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FIG. 1

(87) Abstract: A water-level technique to couple an optical fiber to an integrated photonic circuit 1s presented. A connector 1s fab-
ricated on top of a substrate. The connector comprises hollow structures with high aspect ratio. The connector receives an optical
rated photonic circuit. The connector 1s made with a certain angle to
achieve optimal coupling. The base of connector 1s aligned to a coupler on the substrate. Light can propagate in both directions from
the fiber to the chip or from the chip to the fiber.



WAFER-LEVEL FIBER TO COUPLER CONNECTOR

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent
Application No. United States Provisional Patent Appin No. 61/804,453, filed on March
22, 2013.

FIELD

[0002] The present invention relates to optical fiber connectors.

BACKGROUND

[0003] Modern communications systems rely on high-data rate servers, base

stations and supercomputers. These communications systems can be connected by
optical fiber or copper interconnects. Optical fiber interconnects have many advantages
compared to copper interconnects, such as: lower loss, lower dispersion, lower cross talk
and immunity to electromagnetic interference. In addition, the Introduction of
microelectronics-based fabrication processes using standard foundry equipment and
fabrication steps for the manufacture of silicon photonics will lower the cost of photonic
devices. Therefore, fiber optic link deployment is spreading to even the very short reach
(VSR) category of systems. While optical fiber interconnects remain a preferred medium
to transmit data between nodes, optical fiber links still continue to be more expensive
than electrical links due to an expensive packaging step necessitated by optical systems.
The challenge of connecting an optical fiber to a semiconductor chip causes the
packaging-related expense.

[0004] There are many techniques to couple an optical fiber to a semiconductor
chip. A first technique s the butt coupling method, which comprises connecting an optical
fiber end to an edge of an integrated circuit waveguide. This technique has some
limitations since it is only optimal when the cross-section of the waveguide is of similar
size to the cross-section of the optical fiber. A size mismatch between the two cross-
sections can lead to high signal power losses. The butt coupling method also limits the
layout options on the chip since the optical fiber connections are at the edge of the chip.
In some instances, a cleaving and a polishing step are added at the end of the butt
coupling process, which adds time and expense to the packaging of optical fiber links.
[0005] A second technique is the vertical coupling method, which uses grating

structures to couple light from a waveguide to an optical fiber. The grating coupler doesn't
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require any further processing, such as the cleaving and polishing described In bultt
coupling, and can achieve high coupling efficiency.

[0006] However, both types of coupling may require active alignment of the fiber
to the waveguide. The Active alignment method relies on the continuous monitoring of the
signal strength while attaching the fiber by a technician. This procedure Is time Intensive,
sometimes taking about 60 minutes, which reduces the throughput assembly and
iIncreases the cost of the final package.

[0007] Some known methods of the prior art are detailed below.

[0008] U.S. Pat. No. 6,862,388 discloses the use of a fiber guiding layer (FBL) to
avold space consuming V-grooves, ferrule or fiber brackets. The goal Is to Increase the

vertical coupling port density. The FBL has a funnel shape top to help guide the fiber.

While a variety of materials that could be used to make the FBL are described, such as
silicon dioxide, sol-gel or polyimide, no clear method of how to make the funnel shape Is
taught. Furthermore since the structure Is vertical, a 45 degree mirror Is required If a
coupling to a waveguide Is considered. Hence the coupling efficiency will be very low If
the fiber is placed over a grating coupler.

[0009] U.S. Pat. No. 4,744 623 discloses a method of attaching a fiber to a
detector on a substrate. The fiber Is attached by placing it in an etched cavity and gluing
the outside of the fiber cladding to an aluminum layer on top of the wafer with epoxy. The
imitation with this technique Is that the fiber can only positioned in a vertical manner.
[0010] U.S. Pat. No. 6,546,182 discloses a method of making an angled fiber
termination. The support assembly consists of a substrate with a through via with a
diameter wider than the fiber. A preload on one end of the fiber will result in an angle. The
issue with this technique Is that the angle heavily depends on many parameters such as
the gap between the fiber diameter and the opening in the substrate, the thickness of the
substrate and the preload force. The alignment of the termination Is also not addressed In
this disclosure.

