US 20180341064A1

a9 United States
a2y Patent Application Publication (o) Pub. No.: US 2018/0341064 A1

WEBSTER et al. 43) Pub. Date: Nov. 29, 2018
(54) PHOTONIC INTEGRATION PLATFORM GO02B 6/132 (2006.01)
GO02B 6/43 (2006.01)
(71) Applicant: Cisco Technology, Inc., San Jose, CA (52) US.CL
us) CPC ...... GO02B 6/30 (2013.01); GO2B 2006/12152
(2013.01); GO2B 6/12 (2013.01); GO2B
(72) Inventors: Mark WE.BSTER, Bethlehem, PA 6712002 (201301), GO2B 6/122 (201301),
(US); Ravi Sekhar TUMMIDI, GO2B 6/1228 (2013.01); GO2B 6/14
Breinigsville, PA (US) (2013.01); GO2B 6/107 (2013.01); GO2B 6/132
) (2013.01); GO2B 6/43 (2013.01); GO2B
(21)  Appl. No.: 16/052,524 2006/12038 (2013.01); GO2B 2006/12061
- (2013.01); GO2B 2006/121 (2013.01); GO2B
(22) Filed:  Aug. 1, 2018 2006/12147 (2013.01); GO2B 6/305 (2013.01)
Related U.S. Application Data
(60) Division of application No. 15/461,789, filed on Mar. (57) ABSTRACT
17, 2017, now Pat. No. 10,054,745, which is a divi-
sion of application No. 14/946.,946, .ﬁleq on NOV', 20, A SOI device may include a waveguide adapter that couples
2915 » oW P.at' NO' 9,651,739, which is a continu- light between an external light source—e.g., a fiber optic
ation of application No. 13/935,277, filed on Jul. 3, cable or laser—and a silicon waveguide on the silicon
2013, now Pat. No. 9,274,275 surface layer of the SOI device. In one embodiment, the
.. . . waveguide adapter is embedded into the insulator layer.
Publication Classification Doing so may enable the waveguide adapter to be formed
(51) Int. CL before the surface layer components are added onto the SOI
G02B 6/30 (2006.01) device. Accordingly, fabrication techniques that use high-
G02B 6/12 (2006.01) temperatures may be used without harming other compo-
G02B 6/122 (2006.01) nents in the SOI device—e.g., the waveguide adapter is
G02B 6/14 (2006.01) formed before heat-sensitive components are added to the
GO02B 6/10 (2006.01) silicon surface layer.
400
220 //
) E D COUPLING
205 ( ( O\, A C B A INTERFACE
T l
A A
415A— | | | | |
| | 415B | i i
|| a1sc ! |
E S ’1 D o . B A |
* e Y
110 <
. 410 ]
Y
235

115




Patent Application Publication

Nov. 29,2018 Sheet 1 of 8

US 2018/0341064 Al

100

~

7 7 7 77 77 7 77 7 7~

—~_1

NN
L
ST T 7

05
10

L~ 115

FIG. 1
200
210A 230 208 4
1 225
218 220 I 205

OPTICAL r OPTICAL

MODULATOR | SILICON WAVEGUIDE DETECTOR
EMBEDDED

WAVEGUIDE |~ 239

~_115

FIG. 2



Patent Application Publication Nov. 29,2018 Sheet 2 of 8 US 2018/0341064 A1

305
g 301 302 235

{
/ | EMBEDDED WAVEGUIDE P ~315

~ 310 ~320

350 v@ IMPLANT
305

360

BOND TOP SURFACE OF WAFER 301

355 WITH TOP SURFACE OF WAFER 302

303 325
f
—_—310A
-~ 305

[EMBEDDED WAVEGUIDE] |~ 315

365 ANNEAL BONDED WAFFERS TO SPLIT
WAFER 303 AND FORM A UNIFIED
INSULATOR LAYER

303 310A

\ 330
[EMBEDDED WAVEGUIDE] PATTERN ACTIVE

370 SILICON SURFACE
~320 LAYERAS SHOWN
IN FIGURE 2

FIG. 3



Patent Application Publication Nov. 29,2018 Sheet 3 of 8 US 2018/0341064 A1

400
2@0 ,/
COUPLING
205{ g ( E\l ,le c 5 A | INTERFACE
U S
415A~/1= | | | |
B 4158 | A i |
| |
e
. E D L B Y A)
110 <
L 410 J
Y
235
115{
FIG. 4
415A 415A
4 'd
[
4158 [y 415D 4158 415D
' 'd '
415C 415C
'

FIG. 5A FIG. 5B



Patent Application Publication Nov. 29,2018 Sheet 4 of 8 US 2018/0341064 A1

—~_-220
~_-415A ~_-415A
FIG. 5C FIG. 6D
—~_-220
~_-415A
FIG. 5E
605

FIG. 6A FIG. 6B



Patent Application Publication

705A

710A

716A

720A

- 415C

— 750

Nov. 29,2018 Sheet 5 of 8

755—

750

@\/701

US 2018/0341064 Al

415B 415D
J J
415C - ]
_— 755—
_J\755 QMSC 710B
— 750 750~ -/
&702
415A
L 415A (\{_J 415D
e | T
— 755 4158 LR 415c| 7158
— 750 750 —
&703
415A
760 760 — {/
| 415A 415B &I 415D
755
— Ll Tee | 7208
—750 o | ‘./

FIG. 7



Patent Application Publication Nov. 29,2018 Sheet 6 of 8 US 2018/0341064 A1

810
F
220 4157 \| ’/
) | Z\Ams
— S |
| | 820
I R — |
MsC—1— |
|
|
| )~\/825
~_ F
FIG. 8

\ /|82

FIG. 9




Patent Application Publication Nov. 29,2018 Sheet 7 of 8 US 2018/0341064 A1
1000
1005A 1005B //
L
ELECTRICAL ELECTRICAL
CHIP 1010A CHIP 1010B

OPTICAL CHIP |~

OPTICAL CHIP |/

7 L1020
| l
\1015A
\10153
FIG. 10
1100
1005A 10058 //
- /[
ELECTRICAL ELECTRICAL
CHIP CHIP
ACTIVE COMPONENTS|  |ACTIVE COMPONENTS | [ 205
- 235A \_5358 ~_ 110

FIG. 11



Patent Application Publication Nov. 29,2018 Sheet 8 of 8 US 2018/0341064 A1

1200
1205A //
r
1205D
12058 - 1205E p
1205C
FIG. 12A
1200
1205A //
r
1205D
12058 - 1205€ .
1205C

FIG. 12B



US 2018/0341064 Al

PHOTONIC INTEGRATION PLATFORM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of co-pending U.S.
patent application Ser. No. 15/461,789, filed Mar. 17, 2017,
which is a divisional of U.S. patent application Ser. No.
14/946,946, filed Nov. 20, 2015 which issued on May 16,
2017 as U.S. Pat. No. 9,651,739; and is a continuation of
U.S. patent application Ser. No. 13/935,277, filed Jul. 3,
2013 which issued on Mar. 1, 2016 as U.S. Pat. No.
9,274,275. The aforementioned patent applications are
herein incorporated by reference in their entirety.

