reflector structures of
FIG. 2D. FIG. 2E(a) shows the three orthogonal projections
on the linear reflector structure with the slice from the “x-y”
plane and the overlapping slices from the “x-z” and *“y-z”
planes labeled accordingly. The linear reflector does not
have beam narrowing eflects on optical signals incident on
the linear reflector structure in the “x-y” plane, the “x-z”
plane, nor the “y-z” plane.

[0113] FIG. 2E(b) shows the three orthogonal projections
on the reflector having simple curvature with the curvature
from the “x-y” plane and the overlapping linear projections
from the “x-z” and the “y-z” planes labeled accordingly. The
reflector having simple curvature in the x-y plane does not
have beam narrowing eflects on optical signals imncident on
the retlector structure in the “x-z” plane or the “y-z” plane
but beam narrowing 1s observed 1n the “x-y” plane.

[0114] FIG. 2E(c) shows an embodiment of a reflector
having three-dimensional curvature and the slices from the
“x-y” plane, the “y-z” plane, and the “x-z” plane each
showing curvature and labeled accordingly. The embodi-
ment of the reflector structure having curvature in the x-y
plane, 1n the “y-z” plane, and in the “x-z” plane has beam
narrowing eflects on optical signals incident on the reflector
structure 1n the “x-z” plane, the “y-z” plane, and the “x-y”
plane.

[0115] FIG. 2F(a) shows the reflector of FIG. 2E(c) with

imaginary orthogonal planes 1n place to further illustrate the
curvature in the three orthogonal dimensions with the planes
labeled accordingly for the embodiment shown.

[0116] FIG. 2F(b) shows another view of an embodiment
of a retlector having three-dimensional curvature and the
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cllect of the curvature on the narrowing of an mmcoming
beam 270a upon reflection from the retlector structure 206.

[0117] The combination of the curvatures in the *“x-z”,
“x-y”, and “y-z” planes, as illustrated in FIG. 2F(a), leads to
the multidimensional narrowing or focusing of the outgoing
beam 27056 upon reflection from reflector 206 1n embodi-
ments as 1llustrated in FI1G. 2F(b). Methods for the formation
of the curvatures in the “x-z” and in the “x-y” and “y-z”
planes as shown using gray scale masks are described
herein.

[0118] FIG. 3A(a) shows an 1llustration of an example of
a gray scale reticle that provides a linearly varying portion
of PR layer 380 on substrate 301. A lithographic radiation
source such as UV radiation, 1s used 1n photolithographic
processes to expose photosensitive photoresist layers in
semiconductor processing to alter the properties of the
photoresist layers. In a positive type resist layer, the expo-
sure of the photoresist changes the properties such that the
radiation-exposed portions of the photoresist layer can be
removed 1n a suitable developer solution, thereby leaving
the unexposed portions to act as a patterned mask layer in
subsequent patterning processes, such as, for example, wet
chemical or dry plasma etch processes. Conversely, 1n
negative type resist processing, the radiation-exposed por-
tions are resistant to the chemical developer solutions and
the non-radiation-exposed portions are removed in the
developer solution.

[0119] In gray scale lithography, the exposure of the
photoresist 1s varied across all or a portion of a photosen-
sitive photoresist layer by partially blocking or otherwise
limiting the transmission of radiation through the reticle.
Variations in the dose of radiation reaching the underlying
photoresist enables the formation of structures in the resist
layer that vary in thickness with position in addition to the
regions of the reticle that either block the radiation or allow
the radiation to pass unimpeded. An example of a gray scale
reticle for which the allowed radiation 1in the gray scale
portion of the reticle delivers a linearly varying dose to a
positive photoresist layer 1s shown in the top-down sche-
matic drawing in FIG. 3A(a) and the cross-sectional sche-
matic drawing of FIG. 3A(b). Lithographic source 374
delivers radiation through the gray scale reticle 376 linear to
the photoresist layer 380. Portion 380a 1s a portion of the
photoresist layer 380 that 1s exposed through the gray scale
portion 376a of the reticle 376, . . The hatched portions of
the photoresist layer 380 show the eflect of an example
dosage delivered to layer 380. In the gray scale exposed
portion 380a of photoresist layer 380, the radiation dosage
delivered through the gray scale reticle portion 3764 1s such
that the exposed photoresist will provide a linearly varying
profile 1n the resist layer upon development of the resist in
a suitable developer solution for positive type resists. For the
portions 376b of reticle 376,, ., the radiation 1s blocked
and this and other blocked portions will have little or no
response to the developer solution. In portions 376c¢, the
radiation 1s allowed to pass unimpeded and these and other
arcas of the photoresist layer that are exposed to a full
dosage of lithographic radiation will be fully removed 1n
response to the developer solution. The resulting photoresist
profile for the example radiation exposure and the example
gray scale reticle portion 376a of FIG. 3A(a) having linearly
increasing exposure between the blocked portion 3765 and
open portion 376¢ after developing in a suitable photoresist
developer solution 1s shown in FIG. 3A(c). The resulting
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photoresist mask shows the linearly varying portion 380a,
the portion 3805 for which the radiation was blocked, and
the portions 380c¢ for which the radiation was allowed to
pass umimpeded.

[0120] FIG. 3B(a) and 3B(b) show schematic drawings of
a reticle 376_ ... similar to those of FIG. 3A(a) and FIG.
3A(b) with the exception that the gray scale portion 376a of
the reticle 1s such that the dosage delivered to the photoresist
upon exposure to the lithographic radiation source provides
a curved profile 1n the resist layer upon exposure to a
suitable developer solution. The resulting profile from expo-
sure to reticle 376 for an example exposure 1s shown 1n

FIG. 3B(c).

[0121] For the example gray scale mask profiles shown 1n
FIGS. 3A and 3B, profiles similar to the photoresist can be
produced 1n an underlying substrate with suitable substrate
etch processes. The photoresist mask erodes at a controllable
rate 1n the suitable substrate etch processes, resulting in a
transier of the profile from the photoresist to the underlying,
substrate. Differences between the etch rates of the photo-
resist and the substrate material can amplity or dampen the
transier of the profile as can differences between the vertical
and lateral etch rates of the photoresist layer. In etch
processes, for example, 1n which the substrate etches at a
significantly higher rate than the photoresist, the height of
the profile in the substrate can be significantly greater than
the height of the starting profile 1n the photoresist. In etch
processes, for example 1n which the substrate etches at a
significantly lower rate than the photoresist layer, the height
of the profile 1n the substrate can be significantly less than
the height of the starting profile 1n the photoresist. In etch
processes for which the lateral etch rate 1s different than the
vertical etch rate, distortions 1n the pattern transfer can occur
between the starting profile of the photoresist and the
substrate.

[0122] FIG. 4A shows an embodiment of a lithographic
reticle 476 that includes gray scale reticle portion 476a,
blocked portion 4765, and open portions 476¢ that can be
used to produce embodiments of reflectors having multidi-
mensional curvature. (Note: The pattern shown 1n the gray
scale portion 476a of reticle 476 1s for 1llustrative purposes
only and not mntended to show an actual gray scale pattern.)
The gray scale portion 476a of the reticle 476 enables an
exposure of an underlying photoresist layer that varies in
two dimensions.

[0123] In an example gray scale mask, the amount of
radiation that 1s transferred through the reticle may be
dependent, for example, on the amount of reflective metal
coverage. The exposure dose may be varied, for example, by
the ratio of the area of the reticle covered by a retlective
metal layer, such as chromium, to the open area (no chro-
mium or other blocking layer) of the gray scale portion of
the reticle. This ratio may be varied, for example, by varying
one or more of the shape, size, and density of metal layers
formed on the reticle. In an example gray scale portion of a
reticle, a metal layer may be patterned 1n a series of round
metal pads of chromium formed on a gray scale portion 4764
of reticle 476. The round pads may vary 1n size from a small
circular shape having a low density of metallization cover-
age 1n areas requiring high radiation exposure to a high
density of metallization coverage in areas requiring low
radiation exposure. For the example gray scale reticle por-
tion 476a of reticle 476, a region of low-density reticle
coverage having a low ratio of covered area to open area 1s

curved
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shown along the axis A-A' and labeled “low gray area
coverage”. In the example, this portion of gray scale portion
476a labeled “low gray area coverage” enables a high
intensity of radiation to penetrate the reticle. Conversely, for
the example gray scale reticle portion 476a of reticle 476, a
region ol high-density reticle coverage having a high ratio of
covered area to open area 1s shown along the axis B-B' 1n
proximity to the blocked portion 476a and labeled “high
gray area coverage”. In the example, this portion of gray
scale portion 476a labeled “high gray area coverage”
cnables a low intensity of radiation to penetrate the reticle.
The resulting exposure through the resulting gray scale mask
portion provides the example intensity profiles shown in
FIG. 4A enabling a positionally varying exposure of an
underlying positive photoresist layer. In the formation of
gray scale reticle portions 476a of gray scale reticle 476, the
ratio of covered area to open area may be varied by varying
the shape, size, and density of metal coverage on the reticle.
The coverage may be provided using one or more metal pads
in the shape of circles, triangles, quadrilaterals, pentagons,
hexagons, octagons, and other shapes having more than
eight sides and combinations of these and other shapes. The
s1zes ol these shapes can vary over a range of tenths of a
micron to tens of microns. The density of coverage may vary
between 0% open area 1n portions of the gray scale reticle
requiring low transmission of radiation to the underlying
photoresist to 100% open area 1n portions of the gray scale
reticle requiring high transmission of radiation to the under-
lying photoresist. Multiple shapes, sizes, and densities of
coverage may be used.

[0124] Other means of varying the exposure may also be
used to produce patterned structures 1n the underlying pho-
toresist such as semitransparent structures i which the
intensity profiles are varied by varying the transmission of
radiation through a reticle.

[0125] The effect of an example gray scale portion 476a
tor which the exposure of an underlying photoresist varies in
two dimensions 1s illustrated 1n the example radiation inten-
sity profiles shown 1n FIG. 4A. Examples of lithographic
radiation intensity profiles along section lines A-A' and B-B'
produced by a gray scale reticle portion 476a are shown at
the right and at the bottom of the reticle 476, respectively.
Along Section A-A' from left to nght in FIG. 4A, radiation
exposure for an example lithographic exposure of a positive
photoresist layer reaches a maximum at the open area 476c¢,
1s a minimum at the blocked area 47654, 1s varied from the
maximum at 4765 to a minimum at the apex of the gray scale
area 476a, again 1s blocked by the blocked area 4765, and
again reaches a maximum exposure level at the open area
476c. Along Section B-B' from bottom to top in FIG. 4A, the
radiation dosage for the example lithographic exposure of
the positive photoresist layer reaches a maximum value at
the open area 476¢, 1s a minimum at the blocked area 4765,
1s varied from a mimmum at the edge of the gray scale area
476a through a maximum at the center of the gray scale
mask area (at the intersection between Section B-B' with
Section A-A') and further varying from the maximum at the
center of the gray scale mask area to a mimimum at the top
edge of the gray mask area, maintaining the minimum
through the blocked area 4765, and again reaching a maxi-
mum for the open area 476¢. The vaniations in radiation
intensity profile along Section A-A' and Section B-B' in FIG.
4A provide examples of lithographic radiation profiles for
producing photoresist layers from a gray scale reticle portion
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476a that can be further exposed to a suitable developer
solution to provide a profile in the photoresist layer that can
turther be exposed to an etch or other patterning process to
produce a surface having multidimensional curvature for use
as a reflector base 1n embodiments. Other radiation profiles
may also be used that provide radiation exposures to the
underlying photoresist that enable the formation of the
multidimensional curvature for use as a reflector base in
other embodiments.

[0126] FIG. 4B shows a photoresist layer 480 on substrate
401 after exposure to lithographic radiation through a gray
scale reticle such as reticle 476. Portions 480a, 48054, and
480c¢ correspond to lithographic radiation intensity exposure
levels described in FIG. 4A for portions 476a, 4765, and
4'76¢, respectively, for gray scale reticle 476. The exposure
of the photoresist layer 480 to the lithographic radiation
through gray scale portion 476a of the gray scale reticle 476
provides a tapered profile with example curvature as shown
in Section B-B' and Section C-C' of FIG. 4B. Section A-A'
shows a taper-iree section. The tapering of the resist profile
enables the providing of a multidimensional profile in retlec-
tor cavities formed 1n substrates underlying the gray scale
mask layer after suitable etching processes. During the
etching of a dielectric planar waveguide layer on an inter-
poser 401, for example, the tapered gray scale photoresist
mask layer will recede laterally, thereby producing a tapered
profile in the dielectric layer of the interposer to form a base
for a reflector having a multidimensionally curved surface.
Areas 476b of the gray scale reticle 476 are blocked during
lithographic radiation exposure and the underlying photo-
resist 1s not susceptible to removal 1n developer solution in
these areas (for a positive photoresist). The exposure of the
photoresist layer 480 to the lithographic radiation through
areas 476c of the gray scale reticle 476 1n the example
shown, results 1n full exposure of the photoresist layer 480,
thus rendering the photoresist to being fully removed in
developer solution from these areas during photoresist
development.

[0127] The combination of the curvatures in the “x-z”,
“x-y”, and “y-z” planes leads to the multidimensional nar-
rowing or focusing of the outgoing beam 2705 upon reflec-
tion from reflector 206 1n embodiments as described herein.
Use of a gray scale mask 1s illustrated, for example in FIGS.
4A and 4B, and shows the eflect of the gray scale mask on
the formatlon of curvature 1n each of the orthogonal planes
described 1n FIG. 2F(a). The curvature in the “x-z” plane 1s
determined, as described herein, by the top-down curvature
provided 1n the gray scale mask pattern. Curvature in the
“x-y” and “y-z” planes 1s determined, as described herein,
by the profile of the gray scale mask 1n the “x-y” and “y-z”
planes, respectively, and by the etch processes used in
transferring the gray scale profile into the underlying sub-

strate. Reference axes are provided 1n the Section drawings
of FIG. 4B.

[0128] FIG. 5 shows a flowchart for a method of forming

embodiments of a reflector having a surface with three-
dimensional curvature using a gray scale reticle such as the
gray scale reticle 476 shown in FIG. 4A during lithographic

patterning ol a photoresist mask layer such as the photoresist
mask layer 480 shown 1n FIG. 4B.

[0129] Step 581s1 of method 381 1s a forming step 1n

which a gray mask reticle 1s formed that enables the forma-
tion of a three-dimensionally curved surface structure such
that an optical signal incident on a retlector formed from the
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three-dimensional curved surface structure from a planar
waveguide 1s narrowed or otherwise focused 1 two or more
dimensions.

[0130] Step 58152 of method 381 1s a forming step 1n
which a patterned gray scale mask layer 1s formed using the
gray scale mask reticle.

[0131] Step 38153 of method 581 1s a patterning step 1n
which a substrate 1s patterned using the gray scale mask
layer to form a cavity with a three-dimensional curved
surface.

[0132] Step 58154 of method 581 1s a forming step 1n
which a reflective layer 1s optionally formed on the three-
dimensional curved surface. In some embodiments, a sub-
strate may be sufliciently reflective such that the formation
of a reflective layer may not be required. Although addi-
tional processing 1s required to produce the reflective layer,
significant improvements 1n the reflectivity of embodiments
of the reflector can be achieved with the addition of an
optional reflective layer.

[0133] Additional flowcharts for Methods of forming
embodiments of reflectors having surfaces with three-di-
mensional curvature using gray scale reticles are provided in
FIGS. 6, 8, and 10 with accompanying illustrative drawings
provided in FIGS. 7,9, and 11, respectively

[0134] The ﬂowchart in FIG. 6, 1n conjunction with the
illustrative drawings provided i FIGS. 7A-7E, shows
Method 610 of forming embodiments of reflectors for which
a photoresist mask 1s used to concurrently form a waveguide
facet from a planar waveguide and to form a reflector cavity
in a substrate having a planar waveguide layer using a gray
scale exposure of the photoresist mask layer.