[0011] U.S. Pat. No. 7,162,124 discloses a method to connect a fiber to an
integrated circuit. The tip of the fiber Iis cut with an angle. The light reflects at the reflective
surface of the angled tip through total internal reflection. This method heavily depends on
the cleaving angle of the fiber tip, the alignment with respect to the grating and the roll
angle of the fiber

[0012] Therefore, there I1s a need for an Iimproved connector and method for

connecting an optical fiber to a semiconductor device.
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SUMMARY
[0013] It Is an object of the present disclosure to obviate or mitigate at least one

disadvantage of previous optical optical fiber connectors.

[0014] In a first aspect, the present disclosure provides a semiconductor device
comprising a substrate and a connector. The connector is formed on a surface of the
substrate defining a bore extending from a top facet of the connector to the surface of the
substrate. The connector bore has a shape for receiving an optical fiber. According to an
embodiment of the present aspect, the substrate includes a first cladding layer upon
which the connector extends from, a core layer under the first cladding layer, and a
second cladding layer under the core layer. In this embodiment, the first cladding layer
includes a grating coupler, and the bore of the connector Is aligned over the grating
coupler. According to another embodiment of the present aspect, the bore of the
connector Is tapered and an opening of the top facet has a diameter greater than an
opening of the bore at the surface of the substrate. Furthermore, the connector has a
height to width aspect ratio aspect ratio of at least 2:1.

[0015] According to another embodiment of the present aspect, the connector Is
formed at an angle relative to the surface of the substrate. The connector of this
embodiment can be generally cylindrical in shape. The cylindrical connector can include
two slots extending from the bore to an external wall of the bore. Alternately, cylindrical
connector can include four slots extending from the bore to an external wall of the bore.
Alternate to a cylindrical shape, the connector can be generally rectangular in shape. In
yet another alternate embodiment, the connector Is configured to receive an optical fiber
ribbon. The connector can be constructed of polymer material or metal material.

[0016] In a second aspect, the present disclosure provides a method for
fabricating a semiconductor device having an optical fiber connector. The method
includes depositing a polymer over a surface of the semiconductor device; applying a
patterning mask configured to form the connector with a predetermined shape for
recelving an optical fiber, on the polymer; irradiating the polymer at an angle with a
radiation source; and removing at least portions of the polymer to leave a connector
formed at an angle relative to the surface. The semiconductor device can include an
optical waveguide having a grating coupler. According to embodiments of the present
aspect, applying the patterning mask includes aligning the patterning mask to form the
connector over the grating coupler, irradiating can include angling the semiconductor
device relative to the radiation source or angling the radiation source relative to the

semiconductor device, and the radiation source can include X-Rays.
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[0017] In another embodiment of the second aspect, irradiating includes applying
a prism having predetermined dimensions over the patterning mask and directing the
radiation at a direction perpendicular to the surface of the semiconductor device, where
the radiation includes UV light. The polymer can have a height of at least 2 times a width
of the connector. In one further embodiment, removing the polymer includes removing

any polymer exposed to the radiation source, or alternately removing any polymer

blocked from exposure to the radiation source. For this embodiment, a cavity having a
shape corresponding to an inverted connector Is formed In the polymer, which Is
subsequently filled with metal material.

[0018] In a third aspect, the present disclosure provides a method for automatic
insertion of an optical fiber into an optical fiber connector. The method includes 1)
positioning the optical fiber connector on a work surface, where the optical fiber connector
extends at an angle relative to a two-dimensional plane of the work surface; i) controlling
the motorized stage to align the optical fiber with a bore of the optical fiber connector In
the two-dimensional plane; iii) controlling the motorized stage to move the optical fiber
along a vector corresponding to the angle that intersects the two-dimensional plane; iv)
detecting if the optical fiber has been inserted into the optical fiber connector; v) reducing
a distance between the optical fiber and the optical fiber connector along a dimension
orthogonal to the two-dimensional plane when the optical fiber has been detected as not
being inserted into the optical fiber connector; and, vi) repeating 1), 1), iv) and v) until the

optical fiber has been detected as being inserted into the optical fiber connector.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019] FIG. 1 i1s a top plan view of an assembly of optical fiber coupled to a

semiconductor chip, according to a present embodiment;