TECHNICAL FIELD

[0002] Embodiments presented in this disclosure gener-
ally relate to waveguides in a silicon-on-insulator (SOI)
device, and more specifically, to embedding waveguides in
the insulator layer of the SOI device.

BACKGROUND

[0003] SOI optical devices may include an active surface
layer that includes waveguides, optical modulators, detec-
tors, CMOS circuitry, metal leads for interfacing with exter-
nal semiconductor chips, and the like. Transmitting optical
signals from and to this active surface layer introduces many
challenges. For example, a fiber optic cable may be attached
to the SOI optical device and interface with a waveguide on
its surface layer; however, the diameter of the one or more
modes of the optic cable (e.g., approximately 10 microns for
a single-mode cable) may have a much different size than the
mode of a sub-micron dimensioned waveguide tasked with
routing the optical signal in the SOI device. Accordingly,
directly interfacing the fiber optic cable with the sub-micron
waveguide may result in low transmission efficiency or high
coupling loss.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] So that the manner in which the above-recited
features of the present disclosure can be understood in detail,
a more particular description of the disclosure, briefly sum-
marized above, may be had by reference to embodiments,
some of which are illustrated in the appended drawings. It is
to be noted, however, that the appended drawings illustrate
only typical embodiments of this disclosure and are there-
fore not to be considered limiting of its scope, for the
disclosure may admit to other equally effective embodi-
ments.

[0005] FIG. 1 illustrates a SOI device, according to one
embodiment disclosed herein.

[0006] FIG. 2 illustrates a SOI device with an embedded
waveguide, according to one embodiment disclosed herein.
[0007] FIG. 3 illustrates a flow chart for fabricating a SOI
device with the embedded waveguide, according to one
embodiment disclosed herein.

[0008] FIG. 4 illustrates a side view of a SOI device with
a multi-prong, embedded waveguide, according to one
embodiment disclosed herein.

[0009] FIGS. 5A-5E illustrate cross-sectional views of the
SOI device with the multi-prong embedded waveguide,
according to embodiments disclosed herein.
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[0010] FIGS. 6A-6B illustrate an overlapping waveguide
structure for transferring an optical signal between wave-
guides, according to embodiments disclosed herein.

[0011] FIG. 7 illustrates a flow for fabricating the multi-
prong, embedded waveguide, according to one embodiment
disclosed herein.

[0012] FIG. 8 illustrates an optical system with a fiber
optic cable coupled to an embedded waveguide, according
to one embodiment disclosed herein.

[0013] FIG. 9 illustrates a cross sectional view of the
optical system, of FIG. 8 according to one embodiment
disclosed herein.

[0014] FIG. 10 illustrates an electro/optical device,
according to one embodiment disclosed herein.

[0015] FIG. 11 illustrates the electro/optical device with
embedded waveguides, according to one embodiment dis-
closed herein.

[0016] FIGS. 12A-12B illustrate cross-sectional views of
the SOI device with the multi-prong embedded waveguide,
according to embodiments disclosed herein.

[0017] To facilitate understanding, identical reference
numerals have been used, where possible, to designate
identical elements that are common to the figures. It is
contemplated that elements disclosed in one embodiment
may be beneficially utilized on other embodiments without
specific recitation.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Overview

[0018] One embodiment of the present disclosure includes
an optical device that includes a semiconductor substrate, an
insulation layer disposed on the substrate, a crystalline
silicon layer disposed on the insulation layer and comprising
a silicon waveguide, and a plurality of prongs configured to
at least one of receive and transmit optical energy via a
coupling surface of the SOI optical device. The plurality of
prongs are positioned such that the optical energy transmit-
ted by the plurality of prongs is transferred to the silicon
waveguide and a dimension of the silicon waveguides
changes as the silicon waveguide extends away from the
coupling surface.

Example Embodiments

[0019] A silicon-on-insulator (SOI) device may include a
waveguide adapter that couples an external light source—
e.g., light from a fiber optic cable or a laser directly coupled
to the SOI device—to a silicon waveguide on a surface layer
of the SOI device. The waveguide adapter may improve
transmission efficiency relative to directly coupling the light
source to the waveguide. In one embodiment, the waveguide
adapter may also be located on the same surface layer as the
waveguide. For example, the waveguide adapter may
include several layers, which may have varying concentra-
tions of dopants or different materials shaped to focus the
received optical signal into the waveguide. However, fabri-
cating the waveguide adapter on the surface layer of the SOI
device may impose constraints on the techniques and mate-
rials that are used to form the waveguide adapter. For
example, the surface layer may include components that are
made using CMOS {fabrication techniques. Many of these
components however, are sensitive to temperature. For
example, if metal is deposited onto the surface layer, the
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temperature of the SOI device may not be able to exceed
300-400 degrees Celsius or the metal may migrate and cause
a defect (e.g., a short circuit) in the SOI device. Accordingly,
if the waveguide adapter contained other deposited materials
that needed to be annealed to achieve low-loss operation, the
SOI device could not be subjected to high-annealing tem-
peratures (e.g., 1000 degrees Celsius) without potentially
harming other components in the surface layer of the SOI
device.

[0020] Instead, in one embodiment, the waveguide adapter
is embedded into the insulation layer of the SOI device.
Doing so may enable the waveguide adapter to be formed
before the surface layer components are added to the SOI
device. Accordingly, fabrication techniques that use high-
temperatures may be used to form a low loss waveguide
adapter with high optical power throughput without harming
other components in the SOI device—e.g., the waveguide
adapter is formed before heat-sensitive components are
added to the silicon surface layer. In one embodiment, the
waveguide adapter is formed on the device even before the
silicon surface layer of the SOI device is formed. That is, the
adapter may be disposed on the SOI device when the device
only includes a semiconductor substrate and an insulation
layer. After the waveguide adapter is embedded into the
insulation layer, the silicon surface layer may be added onto
the insulation layer to form a SOI structure.