[0135] The flowchart in FIG. 8, 1n conjunction with the
illustrative drawings provided in FIGS. 9A-9E, shows a
Method 810 of forming embodiments of reflectors for which
a hard mask layer 1s used to concurrently form a waveguide
facet from a planar waveguide layer and a gray scale
photoresist mask layer 1s used to form a reflector cavity in
a substrate having a planar waveguide layer.

[0136] The flowchart 1n FIG. 10, in conjunction with the
illustrative drawings provided in FIGS. 11A-11G, shows a
Method 1010 of forming embodiments of reflectors for
which a hard mask layer 1s used to form a waveguide facet
from a planar waveguide layer and a gray scale photoresist
mask layer 1s subsequently used to form a reflector cavity in
a substrate having a planar waveguide layer.

Method 1

[0137] FIG. 6 shows a flow chart for a method of forma-

tion of an embodiment of a reflector using a gray scale mask
layer to form a cavity in an interposer substrate for which the
cavity surface has three-dimensional curvature and the inter-
poser substrate includes a planar waveguide layer. In this
embodiment, a retlector structure having three-dimensional
surface curvature 1s formed on the interposer facing an end
facet of a patterned planar waveguide also formed on the
interposer.

[0138] The steps 610s1-610s5 1n the tlowchart in FIG. 6
are described 1n conjunction with the schematic drawings 1n
FIGS. TA-7E.

[0139] Step 610s1 of Method 610 1s a forming step 1n

which an interposer substrate having a planar waveguide
layer 1s formed. FIG. 7A shows an example interposer layer
structure that can be used 1n some embodiments. Interposer
701 comprises substrate 700, electrical interconnect layer
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703, and planar waveguide layer 705. The planar waveguide
layer 705 includes a core layer and may include one or more

of one or more cladding layers, builer layers, spacer layers,
and planarization layers, among other layers.

[0140] Waveguide 744 1s a patterned planar waveguide
tformed from all or a portion of the planar waveguide layer
705 that 1includes a core and cladding layers.

[0141] In embodiments, the patterning of the planar wave-
guide layer 703 to form the patterned planar waveguides 744
can be performed using lithographic patterning, etching, and
deposition steps. In an embodiment, a first portion of the
planar waveguide layer 705 1s formed that includes the core
layer. In this embodiment, a hard mask such as a patterned
aluminum hard mask 1s used in conjunction with an etching
process to pattern all or a portion of the waveguide layer
705, including all or a portion of the core layer. Upon
patterning of the core layer and removal of the patterned
aluminum hard mask, a top and side cladding layer may be
deposited over the patterned waveguide core layer to form
the patterned planar waveguides 744. Other layers including
one or more of a spacer layer, a bufler layer, a planarization
layer, among other layers, may be formed on the cladding
layer. Details for a method of formation of patterned planar
waveguides are described 1n application Ser. No. 17/499,323
now U.S. Pat. No. 11,686,906 1ssued on Jun. 27, 2023,

incorporated herein by reference 1n 1ts entirety.

[0142] The formation of patterned planar waveguides 744
from layer 705 1s provided by example only. Other methods
of forming patterned planar waveguides are known 1n the art

ol patterned planar waveguide formation that may also be
utilized.

[0143] The core layer of the patterned planar waveguides
744 1s the layer through which optical signals substantially
propagate. Core layers may be formed, for example, from
s1licon oxynitride, silicon dioxide, silicon nitride, silicon, or
other materials. FIG. 7A shows dielectric layers 738 which
may be for example, one or more cladding layers, spacer
layers, buller layers, and planarization layers, among other
layers. Cladding layers have index of refraction lower than
that of the core layer. In some embodiments, layer 738 1s a
dielectric layer of silicon dioxide. In other embodiments,
s1licon oxynitride may be used. In yet other embodiments, a
polymer layer may be used. In vet other embodiments,
silicon nitride may be used. The interposer structure may
also include, for example, one or more thermally conductive
layers.

[0144] The electrical interconnect layer 703 of interposer
structure 701 may contain one or more layers of patterned
clectrical interconnects 735 and intermetal dielectric layers
736. Patterned electrical interconnects 735 1n electrical
interconnect layer 703 may be formed using methods known
in the art. A metal layer such as aluminum, for example, may
be deposited on a dielectric layer and patterned using
lithographic patterning of a photoresist layer followed by an
ctch process. An intermetal dielectric layer such as silicon
dioxide or other dielectric layer may then be deposited or
otherwise formed on the patterned aluminum layer. Vertical
interconnects or vias, for example, through the intermetal
dielectric layer may then be formed to provide vertical
contacts to one or more electrical mterconnects 735. Alter-
natively, other metal layers such as copper may be used.
Damascene processes are preferably used with copper met-
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allization to form electrical interconnect layers. Other con-
ductive materials may be used to form the electrical inter-
connects.

[0145] Step 61052 of Method 610 1s a forming step 1n
which a patterned photoresist layer 1s formed on the inter-
poser that includes a first gray scale mask portion for
forming a reflector cavity and that includes a second portion
for forming a waveguide facet. FIG. 7B shows the interposer
structure from FIG. 7A with the addition of a patterned
photoresist mask layer 780 having a first gray scale mask
portion 780, ... and a second portion 780, . for forming a
waveguide facet 1n the patterned planar waveguide 744. In
the embodiment shown, the sloped portion 780, of the
photoresist mask layer 780 enables the formation of a
surface having three-dimensional curvature 1n the underly-
ing planar waveguide layer 7035 after patterning with a
suitable patterning step. Fluorine-containing gas chemaistries
used 1n plasma-based etching equipment, for example, can
be used 1n the formation of the cavity 1n dielectric materials
such as silicon dioxide and silicon mitride, among others.
The sloped profile 1n the photoresist gray scale mask 780,
shown 1n the Section A-A' drawing of FIG. 7B(a) 1s sus-
ceptible to pullback during an etch patterning process as
turther described herein. The sloped profile 1s provided with
the use, for example, of a gray scale reticle that varies the
photolithographic radiation intensity to which a positive
photoresist 1s exposed, 1 combination with the selective
removal of the exposed photoresist 1n a suitable developer
solution. Only the portions of the photoresist layer that are
exposed to a suflicient lithographic radiation dosage are
removed 1n the developer solution, leaving the sloped profile
in the resist as shown in the example profile 1n Section A-A'
in FIG. 7B(a) (Section A-A' 1s from the top view 1 FIG.
7B(b). Opening 746 1n the photoresist mask layer 780
facilitates the formation of an end facet in the waveguide

744 1n the embodiment.

[0146] A patterned layout of an example underlying wave-
guide 744 1s shown 1n the top view of FIG. 7B(b). FIG.

7B(c) shows Section B-B' from the top view 1n FIG. 7B(b),
which further shows the example profile of the first gray
scale mask portion 780_, ... of the photoresist mask layer 780
in this cross section.

[0147] FElectrical interconnect layer 703 that includes elec-

trical interconnects 735 and intermetal dielectric layers 736

are also shown in FIGS. 7B(a) and 7B(b) for the embodi-
ment. Electrical mnterconnects 735 1n the electrical intercon-
nect layer 703 enable interconnection of electrical and
optoelectrical devices on the substrate. In some embodi-
ments, patterned electrical interconnects 735 may connect to
a conductive retlective metal layer on the reflector structure
to form a vertical interconnect. In some embodiments, the
reflective layer of the mirror may be used to provide an
clectrical contact between an electrical interconnect 733 1n
clectrical interconnect layer 703, and an electrical contact
formed from a reflective metallization layer used in the
formation of an embodiment of the reflector structure.

[0148] Step 61053 of Method 610 1s a forming step 1n
which a substantially vertical waveguide facet 745 1s formed
on the 1iterposer coincidently with the formation of a cavity
704 having a cavity surface 709. FIG. 7C shows the inter-
poser 701 from FIG. 7B after the formation of a waveguide
tacet 745 and cavity 704 having cavity surface 709 wherein
the cavity surface 709 has three-dimensional curvature. The
cavity 704 and waveguide facet 745 are formed, in the
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embodiment, 1n a portion of the planar waveguide layer 705
and 1n a portion of the intermetal dielectric layer 736 of the
clectrical interconnect layer 703. In other embodiments, a
portion of the electrical interconnect layer 703 may not be
patterned.

[0149] FIG. 7C(a) shows a cross section drawing, namely
Section A-A', of the top view of FIG. 7C(b), taken through
the longitudinal axis of a patterned planar waveguide 744
formed from the planar waveguide layer 705. The post-
patterning sloped portion 780__ . of gray scale mask 780 in

post

FIG. 7C(a), also shown 1n FIGS. 7C(b) and 7C(c), 1s shown

to have receded from the pre-patterned sloped portion
780, ... from FIG. 7B(a). The recession ot the sloped portion

780,,,, of the gray scale mask 780 from an examp;.e initial

position illustrated by the sloped portion 780, ,,, shown in
FIG. 7B(a) prior to patterning, to the example position after
patterning as illustrated by the sloped portion 780, 1s a
characteristic of the use of a sloped photoresist masking
layer as may be provided with the use of a gray scale

patterning technique.

[0150] In embodiments, first gray scale mask portion
780, .., 1s formed such that the cross-sectional profile ot this
mask portion prior to patterning of the planar waveguide
layer 705, and in combination with a patterning process for
the planar waveguide layer 7035, produces a three-dimen-
sional curved cavity surface 709 upon which a reflector layer
may be added that will enable the focusing of incident
optical signals reflected from the reflector layer. FIG. 7C(c)
shows Section B-B' from the top view of FIG. 7C(b) and
turther shows the gray scale mask portion 780, atter
patterning of the planar waveguide layer 705 that includes
the dielectric layer 738 and a portion of the layer used to
form the planar waveguide 744. After patterning, the for-
mation of the waveguide facet 745 and retlector cavity 704

results 1n the division of the waveguide 744 into portions
744a, 744b as shown 1n the top view of FIG. 7C(b). Portion

744a of the patterned planar waveguide 744, in FIG. 7C(b)
includes the end facet 745 formed in the cavity 704 after the
forming step 610s3 of method 610.

[0151] FIG. 7C(b) shows exposed electrical interconnect
metallization portion 735a after formation of a base struc-
ture having curved three-dimensional cavity surface 709.
The exposed electrical interconnect metallization portion
735a of the optional underlying metallization pattern, 1n
some embodiments, enables the formation of a wvertical
clectrical interconnects using a conductive reflective metal
layer to be formed on the reflector base structure.

[0152] Step 610s4 of Method 610 1s a removing step 1n
which the photoresist mask layer 780 1s removed. FIG. 7D
shows the interposer structure 701 from FIG. 7C after
removal of the photoresist mask layer 780 that includes any
remainder of first gray scale mask portion 780, ... and any
remainder of second portion 780, .. Curved three-dimen-
sional cavity surface 709 1s shown in Section A-A' of FIG.
7D(a), the top view of FIG. 7D(b), and Section B-B' of FIG.
7D(c). The curved three-dimensional cavity surface 709 1n
cavity 704 forms a base for the formation of a reflector 1n
subsequent process steps as described herein. Waveguide
facet 745 of waveguide portion 744a 1s shown closely
coupled to the cavity surface 709 in cavity 704. Optional
exposed electrical interconnect metallization portion 735a 1s
shown 1n the top-down view of FIG. 7D(b) after formation
of a base structure that 1s receptive to the formation of a

metal retlective layer to enable the formation of an optional
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connection between the electrical interconnect 735 and a
reflective layer formed on the curved three-dimensional
cavity surface 709.

[0153] Step 610s5 of Method 610 1s a forming step 1n
which a retlective layer 707 1s optionally formed on the
curved cavity surface 709. FIG. 7E shows the interposer
structure 701 from FIG. 7D after the formation of a reflector
layer 707 resulting in the formation of the embodiment of
reflector structure 706. In the embodiment shown, the reflec-
tive layer 707 of retlector structure 706 1s receptive to optical
signals emerging from the closely coupled end facet 745 of
the planar waveguide portion 744a as shown 1n the Section
A-A'" drawing of FIG. 7E(a) and the top view of FIG. 7E(b).
An end view of the embodiment with the reflector layer 707

and the reflector structure 706 1s shown 1n Section B-B' of
FIG. 7E(c).

[0154] In some embodiments, reflector layer 707 1s a
metal layer. In some embodiments, a layer of aluminum 1s
used. In other embodiments, a layer of gold 1s used. In some
embodiments, another metal or metal alloy may be used to
form a retlective surface layer. Reflector layer 707, in some
embodiments, may be a single layer or more than a single
layer. In some embodiments, the reflector layer includes a
passivation layer such as a protective transparent dielectric
material such as silicon dioxide or other oxide layer. In other
embodiments, other passivation materials may be used. For
embodiments 1n which a passivation layer 1s included, the
passivation layer may be a single layer or more than a single
layer. Exposure of a pure metal or metal alloy can lead to
eventual tarnishing or oxidation from exposure to ambient
conditions. Passivation of the exposed metal layer with a
transparent dielectric material can prevent or reduce the
potential for changes 1n the retlective properties of a metal
layer that can result from exposure to ambient and other
processing conditions.

[0155] In some embodiments, the reflector layer 707 1s a
substantially uniform layer in thickness covering the cavity
surface 709. In other embodiments, the retlector layer may
not be uniform in thickness and may contribute to the
three-dimensional curvature of the reflector structure 706
and to the focusing or narrowing of the outgoing optical
signal reflected from reflector 706.

[0156] In embodiments, the reflector layer 707 1s a pat-
terned reflector layer as shown, for example, in FIG. 7E. The
patterning of the reflector layer, in some embodiments,
enables the 1solation of the reflective metallization layer 707
from a blanket metallization layer. In some embodiments,
patterning of the retlective metallization layer 707 enables
the formation of electrical contact pads for the attachment of
surface-mounted devices over the reflector. In some embodi-
ments, the patterming of the reflective metallization layer
707 enables one or more of the 1solation of the reflective
metallization of the reflector structure 706, the formation of
one or more electrical contacts, and the formation of one or
more contact pads for the attachment of surface-mounted
devices. In some embodiments, contact pads formed above
the planar waveguide layer, may be further extended to other
layers deposited or otherwise formed on the planar wave-
guide layer. Contact pads may further include bond pads for
forming solder contacts between the contact pads formed
from the reflective metallization layer 707 and electrical
contacts of mounted devices. And 1n some embodiments, the
clectrical contacts may be used to mount other chips or
substrates having electrical contacts.
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[0157] In some embodiments, the patterning of the retflec-
tor layer 707 can be performed using a deposition step to
form the reflector layer or group of layers, followed by a
lithographic patterning step to form a mask layer, and further
tollowed by a wet or dry etching step to remove portions of
the reflector requiring removal. Additional passivation lay-
ers may be added 1n some embodiments upon removal of the
masking layer.

[0158] In other embodiments, a lift-ofl process may be
used to form a patterned reflector layer 707. In embodiments
that use a lift-ofl process to form the reflector layer 707, the
reflector layer 707 1s provided by forming a patterned mask
layer, such as a patterned photoresist layer in which the
photoresist 1s removed from all or a portion of the cavity
surtace 709. In these embodiments, the retlector layer 707 1s
deposited onto the cavity surface 709 and over the patterned
photoresist layer. In a subsequent lift-ofl step, the photoresist
1s removed from the interposer along with the metal layer on
the photoresist leaving the metal retlector layer 707 that
resides on the cavity surface 709.

[0159] Optional electrical interconnect metallization por-
tion 735a 1s shown 1n hatched area 1n the top-down view of
FIG. 7E(b) after formation of patterned reflective metalli-
zation layer 707 to form retlector structure 706. Optional
clectrical interconnect metallization portion 7354, 1n the
embodiment, enables the reflector layer to be used as a
vertical conductive interconnect through all or a portion of
the planar waveguide layer 705. In the embodiment shown
in FIGS. 7A-7E, a vertical interconnect 1s formed between
an electrical interconnect 735 in electrical interconnect layer
703 and the top surface of the planar wavegude layer 705.
In some embodiments, the use of retflector layer 707 for the
formation of a vertical electrical interconnect enables the
reflective metallization layer to be used to form an electrical
interconnection between a surface-mounted devices such as
photodiodes, VCSELs, and other surface-mounted devices
to an underlying electrical interconnect 735 1n the electrical
interconnect layer 703. Surface-mounted devices sch as
photodiodes and VCSELs that may be optically coupled to
the reflective structure, would benefit from the secondary
use of the reflective layer for an electrical interconnection.