[0020] FIG.2 Is a side cross-section view of the assembly shown in FIG. 1 taken
along line A-A’;
[0021] FIG. 3A, 3B and 3C are drawings of different optical fiber connector

configurations, according to alternate embodiments;

[0022] FIG. 4 i1s a drawing of a optical fiber ribbon connector, according to a
present embodiment;

[0023] FIG. 5 1s a flow chart of a method for forming a optical fiber connector,
according to a present embodiment;

[0024] FIGS. BA to 6D are cross sectional views showing the fabrication of a

optical fiber connector on a semiconductor waveguide, according to one embodiment;
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[0025] FIGS. 7A to 7E are cross sectional views showing the fabrication of a
optical fiber connector on a semiconductor waveguide, according to an alternate

embodiment;

[0026] FIG. 8 Is a flow chart of a method for automatic insertion of an optical fiber

into a optical fiber connector, according to a present embodiment;

[0027] FIG. 9A Is a top plan view of a motorized stage and optical fiber clamp;
and,

[0028] FIG. 9B Is a side view of the motorized stage and optical fiber clamp of
—igure 9A.

DETAILED DESCRIPTION

[0029] The present disclosure provides a connector for a substantial vertical
coupling of an optical fiber to waveguide, and a method of fabricating the connector. In an
embodiment, the method further provides for fabricating the connector at the wafer-level,
which allows for placement of an optical fiber on a chip with high alignment accuracy, low
cost and In high volumes. This is opposed to chip level connection of the optical fiber,
which occurs after the wafer has been diced. The advantage of wafer-level connecting Is
the realization of the structure at once over the whole wafer, resulting in time and cost
savings.

[0030] FIG. 1 1s a top plan view of an assembly of an optical fiber coupled to a
semiconductor device or chip according to an embodiment of the present disclosure. The
assembly of FIG. 1 shows an optical fiber 100 inside a connector 102 formed on a
substrate 104 of a semiconductor structure, such as a semiconductor waveguide. The
connector 102 Is formed at an incline or angle relative to the plane of the substrate, and In
the present embodiment, is cylindrical in shape. The connector 102 exiends from the
surface of substrate 104 and ends with a top facet 106. A cylindrical bore 108 extends
from the top facet 106 to the surface of the substrate 104. As will be shown later, the bore
108 at the surface of the substrate 104 is aligned over a grating coupler of the waveguide.
[0031] FIG.2 Is a side cross-section view of the assembly shown in FIG. 1 taken
along line A-A’, according to an embodiment of the present disclosure. In this
embodiment, the semiconductor structure Is an Integrated circuit consisting of a
waveguide, thus the substrate 104 iIs fabricated to have layers corresponding to the
waveguide. In an embodiment, the chip integrates both optical and electrical functions.
FIG. 2 shows only a portion of the semiconductor structure. The waveguide comprises a
core 110 sandwiched by first and second cladding layers 112 and 114. It is noted that the

second cladding layer 114 is optional in some embodiments. In an example of the present
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embodiment of FIG. 2, the chip Is fabricated with silicon-on-insulator (SOI) substrates,
wherein the core 110 Is a silicon layer, the first cladding layer 112 is a buried oxide layer
and the second cladding layer 114 is an optional oxide layer. Formed on the core layer
110 I1s a grating coupler 116 for coupling received light to the core layer 110. The SOl
substrate Is an exemplary Illustration. Other examples of waveguides Include silicon
nitride on glass. Waveguide structures are known In the art, and therefore no further
detailed description of these other structures Is needed. Through a semiconductor
fabrication process to be explained in further detall later, the optical fiber connector of the
present disclosure can be applied to any type of subsirate. A description of the optical
fioer connector of the present embodiment now follows.