[0021] FIG. 1 illustrates a SOI device 100, according to
one embodiment disclosed herein. SOI device 100 includes
a surface layer 105, a buried insulation layer 110 (also
referred to as buried oxide (BOX) layer), and a semicon-
ductor substrate 115. Although the embodiments herein refer
to the surface layer 105 and substrate 115 as silicon, the
disclosure is not limited to such. For example, other semi-
conductors or optically transmissive materials may be used
to form the structure 100 shown here. Moreover, the surface
105 and the substrate 115 may be made of the same material,
but in other embodiments, these layers 105, 115 may be
made from different materials.

[0022] The thickness of the surface layer 105 may range
from less than 100 nanometers to greater than a micron.
More specifically, the surface layer 105 may be between
100-300 nanometers thick. The thickness of the insulation
layer 110 may vary depending on the desired application. As
will be discussed in greater detail below, the thickness of the
insulation layer 110 may directly depend on the size of the
mode being coupled to the SOI device 100 and the desired
efficiency. As such, the thickness of insulation layer 110 may
range from less than one micron to tens of microns. The
thickness of the substrate 115 may vary widely depending on
the specific application of the SOI device 100. For example,
the substrate 115 may be the thickness of a typical semi-
conductor wafer (e.g., 100-700 microns) or may be thinned
and mounted on another substrate.

[0023] For optical applications, the silicon surface layer
105 and insulation layer 110 (e.g., silicon dioxide, silicon
oxynitride, and the like) may provide contrasting refractive
indexes that confine an optical signal in a waveguide in the
surface layer 105. In a later processing step, the surface layer
105 of the SOI device 100 may be etched to form one or
more silicon waveguides. Because silicon has a higher
refractive index compared to an insulator such as silicon
dioxide, the optical signal remains primarily in the wave-
guide as it propagates across the surface layer 105.
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[0024] FIG. 2 illustrates a SOI device 200 with an embed-
ded waveguide, according to one embodiment disclosed
herein. Like the SOI device 100 in FIG. 1, SOI device 200
includes a top surface layer 205, insulation layer 110, and
substrate 115. However, the surface layer 205 has been
processed to include various optical components that may be
used in an optical device. For example, surface layer 205
includes an optical modulator 215 which include a metal
lead 210A. The modulator 215 may have been formed by
performing various fabrication steps on the silicon layer
such as etching or doping the silicon material as well as
depositing additional materials onto surface layer 205. The
metal lead 210A may be used to transmit a data signal that
controls the optical modulator 215. For example, the optical
modulator 215 may be a CMOS capacitor including n-type
and p-type doped regions coupled to respective metal leads
for changing the phase of the optical signal passing through
the modulator 215. Although not shown, the metal leads may
be connected to an integrated circuit mounted onto the SOI
device 200 that provides the one or more data signals that
control the modulator 215. In another embodiment, the
integrated circuit may be physically separate from the SOI
device 200 but couple to the metal leads through bond wires.

[0025] Like the optical modulator 215, the silicon wave-
guide 220 may have been fabricated from the silicon surface
layer (e.g., layer 105 of FIG. 1). SOI device 200 may use
waveguide 220 to carry the optical signal to different areas
of the surface layer 205. For example, an input of optical
modulator 215 may receive an optical signal via waveguide
220, modulate the signal, and transmit the resulting signal
along a different waveguide coupled to an output of the
optical modulator 215.

[0026] In addition to including components made from
silicon, surface layer 205 includes optical detector 225
which may be made from other materials (e.g., optical
detector 225 may be a geranium detector) or a combination
of silicon with other materials. The other materials may be
deposited on surface layer 205 using any suitable deposition
technique. For example, in one embodiment, surface layer
205 may be processed to include an optical light source (not
shown). The light source (e.g., a monolithic light source in
silicon or a source made from other materials and bonded
onto surface layer 105) may directly couple to one of the
silicon waveguide 220 for carrying light emitted from the
light source to other components in the SOI device 200.
Once the surface layer 205 is processed to include the
desired components, the components may be covered with a
protective material 230 (e.g., an electrical insulative mate-
rial) which may serve as a suitable base for mounting
additional circuitry on the SOI device 200. In this manner,
the silicon surface layer 205 of SOI device 200 may be
processed using any number of techniques to form a device
for performing a particular application such as optical modu-
lation, detection, amplification, generating an optical signal,
and the like.

[0027] Insulation layer 110 includes at least one embedded
waveguide 235. In one embodiment, the embedded wave-
guide 235 includes a waveguide adapter that enables the SOI
device 200 to couple an optical signal to an optical fiber
and/or receive an optical signal from a light source external
to the device 200. Further still, the embedded waveguide
235 may be shaped such that the optical signal traveling in
it transfers to the silicon waveguide 220. As will be dis-
cussed later, an optical fiber may couple to SOI device 200
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in order to transmit an optical signal into the embedded
waveguide 235. The optical signal propagates along the
embedded waveguide 235 until the signal reaches a portion
of waveguide 235 designed to transfer the optical signal to
the silicon waveguide 220 in the surface layer 205. Once
transferred, the silicon waveguide 220 may carry the optical
signal to the various components in the surface layer 205.
For example, silicon waveguide 220 may pass the optical
signal into the optical modulator 215 where the signal is
modulated and then passed to a different silicon waveguide
(not shown). Further, the silicon waveguide may transfer the
modulated signal into another waveguide embedded in the
insulation layer 110 which terminates at another optical fiber
that carries the modulated signal away from the SOI device
200. In this manner, the embedded waveguides 235 may be
used to receive or transmit an optical signal or to route
optical signals between different optical components in the
device layer 205.

[0028] The waveguide adapters in the embedded wave-
guides 235 may be designed to efficiently couple to external
light sources. As explained above, because the dimensions
of the silicon waveguide 220 may result in high optical
losses if directly connected to an external light source, the
light source may instead be coupled to the embedded
waveguide 235 which then transfers the signal into the
silicon waveguide 220. Placing the embedded waveguides
235 in the insulation layer 110 increase the flexibility of the
parameters used to design the embedded waveguide. For
example, the thickness of the insulation layer 110 is easily
increased in order to accommodate a larger embedded
waveguide 235. Moreover, because the insulation layer 110
is primarily unused, waveguides in this layer may have less
routing constraints—e.g., less crowding.