Method 2

[0160] FIG. 8 shows a flow chart for a method of forma-
tion of another embodiment of a reflector using a gray scale
mask layer to form a cavity in an interposer substrate for
which the cavity surface has three-dimensional curvature
and the interposer substrate includes a planar waveguide
layer having patterned planar waveguides. In this embodi-
ment, a hard mask layer 1s used in the formation of the end
facet of a patterned planar waveguide 744 1n the planar
waveguide layer 705.

[0161] The steps 810s51-810s6 1n the tlowchart in FIG. 8

are described 1n conjunction with the schematic drawings 1n
FIG. 7A and FIGS. 9A-9E.

[0162] Step 810s1 of method 810 1s a forming step 1n
which an interposer having a planar waveguide layer 1s
formed. FIG. 7A shows an example interposer layer struc-
ture that can be utilized in some embodiments. A description
of the mterposer structure of FIG. 7A having patterned
planar waveguides 1s provided herein.

[0163] Step 81052 of method 810 1s a forming step 1n
which a patterned hard mask layer 916 1s formed on a
portion of the interposer 901. FIG. 9A shows the interposer
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structure 901 from FIG. 7A with the addition of patterned
hard mask 916. In the embodiment shown, the patterned
hard mask 916 1s, for example, a patterned layer of alumi-
num. The patterned hard mask layer 916 1s shown 1n FIG.
9A(a) with optional photoresist layer 916 ., shown 1n dotted
outline. In some embodiments, photoresist layer 916, or
other layer used 1n the patterning of the hard mask 916 may
optionally be removed prior to subsequent processing. An
aluminum layer has a high resistance to fluorinated plasma
ctching chemistries used 1n the pattering of dielectric layers
such as silicon dioxide, silicon oxynitride, and silicon
nitride, for example. Other hard mask maternials that have a
high resistance to etching in comparison to the etching rate
of the underlying materials in the planar waveguide layer
905 may also be used, including other metals, metal oxides,
and metal nitrides. Other dielectric hard mask layers that
have high etch resistance relative to the underlying material
in the planar waveguide layer 9035 may also be used. Leaving
the photoresist layer 916 ., in place after patterning of the
hard mask for one or more subsequent processing steps may
provide improved process stability and uniformity, particu-

larly during the formation of the reflector cavity, among
other benefits.

[0164] FIG. 9A(b) shows top view of a portion of the

interposer 901 with opening 946 for the formation of an end
facet of planar waveguide 944 as described herein. FIG.
9A(c) shows an end view of the structure for reference 1n
subsequent figures that shows the layered structure of the
interposer 901. Like numbering 1n FIGS. 9A-9E 1s used for
similar structural features to those of the interposer structure

shown 1n FIG. 7A.

[0165] The interposer structure 901 shown in FIGS.
9A(a)-9A(c) 1includes planar waveguide layer 905 and elec-
trical interconnect layer 903 on substrate 900. Planar wave-
guide layer 905 further includes the core layer 944 and
dielectric layers 938. Electrical interconnect layer 903 fur-
ther includes conductive patterned interconnect 935 and
intermetal dielectric layer 936.

[0166] Step 810s3 of method 810 i1s a forming step 1n

which a patterned photoresist mask layer 1s formed on the
interposer 901 that includes a patterned gray scale portion
980, for the formation of a reflector cavity having surface
curvature in three dimensions. FIG. 9B shows the interposer
structure from FI1G. 9A with the addition of patterned mask
layer 980 having gray scale mask portion 980 on the

) gray
interposer 901.

[0167] Inthe embodiment shown in FIG. 9B, the patterned
gray scale mask portion 980, . of the mask layer 980 is
formed on a portion of the interposer 901 adjacent to the
areas occupied by the hard mask. In some embodiments, the
gray scale mask 980 overlaps with a portion of the hard

mask 916. The sloped profile in the gray scale mask portion
980 shown 1n the Section A-A' drawing of FIG. 9B(a),

1S sﬁscyeptible to pullback during an etch patterning process
as further described herein. Sloped portion 980, .. of the
mask layer 980 enables the formation of a cavity having
three-dimensional surface curvature 1n the underlying planar
waveguide layer 905 after patterning with a suitable etching
step. Fluorine-containing gas chemistries used 1n plasma-
based etching equipment, for example, can be used in the
formation of the cavity 1n dielectric materials such as silicon
dioxide, silicon oxymitride, and silicon nitride. In etch pro-
cesses that utilize fluorine-containing gases, the etch rates

for aluminum containing hard mask layers 1s low 1n com-
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parison to the etch rates of the underlying planar waveguide
layer 905. The use of the hard mask 916 for the formation
of the end facets of the planar waveguides can result 1n
smoother and more vertical surfaces, among other benefits,
on the waveguide facets.

[0168] The top view 1n FIG. 9B(b) shows patterned under-
lying waveguide 944 and opening 946 1n the masked areas
that facilitates the formation of an end facet in the planar
waveguide 944. FIG. 9B(c) shows Section B-B' of FIG.
9B(b), which further shows an example end view profile of
patterned gray scale mask layer 980, .

[0169] Step 810s4 of method 810 i1s a forming step 1n
which a substantially vertical facet 1s formed 1n a planar
waveguide on the interposer coincidently with the formation
of a cavity having a surface with three-dimensional curva-
ture. FIG. 9C shows the interposer structure from FIG. 9B
aiter the formation of a cavity 904 having a surface 909 with
three-dimensional curvature and the formation of a wave-
guide facet 945 1n waveguide 944. The cavity 904 and
waveguide facet 945 are formed in the embodiment, 1n a
portion of the planar waveguide layer 905 and in the
embodiment shown, a portion of the intermetal dielectric
layer 936 1n the electrical interconnect layer 903. In other
embodiments, a portion of the electrical interconnect layer
903 may not be patterned.

[0170] FIG. 9C(a) shows Section A-A' from the top view
of FIG. 9C(b), taken through the longitudinal axis of a
patterned planar waveguide 944 formed from the planar
waveguide layer 905 as shown. The post patterning sloped
gray scale portion 980, . of photoresist mask 980 in FIGS.
9C(a)-9C(c), 1s shown to have receded from the pre-pat-
terned sloped gray scale portion 980, ... from FIG. 9B(a).
The recession of the sloped portion 980, ot the gray scale
mask 980 from an example initial position i1llustrated by the
sloped portion 980_, ... shown in FIG. 9B(a) prior to pattern-
ing, to the example position after patterning as 1llustrated by
the sloped portion 980, 1s a characteristic ot the use of a
sloped photoresist masking layer as may be provided with

the use of a gray scale patterming technique for the formation
of cavity 904 having curved cavity surface 909.

[0171] In embodiments, a photoresist mask 980 1s formed
such that the cross-sectional profile of a gray scale mask
portion 980, . 1n combination with a patterning process for
the planar waveguide layer 905, produces a three-dimen-
sional curved surface 909 upon which a reflector layer can
be added that will enable the focusing of reflected optical
signals exiting an end facet 945 of waveguide 944. FIG.
9C(c) shows Section B-B' from the top view of FIG. 9C(b)
and turther shows the gray scale mask portion 980, after
patterning of the planar waveguide layer 905 that includes
the dielectric layers 938 and a portion of the intermetal
dielectric layer 936 of the electrical interconnect layer 903.
After patterning, the formation of the waveguide facet 945
and retlector cavity 904 has resulted in the division of the
waveguide 944 into portions 944a, 9445 as shown 1n the top
view of FIG. 9C(b). Portion 944a of the patterned planar
waveguide 944, i FIG. 9C(b) includes the end facet 945
tormed 1n the reflector cavity after the forming step 810s4 of
method 810.

[0172] In embodiments that include the hard mask layer
916, the hard mask provides increased resistance to mask
erosion during patterning of the cavity 948 and can lead to
increased control of the verticality and smoothness of the

etched facet 945.
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[0173] Step 810s5 of method 810 1s a removing step 1n
which photoresist mask layer 980 and hard mask layer 916
are removed from the interposer. FIG. 9D shows the inter-
poser structure from FIG. 9C after removal of the hard mask
layer 916 and the photoresist mask layer 980. Curved
surface 909 of the reflector cavity 1s shown 1n Section A-A'

in FI1G. 9D(a), the top view of FIG. 9D(b), and Section B-B'
in FIG. 9D(c). The curved three-dimensional surface 909
forms a base for the formation of a reflector 1n subsequent
processing as described herein. End facet 945 of the planar
waveguide layer 944 1s shown 1n the embodiment in prox-

imity to the curved cavity surface 909.

[0174] FIG. 9C(b) shows exposed electrical interconnect
metallization portion 935¢q after formation of a base struc-
ture having curved three-dimensional cavity surface 909.
The exposed electrical mterconnect metallization portion
935a of the optional underlying metallization pattern, in
some embodiments, enables the formation of a wvertical
clectrical interconnects using a conductive retlective metal
layer to be formed on the reflector base structure as
described for the metallization layers 1n the embodiments

described 1in FIGS. 7A-7E.

[0175] Step 81056 of method 810 1s a forming step 1n
which a reflective layer 1s formed on the curved cavity
surface 909. FIG. 9E shows the iterposer structure from
FIG. 9D after the formation of a retlector layer 907 on cavity
surface 909. In the embodiment shown, the reflective layer
907 1s receptive to optical signals emerging from the closely
coupled end facet 945 of the planar waveguide portion 944q
as shown 1n the Section A-A' drawing of FIG. 9E(a) and the
top view ol FIG. 9E(b). An end view of the embodiment
with the reflector layer 907 1s shown 1n Section B-B' of FIG.
9E(c).

[0176] In some embodiments, reflector layer 907 1s a
metal layer. In some embodiments, a layer of aluminum 1s
used. In other embodiments, a layer of gold 1s used. In some
embodiments, another metal or metal alloy may be used to
form a reflective surface layer. Reflector layer 907, 1n some
embodiments, may be a single layer or more than a single
layer. In some embodiments, the reflector layer includes a
passivation layer such as a protective transparent dielectric
material such as silicon dioxide. In other embodiments,
other passivation materials may be used. For embodiments
in which a passivation layer 1s included, the passivation
layer may be a single layer or more than a single layer.
Exposure of a pure metal or metal alloy can lead to eventual
tarnishing or oxidation from exposure to one or more of
ambient conditions and processing steps subsequent to the
formation of the reflector layer 907. Passivation of the
exposed metal layer with a transparent dielectric material
can prevent or reduce the potential for changes in the
reflective properties of a metal layer that may result from
exposure to ambient and that may result from exposure to
subsequent fabrication processes.

[0177] In some embodiments, the reflector layer 907 1s a
substantially uniform layer in thickness covering the cavity
surface 909. In other embodiments, the reflector layer may
not be uniform in thickness and may contribute to the
three-dimensional curvature of the retlector structure 906
and to the focusing or narrowing of the outgoing optical
signal reflected from reflector 906.

[0178] In embodiments, the reflector layer 907 1s a pat-
terned reflector layer as shown, for example, 1n FIG. 9E. In
some embodiments, the patterning of the reflector layer 907
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can be performed using a deposition step to form the
reflector layer or group of layers, followed by a lithographic
patterning step to form a mask layer, and further followed by
a wet or dry etching step to remove portions of the reflector
requiring removal. Additional passivation layers may be
added 1n some embodiments upon removal of the masking
layer.

[0179] In other embodiments, a lift-ofl process may be
used to form a patterned reflector layer 907. In embodiments
that use a lift-ofl process to form the retlector layer 907, the
reflector layer 907 1s provided by forming a patterned mask
layer, such as a patterned photoresist layer in which the
photoresist 1s removed from all or a portion of the cavity
surtace 909. In these embodiments, the retlector layer 907 1s
deposited onto the cavity surface 909 and over the patterned
photoresist layer. In a subsequent lift-ofl step, the photoresist
1s removed Ifrom the interposer along with the metal layer on
the photoresist leaving the metal reflector layer that resides
on the cavity surface 909.

Method 3

[0180] FIG. 10 shows a flow chart for a method 1010 of
formation of yet another embodiment of a reflector structure
on an interposer having a planar waveguide layer. Two
distinct masking and patterming steps are used in Method
1010. In the formation of embodiments described by
Method 1010, a reflector structure having three-dimensional
surface curvature 1s also formed on the interposer facing an
end facet of a patterned planar waveguide as 1n the embodi-
ments shown 1 FIGS. 7E and 9E. However, the masking
and patterning process used for the formation of the wave-
guide facet 1s performed 1n a separate step from the gray
scale masking and patterning process used for the formation
of the retlector. This separation enables 1increased flexibility
for assemblies that utilize embodiments of the reflector
structure that are not coupled to a waveguide facet as further
described herein.

[0181] Steps 1010s1-1010s8 1n the flowchart in FIG. 10
are described 1n conjunction with the drawings 1 FIG. 7A
and FIGS. 11A-11D.

[0182] Step 1010s1 of method 1010 1s a forming step 1n

which an interposer having a planar waveguide layer 1s
tformed. FIG. 7A shows an example interposer layer struc-
ture that can be utilized 1n some embodiments. A description
of FIG. 7A 1s provided herein.

[0183] Step 101052 of method 1010 1s a forming step 1n
which a patterned hard mask 1s formed on a portion of the
interposer.

[0184] Step 101053 of method 1010 1s a forming step 1n
which a waveguide facet 1s formed on a portion of the
interposer 1101. FIGS. 11A(a), 11A(b), and 11 A(c) show the
Section A-A', top-down views, and Section B-B' views,
respectively for the patterned interposer structure 1101 with
the hard mask 1116, for example, after the formation of
recess 1148 that includes, in the embodiment, the formation
of the waveguide facet 1145 from planar waveguide section
1144a. The patterning step includes the patterning of all or
a portion of the waveguide layer 1105 and may include a

portion of the underlying electrical interconnect layer 1103.
Patterned hard mask 1116 1s shown in FIG. 11A. FIG.

11A(c) shows Section B-B' from the top view of FIG.
11A(b) with reference in subsequent figures showing the
layered structure of the interposer 1101. Like numbering 1n

FIGS. 11A-11D 1s used for similar structural features to
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those of the interposer structure shown 1 FIG. 7A. Inter-
poser structure 1101 includes substrate 1100, electrical inter-
connect layer 1103, and planar waveguide layer 1103 having
one or more patterned planar waveguides 1144.

[0185] Step 101054 of method 1010 1s a removing step 1n
which all or a portion of a patterned hard mask layer 1116
1s optionally removed from the interposer 1101.

[0186] Step 101055 of method 1010 15 a forming step 1n
which a patterned mask layer 1180 1s formed on the inter-

poser 1101 wherein the patterned mask layer includes gray
scale mask layer portion 1180 FIG. 11B(a), 11B(b), and

11B(c) show the Section A-A% VJ{BW,, top view, and Section
B-B' view, respectively, for the interposer structure from
FIG. 11A after the removal of the hard mask 1116 and
subsequent formation of patterned mask layer 1180. Sloped
gray scale portion 1180, .. ot the mask layer 1180 1s shown.
[0187] Step 101056 of method 1010 15 a forming step 1n
which a reflector cavity 1104 having three-dimensionally
curved surface 1109 1s formed 1n the interposer 1101. FIG.
11C(a), 11C(b), and 11C(c) show the Section A-A' view, top
view, and Section B-B' view, respectively, for the interposer
structure from FIG. 11B after the formation of reflector
cavity 1104. A comparison of the cross-sectional profile of
the mask layer 1180 before and after the reflector cavity
patterning step 1s shown with the superimposed dotted line
for the pre-etch mask profile 1180, . as shown. After
formation of the cavity 1104, the mask layer has receded to

form post etch profile 1180 ___. as shown.

post
[0188] FIG. 11C(b) shows exposed electrical interconnect

metallization portion 1135¢ after formation of a base struc-
ture having curved three-dimensional cavity surface 1109.
The exposed electrical interconnect metallization portion
1135a of the optional underlying metallization pattern, in
some embodiments, enables the formation of a wvertical
clectrical interconnects using a conductive reflective metal
layer to be formed on the reflector base structure as

described for the metallization layers in the embodiments
described i FIGS. 7A-7E having like numbering.