[0032] The connector 102 can be formed with a polymer such as polymethyl

methacrylate (PMMA) or any other material that can be patterned using lithography.

=xample lithography methods include high exposure dose UV light lithography and X-ray
ithography. While the overall structure of connector 102 is generally cylindrical in the

present embodiment, as Is clearly shown in FIG. 2, connector 102 1s formed at an angle

O relative to the subsirate surface. While not shown In the present example, the connector
is formed to have a high aspect ratio. A high aspect ratio connector Is understood to have
height dimension larger than its width. A high aspect ratio connector will provide a befter
grasp or structural support for the inserted optical fiber. An aspect ratio of more than 2 is
sufficient to hold the fiber, and greater aspect ratio connectors can be formed. I{ Is noted
that the aspect ratio should be selected to optimize structural integrity of the connector.
This can be achieved by fabricating the walls of the connector to be as thick as possible.
While the walls of connector 102 of FIGS. 1 and 2 substantially constant in thickness, an
asymmetric cylinder structure can be formed where certain portions of the wall are wider,
or thicker. For example, the portions of the external cylinder wall forming an acute angle
with the substrate can be made wider.

[0033] According to a present embodiment, the connector 102 is fabricated at an
angle O to the plane of the cladding layer 114 using inclined exposure to fabricate the
connector 102 directly on the cladding layer 114. Therefore, both the external an internal
wall of the connector 102 are angled at about 8. The selected angle 8 depends on the
grating design. Most of the gratings are designed to tolerate a coupling angle between 0
and 35 degrees relative to a flat facet of an optical fiber. According to a present
embodiment, due to the high aspect ratio of the connector 102, the bore 108 profile Is
overcut due to the exposure dose and the developing process, and therefore the diameter
of the bore 108 is wider at the top facet 106 than at the interface with the second cladding

layer 114. This facilitates insertion of the optical fiber into the connector 102.
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[0034] Generally, optical fibers Include a coating around the cladding. For the
purposes of coupling to the connectors of the present embodiments, the fiber Is prepared
by stripping off this coating using wet etching techniques, such as by immersion into hot
(200°C) concentrated sulfuric acid. This stripping step does not affect the strength of the
filoer. The stripping step will ensure a consistent fiber diameter as presented In the
product specifications. For example a single mode fiber will have a diameter of 125um.
The resulting stripped optical fiber 100 comprises a core 120 and a cladding 122
surrounding the core 120. The end of the fiber 100 for insertion into the connector 102 Is
cleaved with a tool to achieve a vertical facet to the axis 124 of the fiber 115. The
connector 102 of the present embodiment can receive optical fibers with aifferent
terminations, such as tapered optical fibers or lensed optical fibers, as may be required
by specific applications. In case the end of the optical fiber Is tapered or rounded the
penetration will be easier since the narrowing at the tip offers some guidance while
inserting the fiber in the connector.

[0035] When the fiber 100 has a facet that is perpendicular to its axis 124 as
shown In the embodiment of FIG. 2, one edge of the end of fiber 100 will abut the surface
of the chip and prevent further insertion of the fiber 100. In this case, the center of the
core 120 will be at a certain height ‘g from the chip (where g=0.5x@xCos0). In an
embodiment, the gap is reduced by cleaving the fiber 100 at an angle complementary to 6
in order to align the facet closely to the substrate surface. Other fiber termination type
embodiments, such as tapered or lensed terminations, will achieve a lower gap to the
surface of the chip. It is noted that an optical fiber cleaved to have a tapered end requires
a proper roll angle to minimize the gap. However, a lensed fiber can be placed at any roll
angle.

[0036] In operation, light coming through fiber 100 will enter the waveguide
though a grating coupler 116. The center of the fiber core 120 should be placed at an
optimal position relative to the grating coupler 116 to achieve the highest coupling
efficiency. Connector 102 can be aligned to the grating coupler 116 using common
alignment technigues known In lithography. In one example, alignment marks on an X-
Ray mask superpose the alignment marks on the wafer.