[0029] Furthermore, in one embodiment, the embedded
waveguide 235 may be formed on the SOI device 200 before
the various components in surface layer 205 are added.
Because forming the embedded waveguide 235 may require
high temperatures to achieve low loss material films, these
temperatures may affect the components in the surface layer
205. For example, high temperatures (e.g., greater than 400
degrees Celsius) may cause the metal leads 210A and 210B
to migrate or change the dopant concentrations in the optical
modulator 215 or optical detector 225. Thus, the embedded
waveguide 235 may be disposed on the insulation layer
using high-temperature fabrication steps before the optical
components are disposed on the device 200.

[0030] Although the embodiments below describe form-
ing the waveguide 235 before forming or depositing any
optical components onto the upper layer 205/310A, the
present disclosure is not limited to such. That is, in one
embodiment, the waveguide 235 may be formed after (or
contemporaneously with) components formed on the surface
layer 205. For example, silicon waveguide 220 may not be
affected by the high temperatures used to form the embedded
waveguide 235, and thus, the embedded waveguide 235 may
be formed after or while the silicon waveguide 220 is etched
into the surface layer 205. Nonetheless, the waveguide 235
may be formed before any heat-sensitive components are
formed on the surface layer 205—e.g., metal leads 210—
that would be affected by the high temperatures used to form
the embedded waveguide 235.

[0031] FIG. 3 illustrates a flow chart 300 for fabricating a
Sal device with the embedded waveguide, according to one
embodiment disclosed herein. Wafer 301 includes a sub-
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strate 310 with an insulation layer 305. In one embodiment,
the substrate 310 may be a semiconductor material while
insulation layer 305 is an insulator such as silicon oxide,
silicon rich oxide, silicon oxynitride, or other insulative
material. Arrow 350 illustrates that wafer 301 is implanted
with a dopant (e.g., hydrogen) in order to weaken the
crystalline structure of the semiconductor substrate 310. As
shown, the dopant forms an impurity layer 325 which may
be used in a later processing step to divide the semiconduc-
tor substrate 310 into an upper portion 310A and lower
portion 3106.

[0032] Arrows 355 and 360 represent bonding wafer 301
with a separate wafer 302. Specifically, the insulating layer
305 of wafer 301 is bonded to an insulating layer 315 of
wafer 302. The insulating layer 315 of wafer 302 includes
one or more embedded waveguides 235 as discussed in FIG.
2. Although FIG. 3 illustrates that the embedded waveguide
235 is recessed a certain distance (e.g., around 100 nano-
meters) from the top surface of wafer 302, in other embodi-
ments, the embedded waveguide 235 may be exposed on the
top surface of wafer 302. The fabrication of the embedded
waveguide 235 in wafer 302 will be discussed in greater
detail later. Wafer 302 also includes a substrate 320 which
may be a semiconductor (e.g., silicon). In one embodiment,
the insulation layer 315 may be composed of a material
based on the semiconductor material of the substrate 320—
e.g., if the substrate 320 is silicon, the insulation layer 315
may be silicon dioxide or silicon oxynitride.

[0033] Wafers 301 and 302 are bonded to form wafer 303
where the wafers are bonded at the respective insulation
layers 305 and 315. Here, wafer 301 is shown as being
upside down and on top of wafer 302. The process shown in
FIG. 3 is not limited to any particular technique for bonding
the wafers.

[0034] Arrow 365 illustrates annealing wafer 303 which
causes the impurity layer 325 to split the substrate 310 into
the upper and lower portions 310A and 310B. Moreover,
annealing may cause the two insulation layers 305 and 315
to form a unitary insulation layer 330. In this embodiment,
the insulation layers 305 and 315 may be made of the same
material. Moreover, the insulation layer 305 may be thinner
than the insulation layer 315.

[0035] The lower portion 310B may then be removed
while the upper portion 310A forms the silicon surface layer
of'an SOI structure. In some embodiment, the upper portion
310A may be thinned using a chemical-mechanical polish-
ing to achieve the desired thickness (e.g., typically 50-300
nanometers) and planarity. In this manner, wafer 303
includes a SOI structure with a top layer (e.g., upper portion
310A) that includes a crystalline semiconductor, an insula-
tion layer (e.g., the unitary insulation layer 330), and a
crystalline semiconductor substrate 320. Furthermore, the
SOI structure of wafer 303 includes an embedded wave-
guide 235 that was formed prior to forming optical compo-
nents in the top layer 310A of wafer 303.

[0036] Arrow 370 represents that further processing may
be performed to add the optical components onto the top
layer of the SOI structure. For example, upper portion 310A
may then be processed as shown in FIG. 2 to include optical
modulators 215, waveguides 220, optical detectors 225,
optical light sources, and the like. Because the embedded
waveguides 235 were formed previously, these components
may use CMOS techniques or other temperature-sensitive
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fabrication techniques without limiting the materials or
techniques used when fabricating the embedded waveguides
235.

[0037] FIG. 4 illustrates a side view of a SOI device 400
with a multi-prong, embedded waveguide 235, according to
one embodiment disclosed herein. Here, surface layer 205
includes a silicon waveguide 220. Although not shown, the
silicon waveguide 220 may navigate the surface layer 205 to
couple an optical signal to various optical components in the
surface layer 205. The dotted line illustrates the division
between the surface layer 205 and the insulation layer 110.
[0038] The insulation layer 110 includes the embedded
waveguide 235. Here, the embedded waveguide 235 also
includes a waveguide adapter 410 which abuts—i.e., is
exposed on—a coupling interface of the SOI device. How-
ever, although not shown, the embedded waveguide 235
may be recessed (e.g., 1-5 microns) from the coupling
interface. This interface may be used by an external optical
component (e.g., optical fiber or a laser) to transmit light into
or receive light from the embedded waveguide 235. Thus,
the coupling interface may be an external facing surface of
the SOI device 400. Here, the embedded waveguide 235 is
made of separate prongs 415 that may include the same
material (e.g., silicon nitride or silicon oxynitride) embed-
ded in the insulation material of layer 110 (e.g., silicon
dioxide or silicon oxynitride). In one embodiment, the
material of the prongs 415 and embedded waveguide 235
may be different from the material of layer 110. Generally,
the embedded waveguide 235 may be made of any material
with a higher refractive index than the material of the
insulation layer 110.