[0189] Step 101057 of method 1010 1s a removing step 1n
which the patterned mask layer 1180 1s removed.

[0190] Step 101058 of method 1010 1s a forming step 1n

which a reflector layer 1107 1s formed on all or a portion of
the three-dimensional cavity surface 1109 of retlector cavity
1104. FIG. 11D(a), 11D(b), and 11D(c) show the Section
A-A'" view, top view, and Section B-B' view, respectively, for
the interposer structure from FIG. 11C after the removal of

the mask layer 1180 and the formation of reflector layer
1107.

[0191] FIG. 11D shows an embodiment of reflector struc-
ture 1106 using Steps 1010s1-1010s8 of Method 1010.
Reflector structure 1106 1s closely coupled to waveguide
facet 1145 of the patterned planar waveguide 1144a formed
from planar waveguide layer 1105.

[0192] The use of the multiple masking steps, 101052 and
101055, and the corresponding patterning step 1010s3 for
waveguide facet 1145 and step 1010s6 for the reflector
cavity, respectively, enables additional configurations of
assemblies that include embodiments of the reflector struc-
ture such as, but not limited to, reflector structure 1106.
Some example configurations that utilize embodiments of
reflector structures disclosed herein are further described in
FIGS. 13-16. The configurations disclosed in FIGS. 13-16
include the optional use of alignment aids for the mounting
and alignment of devices on an interposer, among other
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example configurations. A method of forming alignment
aids 1s described 1n Method 1284 1n FIG. 12A with accom-
panying schematic drawings shown in FIG. 12B. Details for
a method of formation of alignment aids are described 1n
application Ser. No. 17/499,323 now U.S. Pat. No. 11,686,
906 1ssued on Jun. 27, 2023, incorporated herein by refer-
ence 1n 1its entirety.

Methods 4-6

[0193] FIG. 12A shows Method 1284 for the formation of

alignment aids used in assemblies having embodiments of
reflector structures. The steps 128451-128455 are shown in
conjunction with schematic drawings in FIG. 12B that
illustrate steps in the formation of alignment aids on an
interposer that includes a planar waveguide layer.

[0194] In assemblies that utilize alignment aids as
described herein, the formation of the alignment aids may be
performed prior to, or concurrently, with other steps in the
formation of embodiments of the reflector structure.
[0195] Step 128451 of Method 1284 15 a forming step 1n
which a first portion of a planar waveguide layer 1s formed
on a base structure of the interposer, wherein the base
structure of the imterposer comprises a substrate 1200 and an
optional electrical interconnect layer 1203, and wherein the
first portion of the planar wavegumde, 1n the embodiment

shown, includes a first dielectric layer 1238a and waveguide
core 1244 as shown in the schematic cross section 1n FIG.
12B(a).

[0196] Step 128452 of Method 1284 1s a forming step 1n
which a first patterned hard mask 1216-1 1s formed on the
first portion of the planar waveguide layer. The {first pat-
terned hard mask 1216-1 provides a pattern for the align-
ment aids as shown 1n FIG. 12B(b).

[0197] Step 128453 of Method 1284 15 a forming step 1n
which a second portion of the planar waveguide layer 1s
formed on the patterned hard mask 1216-1 and on the areas
of the first portion of the planar waveguide layer not covered
by the first hard mask 1216-1. The second portion, in the
embodiment shown, includes dielectric layer 1238b6. Planar
waveguide layer 1205 1s formed from the first and second
portions of the planar waveguide layer as shown in FIG.
12B(c). Dielectric layers 1238a, 12385 and waveguide core
layer 1244 are similar to descriptions of similar layers with
like numbers for the planar waveguide layer described
herein.

[0198] Step 128454 of Method 1284 1s a forming step 1n
which a second patterned hard mask 1216-recess 1s formed
on the planar waveguide layer 1205 as shown. The second
hard mask 1216-recess provides, 1n embodiments, a recess
within which the alignment aids will be formed.

[0199] Step 128455 of Method 1284 1s a forming step 1n
which a recess 1s formed having alignment aids 1234. The
formation of the alignment aids 1234 results from the

removal of exposed portions of the planar wavegude layer
1205 through the second hard mask 1216-recess and the

buried first hard mask layer 1216-1.

[0200] Method 1284 1s an example method for forming
alignment aids that can be used 1 conjunction with embodi-
ments of reflector structures described herein to form assem-
blies having devices compatible with the alignment aids and
having an embodiment of a reflector structure.

[0201] FIG. 13 shows a flow chart for a method 1310 of
formation of yet another embodiment of a reflector structure
on an interposer having a planar waveguide layer wherein
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the formation of the reflector structure uses aspects of the
multiple masking process of Method 1010 and includes the
formation of a recess within the planar waveguide layer for
mounting devices that intersect the axis of propagation of
the planar waveguide layer on the interposer as further
described herein. In the first of the two masking and pat-
terning processes used 1n Method 1310, the adjacent recess
to embodiments of the reflector can be formed such that
devices can be mounted within the formed recess can be
coupled to the reflectors. In some embodiments, devices
mounted within the formed recesses can be mounted to the
underlying electrical interconnect layer for electrical con-
nectivity. And in some embodiments, devices can be
mounted and aligned using alignment aids formed in the
recesses.

[0202] Steps 131051-1310s8 1n the flowchart in FIG. 13
are described in conjunction with the drawings in FIG. 7A
and FIGS. 14A-16B. FIG. 7A shows an example interposer
layer structure that can be utilized 1n some embodiments. A
description of FIG. 7A 1s provided herein.

[0203] Step 131051 of Method 1310 1s a forming step 1n
which an interposer having a planar waveguide layer 1s
formed wheremn the planar waveguide layer optionally
includes a buried patterned hard mask for the formation of
alignment aids.

[0204] Step 131052 of method 1310 1s a forming step 1n
which a patterned hard mask 1s formed on the interposer
wherein the patterned hard mask includes an optional por-
tion for forming a vertical facet through a planar waveguide
layer and a second optional portion for forming a device
mounting recess whereimn the device mounting recess
includes an optional buried hard mask for the formation of
alignment aids in the device mounting recess. FIG. 14A
shows hard mask 1416 with openings 1446a, 14465 for the
formation of a device mounting recess and a waveguide
facet recess, respectively. The top view of FIG. 14A(b) also
shows the openings 14464, 14465 1n the hard mask 1416 and
an example areal layout of a buried hard mask 1416-1 shown
positioned within the device mounting hard mask opening

14465 of hard mask 1416.

[0205] Step 131053 of method 1310 1s a forming step 1n
which a device mounting recess and a waveguide facet
recess are formed on a portion of the interposer 1401. FIGS.
14B(a), 14B(b), and 14B(c) show the Section A-A', top-
down views, and Section B-B' views, respectively, for the
interposer structure 1401 patterned using the hard mask
1416, for example, after the formation of device mounting
recess 1448a and waveguide facet recess 1448b in planar
waveguide layer 1405. Waveguide facet recess 14485b
includes waveguide facet 1445. In the embodiment, one or
more alignment aids 1434 are formed in the device mount-
ing recess 1448a. Forming Step 1310s3 includes the pat-
terning of all or a portion of the planar waveguide layer 1405
and may include a portion of the underlying electrical
interconnect layer 1403 on substrate 1400. Patterning of
clectrical interconnects 1435 in the underlying electrical
interconnect layer 1403, can enable the formation of elec-
trical connections to be formed between devices that are
mounted in the device mounting recess 1448a and the
patterned electrical interconnects 1435 1n the electrical inter-
connect layer 1403. Bond pads, for example, may be formed
between the electrical interconnects 14335 and the bottom of
the cavity to which the electrical contacts of cavity-mounted
devices may be soldered or otherwise connected. Optional
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clectrical interconnects 1435 that enable contact to a reflec-
tive metallization layer as 1n other embodiments described in
conjunction with FIGS. 7A-11D are also shown.

[0206] Step 131054 of method 1310 1s an optional remov-
ing step in which all or a portion of a patterned hard mask
layer 1416 1s removed from the interposer 1401.

[0207] Step 1310s5 of method 1310 1s a forming step 1n
which a photoresist mask layer having one or more gray
scale mask portions are formed on the interposer 1401.
Examples of gray scale masking are provided for embodi-
ments herein, such as for example, the photoresist layer 1180

having gray mask portion 1180, for the embodiment
shown 1n FIG. 11B.

[0208] Step 131056 of method 1310 15 a forming step 1n

which a reflector cavity having a three-dimensional curved
surface 1s formed 1n the mterposer 1401.

[0209] Step 131057 of method 1310 1s a removing step 1n
which the patterned photoresist layer that includes the gray
scale mask portion used in the formation of the retlector
cavity, as for example 1n Step 131056, 1s removed from the
interposer 1401.

[0210] Step 131058 of method 1310 1s a forming step 1n

which a reflector layer 1407 1s formed on all or a portion of
the three-dimensional cavity surface 1409 of reflector cavity
1404 as shown in FIG. 14C. FIG. 14C(a), 14C(b), and
14C(c) show the Section A-A' view, top view, and Section
B-B' view, respectively, for the interposer structure from
FIG. 14B after removal of the patterned hard mask 1416
(Step 1310s4), after the formation of the photoresist mask
layer with gray scale mask portion (Step 1310s5), after the
formation of a retlector cavity (Step 1310s6), after removal
of the photoresist mask layer having a gray scale mask
portion (Step 1310s7), and after the formation of reflector
layer 1407 to form the embodiment shown for reflector
structure 1406.

[0211] Section A-A' 1n FIG. 14C(a) and the top view of
FIG. 14C(b) show the reflector structure 1406 with reflector
layer 1407 closely coupled to the waveguide facet 14435 1n
the waveguide facet recess 1448b. Section A-A' i FIG.
14C(a) and the top view of FIG. 14C(b) also show the
alignment aids 1434 1n the device mounting recess 1448a
with the exposed hard mask layer 1416-1. Hard mask layer
1416-1 has a low etch rate in comparison to the etch rate of
the layers in the planar waveguide layer 1405. Hard mask
1416-1 1n some embodiments 1s formed from aluminum. In
other embodiments, the hard mask 1416-1 1s formed from an
alloy containing aluminum. Aluminum and aluminum-con-
taining alloys have a high resistance to etching (low etch
rates) in tluorine-containing gas chemaistries commonly used
for the patterning of dielectrics such as silicon dioxide,
silicon nitride, and silicon oxynitride as used, for example,
in embodiments of the planar waveguide layer 1403.

[0212] In some embodiments, devices mounted within the
device mounting recess 1448a are mounted on the alignment
aids 1434. Mounting of devices on alignment aids 1434 can
provide vertical alignment of an optical axis of the mounted
device and the optical axis of the patterned waveguide 1444
to which the device 1s coupled. Additionally, the use of
alignment aids 1434 for the mounting of devices in the
device mounting cavity 1448a can restrict the lateral move-
ment of the mounted devices to facilitate lateral alignment of
the optical axes of the mounted device and a waveguide to
which the mounted device i1s coupled.
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[0213] In some embodiments, the underlying electrical
interconnect layer 1403 can facilitate electrical connection
between devices mounted within the device mounting recess
1448a and other devices and connection points on the
interposer. Patterned electrical interconnects 1433 are shown
(in dotted lines) in the electrical interconnect layer 1403
below the device mounting recess 1448a. Additional steps
not shown in Method 1310 may be required.

[0214] Alignment aids 1434 can facilitate the mounting
and alignment of optical and optoelectrical devices within
the device mounting cavity 1448a as shown, for example,
for the alignment aids shown in the embodiment in FIG.
14C. In other embodiments, the alignment aids 1434 may
not be mcluded. The device mounting recess 1448a allows
for the coupling of mounted devices on the interposer 1401
to patterned waveguides formed from the planar waveguide
layer 1405 and to reflector structure 1406. In embodiments
for which the alignment aids are not required, the steps for
forming the buried hard mask 1416-1, as described for
example, 1n FIGS. 12A and 12B, are not required.

[0215] FIGS. 15A and 15B show yet another embodiment
of a reflector structure 1506 on an interposer 1501 having a
planar waveguide layer 1505 wherein the formation of the
reflector structure 1506 uses aspects of the multiple masking
process of Method 1010 and Method 1310. The embodiment
shown 1in FIGS. 15A and 15B, as in the embodiment shown
in FIGS. 14 A-14C, includes a device mounting recess 1548a
formed within the planar waveguide layer 1505 for mount-
ing devices that intersect the axis of propagation of optical
signals 1n the patterned planar wavegude layer 1505 of the
interposer 1501. In the embodiment of FIGS. 15A and 15B,
however, the portion of the planar waveguide layer 1405 for
the embodiment of FIGS. 14A and 14B that remained
between the device mounting recess 1448a and the wave-
guide facet recess 1448b after patterning 1s not present 1n the
embodiment shown 1n FIGS. 15A and 15B. Device mount-
ing recess 1548a, however, 1s present 1n the embodiment as
shown.

[0216] Patterning of electrical interconnects 1535 in the
underlying electrical interconnect layer 1503, can enable the
formation of electrical connections to be formed between
devices that are mounted in the device mounting recess
1548a and the patterned electrical interconnects 1533 1n the
clectrical interconnect layer 1503. Bond pads, for example,
may be formed between the electrical interconnects 15335
and the bottom of the cavity to which the electrical contacts
of cavity-mounted devices may be soldered or otherwise
connected. Optional electrical interconnects 1533 that
enable contact to a retlective metallization layer as 1n other
embodiments described 1n conjunction with FIGS. 7A-11D
are also shown.

[0217] FIG. 15A(a) and 15A(b) show the device mounting
recess 1548q having alignment aids 1534 following the Step
131053 of Method 1310. Step 131053 1s a forming step 1n
which a patterned hard mask layer 1s formed that includes an
optional first patterned portion for forming a vertical facet
through the planar waveguide layer and a second optional
patterned portion for forming a recess, wherein the recess
includes an optional buried patterned hard mask for forming
alignment aids. The embodiment shown 1n FIG. 15A does
not utilize the optional first patterned portion for forming a
vertical facet through the planar waveguide 1n a recess as in
14485 but does utilize the optional buried patterned hard
mask 1516-1 for forming alignment aids. It should be noted
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that a waveguide facet 1545 1s formed at the side of the
recess 1548a opposite that to which the reflector will be
formed.

[0218] FIG. 15A(c) shows a cross section, namely Section
B-B' from the top view of FIG. 15A(b), taken from the
recess 1348a.

[0219] FIG. 15B shows the embodiment from FIG. 15A
alter the formation of the reflector layer 1507 on curved
surtace 1509 to form the reflector structure 1506. Reflector
structure 1506 faces the device mounting recess 1548a and
enables optical coupling of devices mounted in the device
mounting cavity 1548a to other devices receiving optical
signals from, or sending optical signal to, the retlector
surface layer 1507. Devices mounted 1n the device mounting
cavity 1548a can be directly coupled to retlector structure
1506. In some embodiments, the alignment aids 1534 may
not be present 1n the device mounting cavity 1548a.

[0220] In some embodiments, devices mounted within the
device mounting recess 1548a are mounted on the alignment
aids 1534. Mounting of recerving devices on alignment aids
1534, for example, can provide vertical alignment between
an optical signal reflected from the retlector structure 1506
and the recerving aperture of a mounted receiving device on
the alignment aids 13534. Alternatively, the mounting of
emitting devices on alignment aids 1534, for example, can
provide vertical alignment between an optical signal from
the mounted emitting device on the alignment aids 1534 and
a location on the reflector structure 1506 that provides high
reflectivity and directionality for the emitted signals upon
reflection.

[0221] Additionally, the use of alignment aids 1534 for the
mounting of devices 1n the device mounting cavity 15484
can restrict the lateral movement of the mounted devices to
tacilitate alignment of the optical axes of the receiving or
emitting apertures of mounted devices on the alignment aids
1534 with locations on the reflector structure 1506 that
provide suitable signal reflection.

[0222] In some embodiments, the underlying electrical
interconnect layer 1503 in substrate 1500 can facilitate
clectrical connection between devices mounted within the
device mounting recess 1548a and other devices and con-
nection points on the interposer. Patterned electrical inter-
connects 15335 1n electrical interconnect layer 1503 are

shown (in dotted lines) below the device mounting recess
1548a in FIGS. 15A and 15B. Additional steps not shown 1n
Method 1310 may be required.

[0223] Alignment aids 1534 can facilitate the mounting
and alignment of optical and optoelectrical devices within
the device mounting cavity 1548a as shown, for example, in
the embodiment in FIGS. 15A-15B. In other embodiments,
the alignment aids 1534 may not be included. The device
mounting recess 1548a allows for the coupling of mounted
devices on the interposer 1501 to retlector structures 1506.
In embodiments for which the alignment aids are not
required, the steps for forming the buried hard mask 1516-1,
as described for example, 1n FIG. 12, are not required.

[0224] FIGS. 16 A and 16B show yet another embodiment
of a reflector structure on an interposer having a planar
waveguide layer wherein the formation of the reflector
structure uses aspects of the multiple masking process of

Method 1010 and Method 1310. The embodiment shown 1n
FIG. 16 A and 16B, as 1in the embodiment shown 1n FIGS.
14A-14C, includes a device mounting recess formed within
the planar waveguide layer for mounting devices that inter-
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sect the axis of propagation of optical signals in the planar
waveguide layer on the interposer. In the embodiment of
FIG. 16 A and 16B, however, all or a portion of a PIC 1654
1s formed between the device mounting recess 1648a and
reflector structure 1606.

[0225] Patterning of electrical interconnects 1635 in the
underlying electrical interconnect layer 1603, can enable the
formation of electrical connections to be formed between
devices that are mounted in the device mounting recess
1648a and the patterned electrical interconnects 16335 1n the
clectrical interconnect layer 1603. Bond pads, for example,
may be formed between the electrical interconnects 1633
and the bottom of the cavity to which the electrical contacts
of cavity-mounted devices may be soldered or otherwise
connected. Optional electrical interconnects 1633 that
ecnable contact to a reflective metallization layer are also
shown as in other embodiments described in conjunction

with FIGS. 7TA-11D.

[0226] FIG. 16A(a) and 16A(b) show the device mounting
recess 1648a having alignment aids 1634 following the Step
131053 of Method 1310. Step 131053 1s a forming step 1n
which a patterned hard mask layer 1s formed that includes an
optional first patterned portion for forming a vertical facet
through the planar waveguide layer and a second optional
patterned portion for forming a recess, wherein the recess
includes an optional buried patterned hard mask for forming
alignment aids. The embodiment shown 1n FIG. 16 A may
utilize or may not utilize the optional first patterned portion
for forming a vertical facet through the planar waveguide
and does utilize the optional buried patterned hard mask
1616-1 for forming alignment aids as shown. FIG. 16A
shows patterned hard mask layer 1616 that includes a
patterned portion for forming a vertical facet through the
planar waveguide layer 1605 and a second optional pat-
terned portion for forming a recess 1648a, wheremn the
recess includes an optional buried patterned hard mask
1616-1 for forming alignment aids.

[0227] PIC 1654 1s shown in FIG. 16A(a) and FIG.
16A(b). PIC 1654 can be a waveguide (as in the embodiment
shown 1n FIG. 14). PIC 1654 can be a lens. PIC 1634 can be
any optical or optoelectrical component or combination of
optical and optoelectrical components for the ftransier,
propagation, reflection, detection, emission, characteriza-
tion, coupling, or processing ol optical signals. PIC 16354
may be one or more devices.

[0228] FIG. 16 A(c) shows a cross section, namely Section
B-B' from the top view of FIG. 16A(b), taken through the
recess 1648a.

[0229] FIG. 16B shows the embodiment from FIG. 16 A
after the formation of the reflector layer 1607 on curved
surface 1609 1n waveguide layer 1605 to form the retlector
structure 1606 as, for example, following Step 131058 of
Method 1310. Retlector structure 1606 faces one or more
devices of the PIC 1654 and enables optical coupling of one
or more devices of the PIC 1654 to other devices receiving
optical signals from, or sending optical signal to, the retlec-
tor surface layer 1607. Devices 1 the PIC 1654 can be
directly coupled to retlector structure 1606.

[0230] FIG. 16B also shows the device mounting recess
1648a. In the embodiment, recess 1648a shows alignment
aids 1634 that enable the mounting and alignment of devices
that may be optically coupled to the reflector structure 1606
through all or a portion of PIC 1654.
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[0231] Recess 1648¢, also shown in the embodiment 1n
FIG. 16A(a) and 16 A(b), may facilitate the formation of the

reflector cavity and enable improved coupling between the
PIC 1654 and the retlector structure 1606 1n some embodi-
ments.

[0232] In some embodiments, devices mounted within the
device mounting recess 1648a are mounted on the alignment
aids 1634. Mounting of recerving devices on alignment aids
1634, for example, can provide vertical alignment between
an optical signal from all or a portion of PIC 1654 and the
optical axis or receiving aperture of the receiving device
mounted on the alignment aids 1634.

[0233] Alternatively, the mounting of emitting devices on
alignment aids 1634, for example, can provide vertical
alignment between an optical signal from all or a portion of
the PIC 1654 and the optical axis or emitting aperture of the
emitting device mounted on the alignment aids 1634.

[0234] Additionally, the use of alignment aids 1634 for the
mounting of devices 1n the device mounting cavity 16484
can restrict the lateral movement of the mounted devices to
tacilitate alignment of the optical axes of the receiving or
emitting apertures of mounted devices on the alignment aids

1634 with coupling locations on all or a portion of the PIC
1654

[0235] In some embodiments, the underlying electrical
interconnect layer 1603 on substrate 1600 may facilitate
clectrical connection between devices mounted within the
device mounting recess 1648a and other devices and con-
nection points on the interposer. Patterned electrical inter-
connects 1635 1n electrical interconnect layer 1603 are
shown (in dotted lines) in the electrical interconnect layer
below the device mounting recess 1648a in FIGS. 16A and
16B. Additional steps not shown 1n Method 1310 may be
required. Optional electrical interconnects 1635 that enable
contact to a retlective metallization layer as in other embodi-
ments described 1n conjunction with FIGS. 7A-11D are also
shown.

[0236] Alignment aids 1634 can facilitate the mounting
and alignment of optical and optoelectrical devices within
the device mounting cavity 1648a as shown, for example, in
the embodiment 1n FIGS. 16A and 16B. In other embodi-
ments, the alignment aids 1634 may not be included. The
device mounting recess 1648a allows for the coupling of
mounted devices on the interposer 1601 to retlector struc-
tures 1606 through all or a portion of the PIC 1654. In
embodiments for which the alignment aids are not required,
the steps for forming the buried hard mask 1616-1, as
described, for example, in FIGS. 12A and 12B may not be

required.

[0237] For the embodiments shown i FIGS. 14A-16C,
two distinct masking and patterming steps are used in the
formation of device mounting recesses formed on the inter-
poser as described i Method 1310. The formation and
inclusion of the device mounting recesses enables the
mounting and alignment of devices used 1n conjunction with
embodiments of the retlector described herein.

[0238] It should be noted that the waveguide facets, such
as for example, Tacet 1445, 1545, and others, may not be
formed with the flat, vertical surface, as depicted 1n the
drawings, but rather may be angled or otherwise shaped to
tacilitate 1improved coupling or improved focusing of the
optical signals between the facet and a coupled reflector
structure. Angled surfaces relative to the direction of propa-
gation may be incorporated i some embodiments, for
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example, to reduce back reflection into a mounted emitting
device such as a laser. The facets may also be formed with
convex or concave shapes to facilitate improved coupling,
for example, between the output of a waveguide and an
embodiment of a retlector structure.

Assemblies

[0239] FIG. 17A shows an embodiment of a reflector
structure 1706 formed on an interposer 1701 1n an assembly
1708 that also includes a surface-mounted device 1740.
Surface-mounted device 1740 may be a receiving device or
an emitting device. For embodiments 1n which the surface-
mounted device 1740 1s a receiving device, the reflector
structure 1706 shown 1 FIG. 17A 1s configured to receive
an mcoming signal from planar waveguide 1744a and the
surface-mounted recerving device 1740 1s positioned to
receive a focused outgoing optical signal from reflector
structure 1706. For embodiments in which the surface-
mounted device 1740 1s an emitting device, the reflector
structure 1706 shown 1 FIG. 17A 1s configured to receive
an 1ncoming signal from the surface-mounted emitting
device and planar waveguide 1744a 1s formed 1n a position
to receive a focused outgoing optical signal from reflector
structure 1706. FIG. 17A(a) shows a cross sectional sche-
matic view of the mterposer structure with the embodiment
of the retlector structure 1706. FIG. 17A(b) shows a top
view and FIG. 17A(c) shows an end view of this interposer
structure with the mounted receiving device 1740.

[0240] In FIGS. 17A(a)-FIG. 17A(c), surface-mounted
device 1740 1s positioned on the mterposer 1701 on mount-
ing pads 1752 such that aperture 1750 can recerve a focused
or otherwise narrowed outgoing optical signal from the
reflector structure 1706 for embodiments in which the
surface-mounted device 1740 1s a recerving device. The
ingoing optical signal to the reflector structure 1706, 1n the
embodiment shown, exits the facet 1745 of the planar
waveguide 1744a, 1s first incident on the reflector structure
1706, and upon reflection, the outgoing signal from the
reflector 1s focused or otherwise narrowed upon retlection
and couples to all or a portion of the area covered by the
aperture 1750 of the surface-mounted device 1740.

[0241] Conversely, surface-mounted devices 1740 that are
emitting devices can emit an incoming optical signal to the
reflector structure 1706 from an aperture 1750, or other form
of coupling feature, and upon retlection, the outgoing signal
from the reflector structure 1706 1s coupled to the end facet
1745 of the planar waveguide layer 1744a for the embodi-
ments shown. In other embodiments for which the surface-
mounted device 1740 1s an emitting device, the outgoing
signal may be coupled to a mounted receiving device. And
in other embodiments for which the surface-mounted device
1s an emitting device, the outgoing signal from the reflector
may be coupled to all or a portion of a PIC, for example, as
further described herein.

[0242] FIG. 17B shows a bottom view of an example
surtace-mounted device 1740 that 1s a surface-mounted
photodiode. Surface-mounted photodiodes may have, for
example, mounting pads for mechanical support and attach-
ment to an interposer, electrical pads for forming electrical
connections between the surface-mounted device and elec-
trical contacts on the interposer, and an aperture for coupling
an optical signal to the photodiode. A collecting aperture on
a photodiode, for example, provides an 1nterface for receiv-
ing an optical signal. The photodiode converts the received
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optical signal to an electrical signal for further processing.
Focusing of an incoming beam to the aperture of a photo-
diode recerving device 1s beneficial given the limited size of
the collecting area withun the aperture. Emitting devices
such as surface-mounted vertical-cavity surface-emitting
lasers (VCSEL) also have, or may have, mounting pads,
clectrical pads or other forms or electrical connections, and
a circular aperture for coupling optical signals from the laser.
For a VCSEL, the aperture 1s an emitting aperture through
which an optical signal emerges from the device upon
conversion from an electrical signal. Focusing of the emerg-
ing signal from the aperture of the VCSEL can be beneficial
for minimizing signal loss when coupled, for example, to
other devices.

[0243] FIGS. 18A(a)-18A(c) show embodiments of
reflector structure 1806 in assemblies 1808 configured as
shown 1n FIG. 1A to receive mgoing optical signals 1870a
from a waveguide facet 1845 formed from a patterned planar
waveguide 1844a and to retlect the optical signal from the
patterned planar waveguide 1844a to the aperture 1850 of a
surface-mounted device.

[0244] FIG. 18A(a) shows an embodiment of reflector
structure 1806 1n an assembly 1808 configured to receive an
incoming optical signal 1870a from a patterned planar
waveguide 1844aq and to reflect the optical signal to the
aperture 1850 of a surface-mounted receiving device
1840, . Patterned planar waveguide 1844a may be, for
example, a portion of PIC 1855 in the embodiment. An
optical signal propagating 1n patterned planar waveguide
18444 15 coupled to the reflector structure 1806 through the
waveguide facet 1845, in the embodiment shown, and
through the waveguide facet recess 18485. Beam focusing
of the outgoing signal 18705 from the reflector structure
1806 to the aperture 1850 of the surtace-mounted receiving
device 1840 _  1s illustrated 1n FIG. 18A(a). In some assem-
blies 1808, surface-mounted receiving device 1840, . 1s
positioned such that the receiving aperture 18350 1s at or near
a focal point of the retlected outgoing signal 18705. In some
assemblies, receiving aperture 18350 of the surface-mounted
device 1840, . 1s positioned to recerve a retlected optical
signal 18705 that 1s narrowed or otherwise focused after
reflection from reflector structure 1806 having beam-nar-

rowing surface curvature.

[0245] FIG. 18A(b) shows an embodiment of reflector
structure 1806 1n an assembly 1808 configured to receive an
incoming optical signal 1870a from a patterned planar
waveguide 1844a and to reflect the optical signal to the
aperture 1850 of surface-mounted recerving device 1840 .
In the embodiment shown in FIG. 18A(b), optical signal
1870a 1s coupled to the patterned planar waveguide 1844qa
from a cavity-mounted emitting device 1842 . Patterned
planar waveguide 1844a couples incoming optical signal
1870a from cavity-mounted emitting device 1842
mounted 1n device mounting recess 1848a, in the embodi-
ment, through the waveguide facet 1845 of the patterned
planar waveguide 1844a and through the waveguide facet
recess 1848b to reflector structure 1806. Beam focusing of
the outgoing signal 18705 from the reflector structure 1806
to the aperture 1850 of the surface-mounted receiving device
1840 _  1s1llustrated in FIG. 18 A(b). In some assemblies, the
surface-mounted receiving device 1840  1s positioned such
that the recerving aperture 1850 1s at or near a focal point of
the reflected outgoing signal 18705. In some assemblies,

receiving aperture 1850 of the surface-mounted device

Jan. 4, 2024

1840 _ . 1s positioned to receive a reflected optical signal
18705 that 1s narrowed or otherwise focused aiter reflection
from reflector structure 1806 having beam-narrowing sur-

face curvature.

[0246] FIG. 18A(c) shows an embodiment of reflector
structure 1806 1n an assembly 1808 configured to receive an
incoming optical signal 1870a from a patterned planar
waveguide 1844 and to reflect the optical signal to the
aperture 1850 of surface-mounted recerving device 1840, .
In the embodiment shown 1n FIG. 18A(c), optical signal
1870a 1s coupled to the patterned planar waveguide 1844aq
from a cavity-mounted emitting device 1842 __ . and from all
or a portion of a PIC 1854. Patterned planar waveguide
1844a couples mncoming optical signal 1870a from cavity-
mounted emitting device 1842 . mounted 1n device mount-
ing recess 1848a, 1n the embodiment, to all or a portion of
PIC 1854 and from the all or a portion of the PIC 1854
through the waveguide facet 1845 of the patterned planar
waveguide 1844a and through the waveguide facet recess
1848H to retlector structure 1806. Beam focusing of the
outgoing signal 18706 from the reflector structure 1806 to
the aperture 1850 of the surface-mounted receiving device
1840 _ . 1s illustrated in FIG. 18A(c). In some assemblies,
surface-mounted receiving device 1840 _ . 1s positioned such
that the receiving aperture 1850 1s at or near a focal point of
the reflected outgoing signal 1870b. In some assemblies,
receiving aperture 1850 of surface-mounted device 1840,
1s positioned to recerve a reflected optical signal 18705 that
1s narrowed or otherwise focused after reflection from
reflector structure 1806 having beam-narrowing surface

curvature.