[0039] FIGS. 5A-5E illustrate cross-sectional views of the
SOI device with the multi-prong embedded waveguide,
according to embodiments disclosed herein. Specifically,
FIG. 5A illustrates the cross section A-A of a portion of the
waveguide adapter 410 that is closest to the coupling inter-
face. Here, the waveguide adapter 410 includes four separate
prongs 415 A-D that may have the same or similar width (W)
and height (H) (or thickness) dimensions. These dimensions,
as well as the spacing between the prongs 415A-D may vary
depending on the specific application. In the example
shown, the waveguide adapter 410 may be configured to
interface with a single mode optical fiber with a 10 micron
core. As will be appreciated by one of ordinary skill in the
art, these dimensions may vary depending on the specific
application. Specifically, the dimensions may be chosen
such that the mode of the prong at the coupling interface
substantially matches the mode of the external device to
which light is to be coupled to or from. Here, the width of
the prongs 415A-D may range from approximately 200-300
nanometers with a height between 100-150 nanometers.
More specifically, the width may be around 250 nanometers
while the height is approximately 120 nanometers. The
distance between prong 415A and prong 415C and the
distance between prong 415D and prong 415B may be
around two microns. As mentioned above, the dimensions,
as well as the spacing, of the prongs 415 may vary according
to the mode or design of the external light source coupled to
the SOI device.

[0040] FIG. 5B illustrates the cross section B-B of the
waveguide adapter 410. This figure shows that as the multi-
prong adapter is recessed away from the coupling interface,
the width of the prongs 415B, 415C, and 415D reduces
while the width of prong 415A, which is closest to the

Nov. 29, 2018

interface between the insulation layer 110 and surface layer
205, increases. As shown, the tapering of widths of the
prongs 415B-D is done in an adiabatic fashion. The tapering
results in a gradual transition of optical energy from an
optical mode which is confined by all the prongs 415A-D at
or near the coupling interface where the widths and heights
of all the prongs 415A-D are same to a mode which is
gradually confined more and more in the upper prong 415A
at positions farther away from the coupling interface. This
tapering transfers the optical energy confined by prongs
415A-D to prong 415A alone. However, the opposite is also
true. That is, tapering the widths also enables a signal
introduced in the upper prong 415A to be transferred to a
mode confined by prongs 415A-D as the optical signal
propagates towards the coupling interface. The widths of the
prongs 415A-D may change continuously (e.g., a linear or
non-linear fashion such as exponentially or at higher order
polynomial profiles) or at discrete increments as the wave-
guide adapter 410 extends away from the coupling interface.
As shown in FIG. 4, eventually the prongs 415B-D termi-
nate (which ends the waveguide adapter 410) while prong
415A continues to transmit the optical signal. In one
embodiment, the waveguide adapter 410 may extend for
approximately 100 microns from the coupling interface
before the adapter 410 terminates. Furthermore, the wave-
guide adapter 410 may taper for all of this length or for only
a portion thereof. For example, the widths of the prongs
415A-D may remain substantially equivalent for the first
five to ten microns before the widths of prongs 415A-D
begin to change.

[0041] FIG. 5C illustrates the cross section C-C of the
embedded waveguide 235. Here, the waveguide adapter 410
has terminated which leaves only prong 415A to carry the
optical signal through the insulation layer 110. Although
shown as being linear, prong 415A may bend or twist to
carry the optical signal to different areas of the SOI device
400. Thus, the length of prong 415A may be much larger
than the lengths of prongs 415B-D to enable prong 415A to
carry an optical signal to different areas of the SOI device
400.

[0042] FIG. 5D illustrates the cross section D-D of the
embedded waveguide 235 and silicon waveguide 220. As
shown, the width of prong 415A is larger than the width of
the silicon waveguide 220 in the surface layer 205. More-
over, the distance between prong 415A and the waveguide
220 may range from hundreds of nanometers to only a few
nanometers depending on the techniques used to fabricate
the SOI device 400. Depending on the technique used to
fabricate the SOI device 400, a portion of prong 415A may
directly contact waveguide 220.

[0043] FIG. 5E illustrates the cross section E-E of the
embedded waveguide 235 and silicon waveguide 220. Here,
the width of prong 415A has shrunk while the width of the
waveguide 220 has increased. This tapering, which is again
shown in an adiabatic fashion, results in the optical signal in
prong 415 A to transfer to waveguide 220 and vice versa with
minimal loss. Eventually, prong 415A terminates and wave-
guide 220 may carry the optical signal to different optical
components located on surface layer 205.

[0044] The embedded waveguide may also be used to
transfer an optical signal from the surface layer 205 to the
coupling interface and onto an external optical transmission
device such as a fiber optic cable. Here, the optical signal
propagates along the waveguide 220 until the signal reaches
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a portion of the SOI device 400 where the waveguide 220
overlaps prong 415A. The tapering design transfers the
optical signal from waveguide 220 to prong 415A. Before
reaching the coupling interface, prong 415A begins to nar-
row which gradually transfers the optical energy into a mode
which is confined by the four prongs 415A-D. At the
coupling interfaces, the prongs 415A-D combine to transmit
the optical signal into the external optical transmission
device—e.g., an optical fiber.

[0045] Although the embodiments above discuss tapering
the prongs 415A-D by changing the width, a similar transfer
of optical power may occur if the heights are tapered, or
some combination of both. However, tapering the height of
the prongs 415A-D may require different lithography and
fabrication techniques or materials than tapering the widths
as shown in FIGS. 5A-5E.

[0046] Although the present embodiments discuss form-
ing the embedded waveguide in the insulation layer 110, this
disclosure is not limited to such. It is explicitly contemplated
that the embedded waveguide may be placed at or above the
surface layer 205 of the SOI device 400 even if the other
components in the surface layer 205 prevent using high-
temperatures when forming the embedded waveguide 235
and waveguide adapter 410. For example, the multi-prong
adapter 410 may be made from materials that do not require
high-temperatures during fabrication, and thus, may be
deposited after heat-sensitive components have been formed
on the surface layer 205.