[0247] Cavity-mounted emitting devices 1842 .. 1n some
embodiments, are mounted or otherwise formed on align-
ment aids 1834 as shown for example in FIGS. 18A(b) and
18A(c).

[0248] FIGS. 18B(a)-18B(c) show embodiments of retlec-
tor structure 1806 1n assemblies 1808 configured to receive
ingoing optical signals 1870a from a cavity-mounted device
1842 . optionally mounted or otherwise formed on align-
ment aids 1834 1n device mounting recess 1848q, and to
reflect the optical signal from the cavity-mounted device to
the aperture 1850 of a surface-mounted receiving 1840 or to
a remotely mounted device positioned above the reflector
structure 1806. In some embodiments, the cavity-mounted
device on alignment aids 1s coupled through all or a portion
of a PIC that resides between cavity-mounted device recess
1848a and reflector structure 1806.

[0249] FIG. 18B(a) shows an embodiment of reflector
structure 1806 1n an assembly 1808 configured to receive an
ingoing optical signal 1870a from a cavity-mounted emut-
ting device 1842 . optionally mounted on alignment aids
1834 and to retlect the optical signal to the aperture 1850 of
a surface-mounted receiving device 1840, . Cavity-
mounted emitting device 1842 . may be, for example, a
ridge waveguide laser, a buried heterostructure laser, or
other form of device capable of providing an optical signal
to the reflector structure 1806. An optical signal 1870a from
mounted emitting device 1842 1s coupled to the reflector
structure 1806, 1n the embodiments shown, through device
mounting recess 1848a. Beam focusing of the outgoing
signal 18705 from the reflector structure 1806 to the aperture
1850 of surface-mounted receiving device 1840 1s 1llus-

trated 1 FIG. 18B(a). In some assemblies, surface-mounted
receiving device 1840 _ _1s positioned such that the receiving
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aperture 1850 1s at or near a focal point of the reflected
outgoing signal 18705. In some assemblies, receiving aper-
ture 1850 of the surface-mounted device 1840 . 1s posi-
tioned to receive a reflected optical signal 18705 that 1s
narrowed or otherwise focused after retlection from retlector

structure 1806 having beam-narrowing surface curvature.

[0250] FIG. 18B(b) shows an embodiment of reflector
structure 1806 1n an assembly 1808 configured to receive an
ingoing optical signal 1870a from a cavity-mounted emit-
ting device 1842 __ . optionally mounted on alignment aids
1834, and to reflect the optical signal to aperture 1850 of
remotely mounted receiving device 1841 . Cavity-
mounted emitting device 1842 . may be, for example, a
ridge waveguide laser, a buried heterostructure laser, or
other form of device capable of providing an optical signal
to the reflector. An optical signal 1870a from mounted
emitting device 1842 . 1s coupled to the reflector structure
1806, 1n the embodiments shown, through device mounting
recess 1848a. Beam focusing of the outgoing signal 18705
from the reflector structure 1806 to the aperture 1850 of
remotely mounted receiving device 1841 _ . is illustrated in

Feo

FIG. 18B(b). In the embodiment, the optical signal 1is
coupled to a remotely mounted receiving device 1841, _,
which may be, for example, a photodiode or other form of
photodetector, photosensor, or photoreceptive device.
Receiving device 1841, , may be remotely mounted, for
example, 1n multichip assemblies, assemblies for which the
interposer 1801 1s portion of a larger device or network of
devices, and assemblies used for device testing, among other
assemblies. In some assemblies 1808, remotely mounted
recerving device 1841  1s positioned such that the receiving
aperture 1850 1s at or near a focal point of the reflected
outgoing signal 18705. In some assemblies 1808, receiving
aperture 1850 of the remotely mounted device 1841 . is
positioned to receive a retlected optical signal 18705 that 1s
narrowed or otherwise focused after retlection from retlector
structure 1806 having beam-narrowing surface curvature.

[0251] FIG. 18B(c) shows an embodiment of reflector
structure 1806 1n an assembly 1808 configured to receive an
incoming optical signal 1870q from all or a portion of a PIC
1854 or an element of a PIC 1854 and to reflect the optical
signal to the aperture 1850 of surface-mounted receiving
device 1840 _ . In the embodiment shown in FIG. 18B(c),
optical signal 1870a 1s coupled to all or a portion of PIC
1854 or an element of PIC 1854 from a cavity-mounted
emitting device 1842 . The cavity-mounted emitting
device 1842__. may be, for example, a rnndge waveguide
laser, a buried heterostructure laser, or other form of device
capable of providing an optical signal to the reflector struc-
ture 1806. PIC 1854 may be a lens, a spot size converter, an
optical or optoelectrical device, or all or a portion of a PIC
or a component of a PIC that can facilitate coupling of the
outgoing signal from the cavity-mounted emitting device
1842 . to the reflector structure 1806. An optical signal
1870a trom the cavity-mounted emitting device 1842 _ . 1s
coupled to the reflector structure 1806 through the all or a
portion of PIC 1854 and through device mounting recess
1848a, 1I present. Beam focusing of the outgoing signal
18705 trom the reflector structure 1806 to the aperture 1850
of surface-mounted receiving device 1840 _  1s 1llustrated in
FIG. 18B(c). In some assemblies 1808, surface-mounted
receiving device 1840 _ _1s positioned such that the receiving,
aperture 1850 1s at or near a focal point of the reflected

outgoing signal 18705. In some assemblies 1808, receiving
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aperture 1850 of the surface-mounted device 1840, 1is
positioned to receive a retlected optical signal 18705 that 1s
narrowed or otherwise focused after reflection from reflector
structure 1806 having beam-narrowing surface curvature.

[0252] In other embodiments for which a cavity-mounted
emitting device 1842 __ . 1s coupled through a PIC 1854 to
reflector structure 1806, remotely mounted receiving device
1841 _ . 1s configured to receive the outgoing signal from the
reflector structure 1806 rather than the surface-mounted
receiving device 1840 _ . in the configuration shown 1n FIG.
18B(c).

[0253] In vyet other embodiments, further described 1n
FIGS. 19A and 19B, incoming optical signals are provided
from a surface-mounted emitting device and 1n yet other

embodiments, from a remotely mounted emitting device.

[0254] FIGS. 19A(a)-19A(c) show embodiments of
reflector structure 1906 1n assemblies 1908 configured to
receive 1going optical signals 1970a from a surface-
mounted emitting device 1940_ . and to retlect the optical
signal 1to a waveguide facet 1945 formed from patterned
planar waveguide 1944aq

[0255] FIG. 19A(a) shows an embodiment of reflector
structure 1906 1n an assembly 1908 configured to receive an
incoming optical signal 1970a from a surface-mounted
emitting device 1940__ . and to reflect the optical signal to
a waveguide facet 1945 of patterned planar waveguide
19444. Patterned planar waveguide 1944a may be a portion
of a PIC 1955 1n embodiments. An optical signal emaitted
from aperture 1950 of the surface-mounted emitting device
1940__ . 1s coupled to the reflector structure 1906 and upon
reflection, the optical signal 1s focused or otherwise nar-
rowed. The narrowed beam 1s incident on waveguide facet
1945 of the patterned planar waveguide 1944q. In some
embodiments, the waveguide facet 1945 may be shaped to
tacilitate improved receptivity of the optical signal into the
waveguide 1944qa. In other embodiments, the waveguide
facet may be coated to improve the receptivity of the optical
signal 1nto the waveguide 1944a. And 1n yet other embodi-
ments, the reflector cavity may be filled with an index-oi-
refraction-matching dielectric or other material to reduce
reflection and to facilitate receptivity of the optical signal
into the waveguide 1944q. Beam focusing of the outgoing
signal 197056 from the reflector structure 1906 to the wave-
guide facet 1945 1s illustrated 1 FIG. 19A(a). In some
embodiments, the waveguide facet 1945 1s positioned at or
near a focal point of the reflected signal 19706 from the
reflector structure 1906. In some assemblies 1908, the
waveguide facet 1945 of the planar waveguide layer 19035 of
interposer 1901 1s positioned such that a narrowed or
otherwise focused beam 1s incident on the waveguide facet
1945 after retlection. Surface-mounted emitting device

1940__ . 1s configured to provide suitable coupling between
the aperture 1950 and the reflector structure 1906.

[0256] FIG. 19A(b) shows an embodiment of reflector
structure 1906 1n an assembly 1908 configured to receive an
incoming optical signal 1970a from a surface-mounted
emitting device 1940__ . and to retlect the optical signal to
a waveguide facet 1945 of planar waveguide 1944a. In the
embodiment shown 1n FIG. 19A(b), reflected outgoing opti-
cal signal 19705 1s coupled to the waveguide facet 1945 of
the patterned planar waveguide 1844q and further coupled
from the patterned planar waveguide 1944a to a cavity-
mounted receiving device 1942 _ optionally formed or
otherwise mounted on alignment aids 1934 formed on the
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interposer 1901. An optical signal 1970aq emitted from
aperture 1950 of the surface-mounted emitting device
1940 __ . 1s coupled to the reflector structure 1906 and upon
reflection, the optical signal 1s focused or otherwise nar-
rowed. The narrowed retlected beam 19706 1s 1incident on
waveguide facet 1945 of the patterned planar waveguide
19444 and coupled through the patterned planar waveguide
1944a to the cavity-mounted recerving device 1942 . In
some embodiments, the waveguide facet 1945 may be
shaped to facilitate improved receptivity of the reflected
optical signal 19705 into the wavegmde 1944a. In other
embodiments, the waveguide facet 1945 may be coated to
improve the receptivity of the optical signal into the wave-
guide 1944a. And 1n yet other embodiments, the reflector
cavity may be filled with an index-of-refraction-matching
dielectric or other material to reduce reflection and to
tacilitate receptivity of the optical signal into the waveguide
1944a. Beam focusing of the outgoing signal 19705 from the
reflector structure 1906 to the waveguide facet 1945 1s
illustrated 1n FIG. 19A(b). In some embodiments, the wave-
guide facet 1945 1s positioned at or near a focal point of the
reflected signal 19705. In some assemblies 1908, the wave-
guide facet 1945 is positioned such that a narrowed or
otherwise focused beam 1s incident on the waveguide facet
1945 after reflection. Surface-mounted emitting device
1940, . 1s configured to provide suitable coupling between
the aperture 1950 and the reflector structure 1906. In some
embodiments, the cavity-mounted receiving device 1942
1s mounted or otherwise formed on alignment aids 1934. In
other embodiments, the alignment aids 1934 may not be
present.

[0257] FIG. 19A(c) shows an embodiment of reflector
structure 1906 1n an assembly 1908 configured to receive an
incoming optical signal 1970a from a surface-mounted
emitting device 1940 __ . and to retlect the optical signal to
a waveguide facet 1945 of planar waveguide 19444. In the
embodiment shown 1n FIG. 19A(c), retlected outgoing opti-
cal signal 19705 trom the retlector structure 1906 1s coupled
to the waveguide facet 1945 of the patterned planar wave-
guide 1944q and further coupled from the patterned planar
waveguide 1944a to all or a portion of PIC 1954 or an
clement of a PIC 1954 and further coupled to a cavity-
mounted receiving device 1940 __ optionally formed or
otherwise mounted on alignment aids 1934 formed on the
interposer 1901. An optical signal emitted from aperture
1950 of the surface-mounted emitting device 1940 . 1is
coupled to the reflector structure 1906 and upon retlection,
the optical signal 1s focused or otherwise narrowed. The
narrowed beam 1s incident on waveguide facet 1945 of the
patterned planar waveguide 1944a and coupled through the
patterned planar waveguide 19444 to all or a portion of the
PIC 1954 and to the cavity-mounted receiving device
1942 . In some embodiments, a portion of a PIC 1954 15 a
lens, detector, a waveguide, an arrayed waveguide, or other
device, or all or a portion of a PIC or a component of a PIC.
In embodiments, the waveguide facet 1945 may be shaped
to facilitate improved receptivity of the optical signal 1nto
the waveguide 1944qa. In other embodiments, the waveguide
facet may be coated to improve the receptivity of the optical
signal mto the waveguide 1944a. And 1n yet other embodi-
ments, the reflector cavity may be filled with an index-oi-
refraction-matching dielectric or other material to reduce
reflection and to facilitate receptivity of the optical signal
into the waveguide 1944a. Beam focusing of the outgoing
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signal 197056 from the reflector structure 1906 to the wave-
guide facet 1945 1s illustrated mm FIG. 19A(c). In some
embodiments, the waveguide facet 1945 1s positioned at or
near a focal point of the reflected signal 19706 from the
reflector structure 1906. In some assemblies 1908, the
waveguide facet 1945 1s positioned such that a narrowed or
otherwise focused beam 1s incident on the waveguide facet
1945 after reflection. Surface-mounted emitting device
1940__ . 1s configured to provide suitable coupling between
the aperture 1950 and the reflector structure 1906. In some
embodiments, the cavity-mounted receiving device 1942
1s mounted or otherwise formed on alignment aids 1934. In
other embodiments, the alignment aids 1934 may not be
present.

[0258] Additional assemblies configured with embodi-
ments of reflector structure 1906 are shown 1n FIGS. 19B
(a)-19B(c).

[0259] FIG. 19B(a) shows an embodiment of reflector
structure 1906 1n an assembly 1908 configured to receive an
incoming optical signal 1970a from a surface-mounted
emitting device 1940 __ . and to retlect the optical signal to
a receiving aperture of a cavity-mounted receiving device
1942 optionally mounted or otherwise formed on align-
ment aids 1934 on the mterposer 1901. In the embodiment,
the optical signal 1s coupled from surface-mounted emitting
device 1940__ .. which may be, for example, a VCSEL, an
LED, or other form of photoemitting device. The cavity-
mounted receiving device 1942 may be, for example, a
photodiode or other form of photodetector, photosensor, or
photoreceptive device, among other devices. In the embodi-
ment shown 1 FIG. 19B(a), an optical signal 1970a from
aperture 1950 of surface-mounted emitting device 1940 __
1s coupled to the reflector structure 1906 and upon reflection,
the optical signal 1s focused or otherwise narrowed. The
narrowed beam 1s 1ncident on the receiving aperture of the
cavity-mounted receiving device 1942 _ . In some embodi-
ments, the receiving aperture of the cavity-mounted receiv-
ing device 1942 . may be shaped to facilitate improved
receptivity of the optical signal into the receiving device
1942 _ . In other embodiments, the receiving aperture may
be coated to improve the receptivity of the optical signal into
receiving aperture. And 1 yet other embodiments, the
reflector cavity may be filled with an index-of-refraction-
matching dielectric or other material to reduce reflection and
to Tacilitate receptivity of the optical signal into the receiv-
ing aperture of the cavity-mounted receiving device 1942 .
Beam focusing of the outgoing signal 19706 from the
reflector structure 1906 to the cavity-mounted receiving
device 1942 _  1s illustrated in FIG. 19B(a). In some assem-

blies 1908, the surface-mounted emitting device 1940 __ . 1s
positioned such that the aperture 1950 of the surface-
mounted emitting device 1940_ . 1s suitably coupled to the
reflector structure 1906. The distance between the surface of
reflector structure 1906 and the receiving aperture of the
cavity-mounted receirving device 1942 1s configured to
provide suitable coupling between the surface-mounted
emitting device 1940, .. and the cavity-mounted receiving
device 1942 . The cavity-mounted receiving device
1942 . 1s positioned, in embodiments, at a distance at or
near a focal point of the reflected outgoing signal 19705. In
some assemblies 1908, the receiving aperture of cavity-
mounted receiving device 1942 _ . 1s positioned such that a
narrowed or otherwise focused beam 1s incident on this

receiving aperture after reflection from the reflector structure
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1906. And 1n some embodiments, the cavity-mounted
receiving device 1s positioned to receive a reflected optical
signal 19705 that 1s narrowed or otherwise focused after
reflection from reflector structure 1906 having beam-nar-
rowing surface curvature.