[0047] FIGS. 6A-6B illustrate a partially overlapping,
inverse-taper waveguide structure for transferring an optical
signal between waveguides, according to embodiments dis-
closed herein. As shown, FIG. 6A illustrates a plan view of
a first tapered waveguide 605 partially overlapping a second
tapered waveguide 610. Specifically, FIG. 6 A may be the
arrangement of the portion of SOI device 400 in FIG. 4
where waveguide 220 overlaps prong 415A. The tapering of
the waveguides is done adiabatically to minimize optical
loss. Although FIGS. 6A and 6B illustrate that the widths of
the tapers vary linearly, the waveguides can also tape in a
non-linear fashion for example exponential or some higher
order polynomial profile as long as the adiabatic criterion is
satisfied. In one embodiment the distance between the first
and second waveguides 605 and 610 is less than a micron.
For example, the waveguides 605, 610 may be separated by
100 nanometers or less. The separation distance may affect
the efficiency at which an optical signal may transfer
between the waveguides 605 and 610, and thus, an SOI
structure may be designed such that the waveguides 605 and
610 are as close as fabrication techniques allow.

[0048] FIG. 6B illustrate a top view of waveguides 605
and 610. By at least partially overlapping the waveguides
605, 610, an optical signal may be transferred from a
waveguide embedded in the insulation layer (e.g., the first
tapered waveguide 610) to a waveguide in the active surface
layer (e.g., the second tapered waveguide 605) of the SOI
device. In one embodiment, the waveguides 605, 610 only
partially overlap where their respective ends begin to taper.
The slope or change of the taper may depend on the material
used for forming the waveguides 605, 610. In one embodi-
ment, at the widest point, the waveguides 605, 610 may have
a width that ranges from 200 nanometers to 2 microns. At the
narrowest point, the waveguides 605, 610 may have a width
from 100 nanometers to 200 nanometers. The length of the
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tapering portion may be in the range from 10 microns to 50
microns—e.g., around 20 micros.

[0049] FIG. 7 illustrates a flow 700 for fabricating the
multi-prong, embedded waveguide, according to one
embodiment disclosed herein. Specifically, the flow 700
illustrates fabricating the waveguide adapter shown in FIG.
4 which may be used to interface with an external light
source. The right column of flow 700 illustrates a front view
of the multi-prong waveguide adapter while the left column
illustrates a cross section of the middle of the front view. In
one embodiment, flow 700 may occur prior to fabrication
process shown in FIG. 3. For example, flow 700 may be used
to fabricate the embedded waveguide 235 in wafer 302 in
FIG. 3.

[0050] Side view 705A illustrates a semiconductor sub-
strate 750 supporting an insulation layer 755 with prong
415C (i.e., the bottom most prong of the waveguide adapter
410 shown in FIG. 4) deposited on top. Prong 415C may be
made of any suitable waveguide material that can be depos-
ited on top on insulator 755 and patterned using lithography
and etching techniques. For example, prong 415C may be
composed of a material with a higher refractive index than
the refractive index of the material of the insulation layer
755. In one embodiment, the prong 415C (and the other
prongs of the embedded waveguide) may be made of silicon
oxynitride or silicon nitride while the insulation layer 755 is
silicon dioxide or silicon oxynitride. For example, prongs
415 may be silicon oxynitride while the insulation layer 755
is silicon dioxide or the prongs 415 may be silicon nitride
while the insulation layer 755 is either silicon oxynitride or
silicon dioxide.

[0051] Front view 705B illustrates that prong 415C may
be deposited and arranged (e.g., etched) at a specific location
on the insulation layer 755. In one embodiment, front view
705B shows the coupling interface used by the SOI device
to connect to an external light source. In other processing
steps (not shown), the substrate 750 may be formed to
enable the external light source to abut the coupling inter-
face.

[0052] Arrow 701 illustrates forming the rightmost and
leftmost prongs 415B and 415D on the wafer. Specifically,
side view 710A illustrates that additional insulation material
may be added to layer 755. Front view 710B shows that
prongs 415B and 415D may be deposited and formed to
have the spacing corresponding to the desired application of
the SOI device. As discussed above, the spacing may depend
on the type of optical signal being coupled into or out of the
coupling interface. For example, the dimensions or number
of prongs may vary depending on the mode size of the
optical signal.

[0053] Arrow 702 illustrates forming the top prong 415A
of the embedded waveguide. As shown by side view 715A,
prong 415A may extend further from the coupling interface
than prongs 415B-D. Although shown as being linear, prong
415A may have any number of turns that enable prong 415A
to carry an optical signal to different portions of the SOI
device. Front view 7156 illustrates a multi-prong adapter
similar to the one shown in FIG. 4. When forming the prongs
415A-D, flow 700 is not limited to any particular fabrication
techniques. That is, prongs 415A-D may be formed using
high-temperature annealing steps that would not otherwise
be permitted if temperature sensitive materials or structure
were already deposited on the SOI device.
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[0054] Arrow 703 illustrates forming a crystalline semi-
conductor top layer 760 to complete the SOI structure. In
one embodiment, the top layer 760 may be formed using the
wafer splitting process shown in FIG. 3. The semiconductor
layer 760 may then be processed to form waveguides,
optical modulators, optical detectors, optical sources and the
like as shown in FIG. 2. In order to introduce optical signals
into the SOI structure, front view 720B illustrates a coupling
interface where an optical fiber or laser may transmit an
optical signal into the prongs 415A-D of the embedded
waveguide. Side view 720A illustrates the upper prong
415A may extend past the lower prongs 415B-D in order to
carry the optical signal to a location where the optical signal
may be transferred to a waveguide in the upper layer 760.
[0055] FIG. 8 illustrates an optical system with a fiber
optic cable 810 coupled to an embedded waveguide, accord-
ing to one embodiment disclosed herein. Although FIG. 8
illustrates coupling a cable 810 to a SOI device, the same
arrangement may be used to couple other light sources (e.g.,
a laser) to the SOI device. Here, a core 820 of the optical
cable 810 is aligned to the prongs 415 of the adapter. That
is, core 820 may be centered with respect to prongs 415A-D
in order to introduce the optical signal into the embedded
waveguide. Although the core 820 is shown as being sub-
stantially parallel with the prongs 415A-D, in one embodi-
ment, the features may be angled (e.g., 5-20 degrees) which
may reduce reflections.

[0056] FIG. 8 illustrates that a cladding 815 of the optic
cable 810 rests on a surface of the substrate 825. In one
embodiment, the optical cable 810 may be attached to the
substrate 825 using an epoxy or other type of connective
resin. In another embodiment, however, the cladding 815
may be removed. In this example, the SOI device may be
designed such that core 820 rests on the substrate 825.
[0057] FIG. 9 illustrates a cross sectional view of the
optical system in FIG. 8, according to one embodiment
disclosed herein. Specifically, FIG. 9 is a cross section of
F-F which shows that the substrate 825 is designed with a
V-groove to passively align the core 820 and cladding 815
of the optical fiber 810 to the prongs 415A-D of the
waveguide adapter. Before attaching the optical fiber 810 to
the SOI device, substrate 825 may be anistropically etched
along a plane of the semiconductor substrate 825 to form a
V-groove. By using the V-groove, actively aligning the
optical fiber to the waveguide adapter in the insulation layer
may either be avoided or made substantially easier.
Although a V shaped groove is shown, in other embodi-
ments the groove may be rectangular or trapezoidal.
[0058] In one embodiment, the optical system shown in
FIGS. 8 and 9 may be replicated to facilitate an array of optic
cables 810 that attach to the substrate 825 at the coupling
interface. For example, the substrate 825 may be etched to
form a plurality of V-grooves that each align with a respec-
tive set of prongs 415A-D at a shared coupling interface. A
different optical cable 810 may then be placed in each of the
grooves which aligns the cable 810 with one of the sets of
prongs 415A-D. In another embodiment, a groove in sub-
strate 825 may be used to align an optical cable 810 with a
plurality of cores 820 such that each of the cores 820 aligns
with a respective set of prongs 415A-D.

[0059] FIG. 10 illustrates an electro/optical device 1000,
according to one embodiment disclosed herein. Specifically,
FIG. 10 illustrates using optical chips 1010A and 1010B as
interposers between the electrical chips 1005A and 1005B.
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The electrical chips 1005A, 1005B (e.g. CMOS chips) may
provide electrical data signals to the optical chips 1010A,
1010B that, for example, control optical modulation being
performed in the optical chips 1010A, 1010B. Furthermore,
the electrical chips 1005A, 1005B may communicate with
each other by sending electrical signals to the optical chips
1010A, 1010B which convert the electrical signal into
optical signals that are then transmitted using waveguides
1015A, 1015B. Once the optical signal reaches its destina-
tion, the optical signal is reconverted into an electrical signal
and is transmitted to the electrical chip 1005.

[0060] FIG. 11 illustrates the electro/optical device 1100
with embedded waveguides, according to one embodiment
disclosed herein. Here, the interposer layer shown in FIG. 10
(i.e., the optical chips 1010A, 1010B) may be replaced by
the SOI device disclosed herein. The electrical chips 1005A,
1005B may be attached to the top surface of the surface layer
205. The surface layer 205 may include leads that allow
chips 1005A, 1005B to transmit and receive electrical sig-
nals from the active components in the surface layer 205—
i.e., optical modulators, optical/electrical signal converters,
detectors, etc. For example, the electrical chips 1005A,
1005B may communicate by transmitting an electrical signal
to an electric/optical converter in the surface layer 205
which converts the electrical signal into an optical signal and
transmits the converted optical signal through the embedded
waveguides 235A and 235B. When transmitting optical
signals between electrical chips 1005A and 1005B, the
embedded waveguides may use prong 415A shown in FIG.
4 which interfaces with respective waveguides in the surface
layer 205 using the tapered configuration shown in FIG. 6A.
In other embodiments, the electro/optical device 1100 may
include other embedded waveguides that may transmit or
receive optical signals from external light sources. These
waveguides may include the waveguide adapter 410 shown
in FIG. 4 to improve the transmission efficiency with the
external light source.

[0061] Advantageously, using the waveguides 235A-B
embedded in the insulation layer 110 help with waveguide
routing congestion. Instead of relying only on waveguides in
the surface layer 205, the embedded waveguides 235A-B
provide an additional routing layer for transmitting data
between the electrical chips 1005A and 1005B. Furthermore,
using the tapered structure shown in FIG. 6 to optically
couple waveguides in the surface layer 205 with the embed-
ded waveguides 235A-B removes inefficiencies from trans-
mitting the optical signal from the optical chips 1010A and
1010B into the waveguides 1015A and 1015B as shown in
FIG. 10. The optical coupling takes place between litho-
graphically defined features in the embodiment shown in
FIG. 11 and hence is very tight and accurate. Optical
coupling between optical chips 1010A, 1010B and under-
lying waveguides 1015A, 1015A shown in the embodiment
depicted in FIG. 10 might have to be achieved using post
waveguide fabrication active alignment techniques which
might not be accurate and requires significant overhead.

[0062] FIGS. 12A-12B illustrate cross-sectional views of
the SOI device with the multi-prong embedded waveguide,
according to embodiments disclosed herein. As shown in
FIG. 12A, the multi-prong adapter 1200 includes five prongs
1205A-E instead of the four prong adapter shown in FIGS.
5A and 5B. Here, multi-prong adapter 1200 includes a fifth
prong 1205E that is centered in the middle between the four
prongs 1205A-D. Adding the fifth prong may further
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increase the transmission efficiency between the external
light source and the embedded waveguide 235. As discussed
above, the dimensions of the prongs 1205A-E may be
chosen such that the mode of the prong at this interface
closely matches the mode of the external device to which
light is to be coupled to or from. In one embodiment, the
spacing between the middle prong 1205E and the surround-
ing prongs 1205A-D may be approximately 1 micron.

[0063] FIG. 12A may be a cross-section of the prong
adapter 1200 near the coupling interface of the SOI device
while FIG. 12B illustrates a cross-section of the adapter
1200 further away or recessed from this interface. Thus,
FIG. 12B shows that as the multi-prong adapter 1200 is
recessed away from the coupling interface, the width of the
prongs 1205B-E reduces while the width of prong 1205A,
which is closest to the interface between the insulation layer
and surface layer, increases. That is, the fifth prong 1205E
may also taper in a similar way as prongs 1205B-D such as
to adiabatically transfer the optical energy in a mode con-
fined by all five prongs at the coupling interface to a mode
predominantly confined in prong 1205A as the waveguide
adapter extends away from the coupling interfaces. How-
ever, the opposite is also true. That is, tapering the widths
also enables a signal introduced in the upper prong 1205A
to be transferred to a mode confined by prongs 1205A-F as
the optical signal propagates towards the coupling interface.

[0064] In the embodiments described above, the four-
prong adapter shown in FIGS. 5A and 5B may be replaced
by the five-prong adapter 1200 shown in FIGS. 12A and 12B
and still maintain the functionality and advantages described
herein.