[0260] FIG. 19B(b) shows an embodiment of reflector
structure 1906 1n an assembly 1908 configured to receive an
incoming optical signal 1970a from a remotely mounted
emitting device 1940__ . and to reflect the optical signal to
a receiving aperture of a cavity-mounted receiving device
1942 . optionally mounted or otherwise formed on align-
ment aids 1934 on the mterposer 1901. In the embodiment,
the optical signal 1s coupled from a remotely mounted
emitting device 1941__ .. which may be, for example, a
VCSEL, an LED, or other form of photoemitting device.
Emitting device 1941, ... may be remotely mounted, for
example, as a component i a multichip assembly, an
assembly for which the mterposer 1901 1s portion of a larger
device or network of devices, and 1n an assembly used for
device testing, among other assemblies. The cavity-mounted
receiving device 1942 may be, for example, a photodiode
or other form of photodetector, photosensor, or photorecep-
tive device, among other devices. In the embodiment shown
in FIG. 19(b), an optical signal 1970a from aperture 1950 of
remotely mounted emitting device 1940 . 1s coupled to the
reflector structure 1906 and upon reflection, the optical
signal 1s focused or otherwise narrowed. The narrowed beam
1s ncident on the receiving aperture of the cavity-mounted
receiving device 1942 _ . In some embodiments, the receiv-
ing aperture of the cavity-mounted receiving device 1942
may be shaped to facilitate improved receptivity of the
optical signal into the receiving device 1942 . In other
embodiments, the receiving aperture may be coated to
improve the receptivity of the optical signal into receiving
aperture. And 1n yet other embodiments, the reflector cavity
may be filled with an index-of-refraction-matching dielec-
tric or other material to reduce retlection and to facilitate
receptivity of the optical signal into the receiving aperture of
the cavity-mounted receiving device 1942 . Beam focus-
ing of the outgoing signal 19705 from the reflector structure

1906 to cavity-mounted receiving device 1942 . 1s 1llus-

Feoc

trated 1n FIG. 19B(a). In some assemblies 1908, the
remotely mounted emitting device 1940 . 1s positioned
such that the aperture 1950 1s sutably coupled to the
reflector structure 1906. The distance between the surface of
reflector structure 1906 and the receiving aperture of the
cavity-mounted receiving device 1942 1s configured to
provide suitable coupling between the remotely mounted
emitting device 1940, .. and the cavity-mounted receiving
device 1942 . The cavity-mounted receiving device 1s
positioned, 1n embodiments, at a distance at or near a focal
point of the reflected outgoing signal 197054. In some assem-
blies 1908, the receiving aperture of cavity-mounted receiv-
ing device 1942 _ . 1s positioned such that a narrowed or
otherwise focused beam 1s 1incident on the recerving aperture
of the cavity-mounted receiving device 1942 _  after retlec-
tion from the reflector structure 1906.

[0261] FIG. 19B(c) shows an embodiment of reflector

structure 1906 1n an assembly 1908 configured to receive an
incoming optical signal 1970a from a surface-mounted

emitting device 1940 __ . and to retlect the optical signal to

all or a portion of a PIC 1954 or an element of a PIC 1954.
In the embodiment shown 1n FIG. 19B(c¢), retlected optical
signal 1970a 1s coupled to all or a portion of a PIC 1954 or
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an element of a PIC 1954, and further to a cavity-mounted
receiving device 1942 through optional patterned wave-
guide 1944p. Cavity-mounted receiving device 1942 _ . 1s
optionally mounted or otherwise formed on alignment aids
1934 on the interposer 1901. The cavity-mounted receiving
device 1942  may be, for example, a photodiode or other
form of photodetector, photosensor, or photoreceptive
device. In the embodiment shown, an optical signal 1970q
from the surface-mounted emitting device 1940, . 1s
coupled to the reflector structure 1906 and upon reflection,
to all or a portion of PIC 1954 and is further coupled through
the all or a portion of a PIC 1954 to cavity-mounted
recerving device 1942 . Some embodiments may include
patterned waveguide 1944p to facilitate coupling to the
cavity-mounted recerving device 1942 _ . Beam focusing of
the outgoing signal 19705 from the reflector structure 1906
to all or a portion of PIC 1954 is 1llustrated in FIG. 19B(c¢).
In some embodiments, the receiving portion of the PIC 1954
1s positioned such that the receiving aperture of the receiving
device 1n the PIC 1954 1s at or near a focal point of the
reflected outgoing signal 19705. In some assemblies 1908,
the receiving portion of the PIC 1954 1s at a location at
which the retlected beam 1s narrowed or otherwise focused
alter reflection from retlector structure 1906.

[0262] In other embodiments for which a cavity-mounted
emitting device 1942 __ . it 1s coupled through a PIC 1954 to
reflector structure 1906, remotely mounted emitting device
1941, . may be used to provide an mgoing signal 1970a to
the reflector structure 1906 rather than the surface-mounted

receiving device in the configuration shown 1n FIG. 19B (¢).

Additional Methods of Forming Embodiments and
Assemblies

[0263] FIGS. 20-26 show methods of forming embodi-

ments of reflectors and of forming assemblies within which
embodiments of reflectors may be configured.

[0264] FIG. 20 shows a flowchart for Method 2020 of
forming embodiments of a reflector structure having curva-
ture 1n more than two cross-sectional planes. Method 2020
includes a forming step 1n which a reflector structure having
curvature 1n more than two cross sectional planes 1s formed
such that an optical signal reflected from the reflector 1s
focused 1n three dimensions. Embodiments of reflector 206
having curvature in more than two cross sectional planes are
illustrated, for example, 1n FIGS. 2C, 2D(c), 2E(c), and 2F.
In these figures, the embodiments of reflector 206 are shown
having curvature in the “x-z”, “x-y”, and “y-z” planes as
referenced 1n each of the figures and as further described
herein.

[0265] In some embodiments, the reflector structure
described in Method 2020 1s configured to face a waveguide
and the optical signal exits from the waveguide as shown,
for example, mm FIGS. 18A(a)-18A(c). In other embodi-
ments, the reflector structure 1s configured to face an emit-
ting device, and the optical signal exits from the emitting
device as shown, for example, in FIGS. 18B(a) and 18B(b).
In yet other embodiments, the reflector structure 1s config-
ured to face a surface-mounted emitting device and the

optical signal exits from the surface-mounted emitting
device as shown, for example, in FIGS. 19A(a)-19A(c) and

FIGS. 19B(a) and 19B(c). In yet other embodiments, the
reflector structure 1s configured to face a remotely positioned
emitting device and the optical signal exits from the
remotely positioned emitting device, as shown, for example,
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in FIG. 19B(b). In yet other embodiments, the reflector
structure 1s configured to face a remotely positioned recerv-
ing device and the optical signal 1s received by the remotely
positioned recerving device as shown, for example, in FIG.
18B(b). In yet other embodiments, the reflector structure 1s
configured to face a surface-mounted receiving device and
the optical signal 1s recerved by the surface-mounted receiv-
ing device as shown, for example, 1n FIGS. 18A(a)-18A(c)
and FIGS. 18B(a) and 18B(c¢). In yet other embodiments, the
reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal 1s received by the
reflector from the waveguide, lens, detector, other device, or
all or a portion of a PIC or a component of a PIC, as shown
for example, 1n FIG. 18B(c¢). In yet other embodiments, the
reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal is recerved from
the retlector by the waveguide, lens, detector, other device,
or all or a portion of a PIC or a component of a PIC, as
shown for example, 1n FIG. 19B(c).

[0266] FIG. 21 shows a flowchart for a Method 2122 of
forming embodiments of a reflector having three-dimen-
sional surface curvature. Method 2122 includes a forming
step 1n which a reflector structure having three-dimensional
curvature 1s formed such that an outgoing beam upon
reflection from the reflector structure 1s focused or otherwise
narrowed 1n three dimensions.

[0267] Embodiments of a reflector structure 206 having
three-dimensional curvature such that an outgoing optical
beam 2706 reflected from the retlector 206 1s focused or
otherwise narrowed 1n three dimensions are illustrated, for
example, 1n FIGS. 2C, 2D(c), 2E(c), and 2F. In these figures,
embodiments of reflector structure 206 are shown having
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curvature 1n the “x-z, “x-y”, and “y-z” planes as referenced
in each of the figures and further described herein. The
embodiments of reflector structure 206 in FIGS. 2C and
2F(b) further 1llustrate three-dimensional beam narrowing of
an outgoing optical beam 2705 from a reflector structure 206
having curvature 1n three dimensions.

[0268] In some embodiments, the reflector structure
described 1n Method 2122 1s configured to face a waveguide
and the optical signal exits from the waveguide as shown,
for example, 1n FIGS. 18A(a)-18A(c). In other embodi-
ments, the retlector structure 1s configured to face an emit-
ting device, and the optical signal exits from the emitting,
device as shown, for example, 1n FIGS. 18B(a) and 18B(b).
In yet other embodiments, the reflector structure 1s config-
ured to face a surface-mounted emitting device and the

optical signal exits from the surface-mounted emitting
device as shown, for example, 1n FIGS. 19A(a)-19A(c) and

FIGS. 19B(a) and 19B(c). In yet other embodiments, the
reflector structure 1s configured to face a remotely positioned
emitting device and the optical signal exits from the
remotely positioned emitting device, as shown, for example,
in FIGS. 19B(b). In yet other embodiments, the reflector
structure 1s configured to face a remotely positioned recerv-
ing device and the optical signal 1s received by the remotely
positioned recerving device as shown, for example, in FIG.
18B(b). In yet other embodiments, the reflector structure 1s
configured to face a surface-mounted receiving device and

the optical signal 1s recerved by the surface-mounted receiv-
ing device as shown, for example, 1n FIGS. 18A(a)-18A(c)

and FIGS. 18B(a) and 18B(c¢). In yet other embodiments, the
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reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal is received by the
reflector from the waveguide, lens, detector, other device, or
all or a portion of a PIC or a component of a PIC, as shown
for example, 1n FIG. 18B(c). In yet other embodiments, the
reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal 1s received from
the retlector by the waveguide, lens, detector, other device,
or all or a portion of a PIC or a component of a PIC, as
shown for example, 1n FIG. 19B(c).

[0269] FIG. 22 shows a flowchart for a Method 2224 of
forming a waveguide or emitting device on a substrate and
further forming an embodiment of a reflector structure on
the substrate such that the reflector structure faces the
waveguide or emitting device. Step 222451 of Method 2224
1s a forming step 1n which a waveguide or an emitting device
1s formed on a substrate. Step 222452 of Method 2224 15 a
forming step 1n which an embodiment of a retlector structure
having a curved three-dimensional surface 1s formed on the
substrate facing the waveguide or emitting device such that
the cross section of the optical signal exiting the waveguide
or emitting device 1s narrowed in two or more dimensions
upon retlection from the retlector.

[0270] FIG. 2C shows a waveguide formed on a substrate
with an embodiment of reflector structure 206 having three-
dimensional curvature such that an optical beam from the
waveguide or an emitting device 1n position 1n place of the
waveguide 1s focused 1n three dimensions upon retlection
from the reflector.

[0271] In some embodiments, the reflector structure
described 1n Method 2224 1s configured to face a waveguide
and the optical signal exits from the waveguide as shown,
for example, 1n FIGS. 18A(a)-18A(c). In other embodi-
ments, the reflector structure 1s configured to face an emit-
ting device, and the optical signal exits from the emitting
device as shown, for example, in FIGS. 18B(a) and 18B(b).
In yet other embodiments, the reflector structure 1s config-
ured to face a surface-mounted emitting device and the

optical signal exits from the surface-mounted emitting
device as shown, for example, in FIGS. 19A(a)-19A(c) and

FIGS. 19B(a) and 19B(c). In yet other embodiments, the
reflector structure 1s configured to face a remotely positioned
emitting device and the optical signal exits from the
remotely positioned emitting device, as shown, for example,
in FIG. 19B(b). In yet other embodiments, the reflector
structure 1s configured to face a remotely positioned recerv-
ing device and the optical signal 1s received by the remotely
positioned recerving device as shown, for example, in FIG.
18B(b). In yet other embodiments, the reflector structure 1s
configured to face a surface-mounted receiving device and
the optical signal 1s received by the surface-mounted receiv-

ing device as shown, for example, 1n FIGS. 18A(a)-18A(c)
and FIGS. 18B(a) and 18B(c). In yet other embodiments, the
reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal is received by the
reflector from the waveguide, lens, detector, other device, or
all or a portion of a PIC or a component of a PIC, as shown
for example, 1n FIG. 18B(c¢). In yet other embodiments, the
reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal 1s recerved from
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the reflector by the waveguide, lens, detector, other device,
or all or a portion of a PIC or a component of a PIC, as
shown for example, 1n FIG. 19B(c).

[0272] FIG. 23 shows a flowchart for a Method 2326 of
forming a substrate having an embodiment of a reflector
structure facing a waveguide or emitting device. Method
2326 includes a forming step in which a substrate having a
reflector structure facing a waveguide or emitting device
such that an optical signal from the waveguide or emitting
device and incident on the retlector structure 1s narrowed 1n
two or more dimensions upon retlection from the reflective
structure.

[0273] FIG. 2C shows a substrate having an embodiment
of a reflector structure 206. Retlector structure 206 has
three-dimensional curvature such that an optical beam
reflected from the waveguide or an emitting device in
position 1n place of the waveguide facing the reflector
structure 206 1s focused 1n three dimensions. In FIG. 2C, an
embodiment of reflector structure 206 i1s shown facing
patterned planar waveguide 244 and having curvature 1n the

“x-z”, “x-y”, and “y-z” planes as referenced 1n the figure and
turther described herein.

[0274] In some embodiments, the reflector structure
described 1n Method 2326 1s configured to face a waveguide
and the optical signal exits from the waveguide as shown,
for example, m FIGS. 18A(a)-18A(c). In other embodi-
ments, the reflector structure 1s configured to face an emit-
ting device, and the optical signal exits from the emitting
device as shown, for example, 1n FIGS. 18B(a) and 18B(b).
In yet other embodiments, the reflector structure 1s config-
ured to face a surface-mounted emitting device and the
optical signal exits from the surface-mounted emitting
device as shown, for example, 1 FIGS. 19A(a)-19A(c) and
FIGS. 19B(a) and 19B(c). In yet other embodiments, the
reflector structure 1s configured to face a remotely positioned
emitting device and the optical signal exits from the
remotely positioned emitting device, as shown, for example,
in FIG. 19B(b). In yet other embodiments, the reflector
structure 1s configured to face a remotely positioned receiv-
ing device and the optical signal 1s received by the remotely
positioned receiving device as shown, for example, 1n FIG.
18B(b). In yet other embodiments, the reflector structure 1s
configured to face a surface-mounted receiving device and
the optical signal 1s recerved by the surface-mounted receiv-
ing device as shown, for example, 1n FIGS. 18A(a)-18A(c)
and FIGS. 18B(a) and 18B(c¢). In yet other embodiments, the
reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal is received by the
reflector from the waveguide, lens, detector, other device, or
all or a portion of a PIC or a component of a PIC, as shown
for example, 1n FIG. 18B(c¢). In yet other embodiments, the
reflector structure 1s configured to face a waveguide, lens,
detector, other device, or all or a portion of a PIC or a
component of a PIC, and the optical signal 1s received from
the retlector by the waveguide, lens, detector, other device,
or all or a portion of a PIC or a component of a PIC, as
shown for example, 1n FIG. 19B(c).