Conclusion

[0065] The embodiments discussed above disclose a SOI
device that may include a waveguide adapter that couples an
external light source—e.g., a fiber optic cable or laser—to a
silicon waveguide on a surface layer of the SOI device. The
waveguide adapter may improve transmission efficiency
relative to directly coupling the light source to the wave-
guide. In one embodiment, the waveguide adapter may also
be located on the same surface layer as the waveguide.
However, fabricating the waveguide adapter on the surface
layer of the SOI device may impose constraints on the
techniques and materials that are used to form the wave-
guide adapter. For example, many of the components in the
surface layer may be sensitive to temperature. This con-
straint may limit the fabrication steps used to form the
waveguide adapter to low-temperature process steps.

[0066] Instead, in one embodiment, the waveguide adapter
is embedded into the insulation layer of the SOI device.
Doing so may enable the waveguide adapter to be formed
before the surface layer components are added to the SOI
device. Accordingly, fabrication techniques that use high-
temperatures may be used to form the waveguide adapter
without harming other components in the SOI device—e.g.,
the waveguide adapter is formed before heat-sensitive com-
ponents are added to the silicon surface layer. In one
embodiment, the adapter may be disposed on the SOI device
when the device only includes a semiconductor substrate
and an insulation layer. After the waveguide adapter is
embedded into the insulation layer, the silicon surface layer
may be added onto the insulation layer to form a SOI
structure.
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[0067] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality and operation of
possible implementations of systems, methods and accord-
ing to various embodiments. It should also be noted that, in
some alternative implementations, the functions noted in the
block may occur out of the order noted in the figures. For
example, two blocks shown in succession may, in fact, be
executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order, depending upon
the functionality involved.

[0068] In view of the foregoing, the scope of the present
disclosure is determined by the claims that follow.

We claim:

1. A SOI optical device, comprising:

a semiconductor substrate;

an insulation layer disposed on the substrate;

a crystalline silicon layer disposed on the insulation layer

and comprising a silicon waveguide; and

a plurality of prongs configured to at least one of receive

and transmit optical energy via a coupling surface of
the SOI optical device,

wherein the plurality of prongs are positioned such that

the optical energy transmitted by the plurality of prongs
is transferred to the silicon waveguide,

wherein a dimension of the silicon waveguides changes as

the silicon waveguide extends away from the coupling
surface.

2. The SOI optical device of claim 1, wherein each of the
plurality of prongs is surrounded by an insulative material
such that none of the plurality of prongs directly contact.

3. The SOI optical device of claim 1, wherein the silicon
waveguide is located between the insulation layer and the
plurality of prongs, wherein a length of the plurality of
prongs extending from the coupling surface is the same.

4. The SOl optical device of claim 1, wherein the plurality
of prongs terminates at one of: (i) the coupling surface and
(ii) a plane recessed from and parallel to the coupling
surface.

5. The SOl optical device of claim 1, wherein a dimension
of the plurality of prongs reduces as the prongs extend in a
direction away from the coupling surface, and wherein the
dimension of the silicon waveguide increases as the first
prong extends away from the coupling surface, wherein at
least one of the plurality of prongs overlaps the silicon
waveguide such that an optical signal transmitted by the
plurality of prongs is transferred to the silicon waveguide.

6. The SOI optical device of claim 5, wherein a length of
at least one plurality of prongs in the direction that extends
away from the coupling surface is greater than each of the
respective lengths of the other prongs of the plurality of
prongs.

7. The SOI optical device of claim 1, wherein each of the
plurality of prongs is surrounded by an insulative material
different from a material of the silicon waveguide.

8. The SOl optical device of claim 1, wherein the plurality
of prongs is in a stacked relationship with the silicon
waveguide.

9. The SOI optical device of claim 8, wherein at least one
of the plurality of prongs directly overlaps the silicon
waveguide.

10. A semiconductor chip, comprising:

a semiconductor substrate;

an insulation layer disposed on the substrate;
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a crystalline silicon layer disposed on the insulation layer
and comprising a silicon waveguide; and

a plurality of prongs configured to at least one of receive
and transmit optical energy via a coupling surface of
the semiconductor chip,

wherein the plurality of prongs are positioned such that
the optical energy transmitted by the plurality of prongs
is transferred to the silicon waveguide,

wherein a dimension of the silicon waveguides changes as
the silicon waveguide extends away from the coupling
surface.

11. The semiconductor chip of claim 10, wherein each of
the plurality of prongs is surrounded by an insulative mate-
rial such that none of the plurality of prongs directly contact.

12. The semiconductor chip of claim 10, wherein the
silicon waveguide is located between the insulation layer
and the plurality of prongs, wherein a length of the plurality
of prongs extending from the coupling surface is the same.

13. The semiconductor chip of claim 10, wherein the
plurality of prongs terminates at one of: (i) the coupling
surface and (ii) a plane recessed from and parallel to the
coupling surface.

14. The semiconductor chip of claim 10, wherein a
dimension of the plurality of prongs reduces as the prongs
extend in a direction away from the coupling surface, and
wherein the dimension of the silicon waveguide increases as
the first prong extends away from the coupling surface,
wherein at least one of the plurality of prongs overlaps the
silicon waveguide such that an optical signal transmitted by
the plurality of prongs is transferred to the silicon wave-
guide.
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15. The semiconductor chip of claim 14, wherein a length
of at least one plurality of prongs in the direction that
extends away from the coupling surface is greater than each
of the respective lengths of the other prongs of the plurality
of prongs.

16. The semiconductor chip of claim 10, wherein each of
the plurality of prongs is surrounded by an insulative mate-
rial different from a material of the silicon waveguide.

17. The semiconductor chip of claim 10, wherein the
plurality of prongs is in a stacked relationship with the
silicon waveguide.

18. The semiconductor chip of claim 17, wherein at least
one of the plurality of prongs directly overlaps the silicon
waveguide.

19. An optical device, comprising:

a semiconductor substrate;

an insulation layer disposed on the substrate;

a crystalline silicon waveguide disposed on the insulation

layer; and

a plurality of prongs configured to at least one of receive

and transmit optical energy via a coupling surface of
the optical device,

wherein the plurality of prongs are positioned such that

the optical energy transmitted by the plurality of prongs
is transferred to the silicon waveguide,

wherein a dimension of the silicon waveguides changes as

the silicon waveguide extends away from the coupling
surface.

20. The optical device of claim 19, wherein each of the
plurality of prongs is surrounded by an insulative material
different from a material of the silicon waveguide.
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