[0275] FIG. 24 shows a flowchart for Method 2428 of
forming an interposer having an embodiment of a reflector
structure. Method 2428 includes a forming step 1n which an
interposer having a retlector structure 1s formed such an
optical signal reflected from the reflector structure 1s nar-
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rowed 1n two or more dimensions upon reflection from the
reflector structure on the interposer.

[0276] In some embodiments, the reflector structure 1n
Method 2428 1s configured to face a waveguide and the
optical signal exits from the wavegmde as shown, for
example, 1 FIGS. 18A(a)-18A(c). In other embodiments,
the reflector structure 1s configured to face an emitting
device, and the optical signal exits from the emitting device
as shown, for example, 1n FIGS. 18B(a) and 18B(b). In yet
other embodiments, the retlector structure i1s configured to
face a surface-mounted emitting device and the optical
signal exits from the surface-mounted emitting device as
shown, for example, 1n FIGS. 19A(a)-19A(c) and FIGS.
19B(a) and 19B(c¢). In yet other embodiments, the retlector
structure 1s configured to face a remotely positioned emitting
device and the optical signal exits from the remotely posi-
tioned emitting device, as shown, for example, mm FIG.
19B(b). In yet other embodiments, the reflector structure 1s
configured to face a remotely positioned recerving device
and the optical signal 1s received by the remotely positioned
receiving device as shown, for example, in FIG. 18B(b). In
yet other embodiments, the retlector structure 1s configured
to face a surface-mounted receiving device and the optical
signal 1s received by the surface-mounted receiving device
as shown, for example, 1n FIGS. 18A(a)-18A(c) and FIGS.
18B(a) and 18B(c¢). In yet other embodiments, the retlector
structure 1s configured to face a waveguide, lens, detector,
other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal 1s received by the retlector from
the waveguide, lens, detector, other device, or all or a portion
of a PIC or a component of a PIC, as shown for example, 1n
FIG. 18B(c). In yet other embodiments, the reflector struc-
ture 1s configured to face a waveguide, lens, detector, other
device, or all or a portion of a PIC or a component of a PIC,
and the optical signal 1s received from the retlector by the
waveguide, lens, detector, other device, or all or a portion of

a PIC or a component of a PIC, as shown for example, 1n
FIG. 19B(c).

[0277] FIG. 25 shows a flowchart for Method 2530 of
forming an interposer having another embodiment of a
reflector structure. Method 2530 includes a forming step in
which an interposer having a reflector structure facing a
waveguide or emitting device 1s formed such that an optical
signal reflected from the reflector structure 1s narrowed or
otherwise focused in two or more dimensions.

[0278] In some embodiments, the reflector structure in
Method 2530 i1s configured to face a waveguide and the
optical signal exits from the wavegmde as shown, for
example, i FIGS. 18A(a)-18A(c). In other embodiments,
the reflector structure 1s configured to face an emitting
device, and the optical signal exits from the emitting device
as shown, for example, 1n FIGS. 18B(a) and 18B(b). In vet
other embodiments, the retlector structure 1s configured to
face a surface-mounted emitting device and the optical
signal exits from the surface-mounted emitting device as
shown, for example, in FIGS. 19A(a)-19A(c) and FIGS.
19B(a) and 19B(c¢). In yet other embodiments, the reflector
structure 1s configured to face a remotely positioned emitting
device and the optical signal exits from the remotely posi-
tioned emitting device, as shown, for example, mn FIG.
19B(b). In yet other embodiments, the reflector structure 1s
configured to face a remotely positioned recerving device
and the optical signal 1s received by the remotely positioned
receiving device as shown, for example, in FIG. 18B(b). In
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yet other embodiments, the reflector structure 1s configured
to face a surface-mounted receiving device and the optical
signal 1s received by the surface-mounted receiving device
as shown, for example, 1n FIGS. 18A(a)-18A(c) and FIGS.
18B(a) and 18B(c). In yet other embodiments, the retlector
structure 1s configured to face a waveguide, lens, detector,
other device, or all or a portion of a PIC or a component of
a PIC, and the optical signal 1s received by the reflector from
the waveguide, lens, detector, other device, or all or a portion
of a PIC or a component of a PIC, as shown for example, 1n
FIG. 18B(c). In yet other embodiments, the retlector struc-
ture 1s configured to face a waveguide, lens, detector, other
device, or all or a portion of a PIC or a component of a PIC,
and the optical signal 1s received from the retlector by the
waveguide, lens, detector, other device, or all or a portion of
a PIC or a component of a PIC, as shown for example, 1n

FIG. 19B(c).

[0279] FIG. 26 shows a flowchart for Method 2686 of
forming an assembly comprising an interposer having align-
ment aids, a reflector structure having three-dimensional
curvature, a receirving device mounted or otherwise formed
on the alignment aids, and a surface-mounted or remotely
mounted emitting device.

[0280] Step 268651 of Method 2686 1s a forming step 1n
which an interposer 1s formed comprising a planar wave-
guide layer and that optionally includes an electrical inter-
connect layer, and further comprising alignment aids for
mounting one or more optical emitting devices. The optional
clectrical interconnect layer provides electrical interconnec-
tions, for example, between electrical devices mounted or
otherwise formed on the mterposer and enables connectivity
to other devices, among other features. Step 268652 of
Method 2686 1s a forming step 1n which a reflector structure
1s formed on the interposer, wherein the reflector structure
includes a surface having three-dimensional curvature. Step
268653 of Method 2686 1s a forming step in which one or
more optical emitting devices are mounted or otherwise
tformed on the alignment aids on the interposer. Step 268654
of Method 2686 1s a forming step in which a surface-
mounted or remotely mounted optical recetving device 1s
mounted or otherwise formed facing the reflector structure
such that an optical signal from the one or more optical
emitting devices mounted or otherwise formed on the align-
ment aids on the interposer 1s reflected by the reflector
structure and coupled to the surface-mounted or remotely
mounted optical receiving device. The optical signal from
the optical emitting device mounted or otherwise formed on
the alignment aids on the interposer can be coupled to the
reflector structure directly, coupled to the reflector structure
through a waveguide, coupled to the reflector structure
through all or a portion of an optical device, or coupled to
the retlector structure through all or a portion of a PIC.

[0281] Embodiments described in Method 2686, can be
used, for example, 1n an optical transmitting device or a
transmitting portion ol an optical transceiver, among other
applications.

[0282] FIG. 27 shows a flowchart for Method 2787 of

forming an assembly that includes an interposer having
alignment aids, a reflector structure having three-dimen-
sional curvature, an emitting device mounted or otherwise
formed on the alignment aids, and a surface-mounted or
remotely mounted receiving device.

[0283] Step 2787s1 of Method 2787 1s a forming step 1n
which an interposer 1s formed comprising a planar wave-
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guide layer and that optionally includes an electrical inter-
connect layer, and further comprising alignment aids for
mounting one or more optical receiving devices. The
optional electrical interconnect layer provides electrical
interconnections, for example, between electrical devices
mounted or otherwise formed on the interposer and enables
connectivity to other devices, among other features. Step
2778752 of Method 2787 1s a forming step 1n which a reflector
structure 1s formed on the interposer, wherein the retlector
structure includes a surface having three-dimensional cur-
vature. Step 278753 of Method 2787 1s a forming step in
which one or more optical receiving devices 1s mounted or
otherwise formed on the ahgnment aids. Step 2787s4 of
Method 2787 1s a forming step 1n which a surface-mounted
or remotely mounted optical emitting device 1s formed
facing the reflector structure, such that an emitted optical
signal from the surface-mounted or remotely mounted opti-
cal emitting device 1s retlected by the reflector structure and
coupled to one or more optical recerving device mounted or
otherwise formed on the alignment aids of the interposer.
The optical signal reflected from the reflector structure can
be coupled to the one or more optical receiving devices on
the alignment aids directly, coupled from the reflector struc-
ture to the one or more optical receiving devices on the
alignment aids through a waveguide, coupled from the
reflector structure to the one or more optical receiving
devices on the alignment aids through all or a portion of an
optical device, or coupled from the reflector structure to the

one or more optical receiving devices on the alignment aids
through all or a portion of a PIC.

[0284] Assemblies that include embodiments of the reflec-
tor structure having three-dimensional surface curvature,
described in Method 2787, can be used, for example, 1n an
optical receiving device or a receiving portion of an optical
transceiver, among other applications.

[0285] It should be noted that the methods 2686 and 2787
can be combined to form devices such as optical transceivers
that include both transmitting and receiving functionality on
a single device. Also, 1t should be noted that multiple
reflector structures can be formed on an interposer, with each
reflector structure coupled to one or more optical devices
mounted on the alignment aids.

[0286] In an optical transceiver, for example, more than
one cavity with alignment aids can be formed on an inter-
poser with an emitting device mounted or otherwise formed
in each of the cavities and each further coupled to a reflector
structure and further coupled from each retlector structure to
surface-mounted or remotely mounted receiving device 1n
the transmitter portion of a transceiver and 1n other devices
that require emitting devices to provide one or more optical
signals.

[0287] In areceiving portion of an optical transceiver, for
example, more than one cavity with alignment aids can be
formed on an interposer with a receiving device mounted or
otherwise formed 1n each of the cavities. Surface-mounted
or remotely mounted emitting device in the receiving por-
tion of the transceiver and in other devices that require
receiving devices to receive one or more optical signals can
be coupled each to a reflector structure, for example, and
turther coupled from each retlector structure to a receiving
device mounted on alignment aids.

[0288] The foregoing descriptions of embodiments have
been presented for purposes of illustration and description
and are not intended to be exhaustive or to limit embodi-
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ments to the forms disclosed. Modifications to, and varia-
tions of, the disclosed embodiments will be readily apparent
to those skilled 1n the art, and the general principles defined
herein may be applied to other embodiments without depart-
ing from the spirit and scope of the embodiments disclosed
herein. Thus, embodiments should not be limited to those

specifically described but rather are to be accorded the

widest scope consistent with the principles and features
disclosed herein.

What 1s claimed 1s:
1. A reflector structure disposed on a substrate,

wherein the reflector structure 1s configured to transmit an
optical signal between a first direction parallel to the

substrate and a second direction forming an angle less
than 60 degrees with a third direction perpendicular
with the substrate,

wherein the reflector structure comprises a curved sur-
face, with the curved surface comprising curved inter-
secting lines between the curved surface and planes
parallel and perpendicular to the substrate,

wherein the curved surface 1s configured to reflect an
incoming optical signal to a reflected optical signal
comprising a smaller cross section area.

2. A reflector structure as 1n claim 1,

wherein the second direction 1s perpendicular to the
substrate.

3. A reflector structure as 1n claim 1,

wherein the reflector structure comprises a reflective layer
disposed on a cavity of the substrate.

4. A reflector structure as 1n claim 1,

wherein the reflector structure comprises a reflective layer
disposed on a cavity of the substrate.

wherein the retlective layer comprises a variable thickness
across at least the curved intersecting lines.

5. A reflector structure as 1n claim 1,

wherein the retlector structure 1s configured to transmit or
receive the optical signal between a first device dis-
posed on the substrate and a second device disposed on
the retlector structure.

6. A structure comprising
a substrate:

a first optical element disposed on the substrate, with the
optical element configured to transmit an optical signal
or to receive the optical signal;

a retlector structure disposed on the substrate and aligned
with the optical element,

wherein the reflector structure 1s configured to transmuit
or receive the optical signal between the first optical
clement and a second optical element disposed away
from the reflector structure in a direction from the
substrate to the reflector structure,

wherein the reflector structure comprises a curved
surtace, with the curved surface comprising curved
intersecting lines between the curved surface and
planes parallel and perpendicular to the substrate,

wherein the curved surface 1s configured to reflect an
incoming optical signal to a reflected optical signal
comprising a smaller cross section area.

7. A structure as 1n claim 6,
wherein the first optical element comprises a waveguide,

wherein the second optical element comprises an optical
or an optoelectronic surface-mount device.
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8. A structure as 1n claim 6, further comprising

wherein the second optical element comprises an optical
or an optoelectronic surface-mount device disposed on
the substrate and aligned with the first optical element.

9. A structure as 1n claim 6, further comprising

an alignment aid element disposed on the substrate,

wherein the alignment aid element 1s configured to align
the first optical element with an optical or optoelectrical
device to be mounted on the substrate,

wherein the optical or optoelectrical device 1s configured
to be aligned to the first optical element with an
accuracy of a lithography process due to a same mask
used to form the first optical element and the alignment
aid element.

10. A structure as 1n claim 6, further comprising
a first alignment aid element disposed on the substrate,

wherein the first alignment aid element 1s configured to
align a first optical axis of the first optical element
with a second optical axis of an optical or optoelec-
trical device to be mounted on the substrate 1n a

plane parallel to the substrate,
a second alignment aid element disposed on the substrate,

wherein the second alignment aid element 1s configured
to restrain the second optical axis from diverting
from the first optical axis in a plane perpendicular to
the substrate.

11. A structure as 1n claim 6,

wherein the reflector structure comprises a reflective layer
disposed on a cavity 1n a layer on the substrate,

wherein the substrate comprises mounting pads on top the
layer to receive the second optical element.

12. A structure as 1n claim 6,

wherein the reflector structure comprises a reflective layer
disposed on a cavity of the substrate,

wherein the first optical element comprises an end facet
facing the cavity, with the cavity configured to align the
optical signal between the first optical element through
the end facet and the cavity.

13. A structure as 1n claim 6,

wherein the reflector structure comprises a reflective layer
disposed on a cavity of the substrate,

wherein the retlector structure 1s configured to be aligned
to the first optical element with an accuracy of a
lithography process due to a same mask used to form
the cavity and the first optical element.

14. A structure as 1n claim 6,

wherein the substrate comprises an interconnection layer
under the first optical element,

wherein the interconnection layer comprises one or more
interconnection lines disposed 1n one or more levels
and connected by one or more vias.

15. A structure as 1n claim 6,

wherein the substrate comprises an interconnection layer
under the first optical element,

wherein the structure further comprises an optical or
optoelectrical device disposed on the substrate and
aligned with the first optical element,

wherein the optical or optoelectrical device 1s coupled to
an interconnect line in the interconnection layer.

16. A structure as 1n claim 6,

wherein the substrate comprises an interconnection layer
under the first optical element,
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wherein the substrate comprises an alignment aid element
configured to align the first optical element with an
optical or optoelectrical device to be mounted on the
substrate,

wherein the substrate comprises one or more bond pads
connected to interconnect lines 1n the interconnection
layer, with the bond pads configured to be coupled to
terminal pads of the optical or optoelectronic device.

17. A structure as 1n claim 6,

wherein the substrate comprises an interconnection layer
under the first optical element,

wherein the reflector structure comprises a retlective layer
disposed on a cavity of the substrate,

wherein the reflective layer 1s connected to an intercon-
nect line of the interconnect layer,

wherein the second optical element comprises an opto-
clectronic device comprising a terminal pad connected
to the reflective layer.

18. An assembly comprising

a substrate;

a first device coupled to a waveguide on the substrate,
with the first device configured to transmit an optical
signal to the waveguide or to receive the optical signal
from the waveguide;

a reflector structure disposed in a layer on the substrate
and aligned with the waveguide,
wherein the reflector structure comprises a curved

surtace, with the curved surface comprising curved
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intersecting lines between the curved surface and
planes parallel and perpendicular to the substrate,
wherein the curved surface configured to reflect an
incoming optical signal to a reflected optical signal
comprising a smaller cross section area;

a second device disposed on the layer above the retlector
structure, wherein the second device 1s configured to
receive or transmit the optical signal from or to the first
device reflected by the retlector structure.

19. An assembly as in claim 18,

wherein the first device comprises an optical emitter
device,

wherein the second device comprises an optical receiver
device,

wherein the first device i1s configured to transmit the
optical signal to the retlector structure, with the optical
signal recetved by the second device after being
reflected by the reflector structure.

20. An assembly as 1n claim 18,

wherein the first device comprises an optical receiver
device,

wherein the second device comprises an optical emitter
device,

wherein the second device 1s configured to transmit the
optical signal to the reflector structure, with the optical
signal received by the first device after being reflected
by the reflector structure.
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