[0037] In the present embodiment, the fiber 100 Is secured in the connector 102
by applying any adhesive material between the fiber 100 and the connector 102. |In the
alternate embodiment wherein the connector 102 Is fabricated in metal, a solder can be
used to attach the fiber 100 to the connector 102. The fiber 100 can be Inserted into the
connector 102 either manually by a technician, or automatically by employing a robotic

arm with grippers to perform the insertion action. The arm moves In three components of
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translation to align the fiber end to the opening of the connector 102. The robotic arm can
include aaditional degrees of freedom, such as rotational components to rotate the fiber In
case the fiber end Is cleaved to have a taper. In order to manipulate the fiber 100 Iin an
angled direction corresponding to the angled formation of connector 102, the arm Is
controlled to move In a planar direction and in a vertical (downward) motion concurrently.
The grippers of the robotic arm will be used to hold the fiber during the insertion
procedure. A consistent gripping force and handling procedure will prevent damage to the
fioer. In another embodiment, during insertion of the fiber 100 into the connector 102, a
real time camera system Is used {o assist a user interface and software. According to this
method of inserting the fiber 100 into the connector 102, there i1s no need for active
alignment of the center of the fiber core 120 to the grating coupler 116. Further detalls on
the method for automatic fiber insertion into the connector embodiments of the present
disclosure are described and shown later.

[0038] While the embodiment of the connector shown In FIG. 1 and FIG. 2 Is
substantially cylindrical in shape, alternate connector shapes can be formed and used for
recelving an optical fiber. For example, the alternate embodiments of FIG. 3A, 3B and 3C
show different optical fiber connector configurations. These drawings show a top-down
view of the general shape of the presently described alternate connectors. In FIG. 3A, the
connector 200 Is square or rectangular shaped instead of circular, and illustrates an
example of connector walls having different dimensions or thicknesses. The connector
could have any shape, square, hexagonal or any shape as long as it holds the fiber. From
a side view, the connector of FIG. 3A would appear as a square shaped pillar. The bore
202 Is sized to recelve the previously shown stripped optical fiber. In FIG. 3B, the
connector 300 is generally circular in shape, but Iincludes a pair of slots 302 extending
from the bore to the external walls of the connector 300. Therefore the connector 300 can
be seen as two semicircular portions of a full circular connector. If the bore Is a tight fit for
the optical fiber to be Inserted, the slots facilitate insertion of the optical ficer. FIG. 3C
shows a connector 400 similar to that of FIG. 3B, except that four slots 402 extend from
the bore to the external walls of the connector 400. Therefore the connector 400 can be
seen as 4 arcuate portions of a full circular connector. For the embodiments of FIG. 3B
and FIG. 3C, the slots help to reduce friction during the insertion procedure; this facilitates
the Insertion of the fiber into the connector. In the presently shown embodiments of FIGS.
3B and 3C, the slots are formed equidistantly from each other. In alternate embodiments,
any number of slots of different sizes can be used, and they can be formed at any
suitable distance from each other that does not sacrifice structural integrity of the

connector walls.
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[0039] These example alternate connector shapes can be fabricated In any shape
since lithography allows for different patterning based on the mask used.

[0040] FIG. 4 shows an embodiment of a connector for an optical fiber ribbon.
The ribbon connector 500 comprises a plurality of receptacles 502 for recelving optical
floers. The receptacles 502 function similarly to the high aspect-ratio connector 102 but
are arranged to connect fibers in a ribbon configuration. In a further embodiment, grating
couplers for the input and output optical signals are located at one edge of the chip and
are connected 1o a ribbon fiber by ribbon connector 500. Additionally, connector 500 can
be formed at an angle, similar to connector 102. In all the previously shown connector
embodiments, the connector can be placed on any part of the chip.

[0041] FIG. 5 I1s a flow chart of a method for forming an optical fiber connector,
according to a present embodiment. The description of this method Is made with
reference to FIGS. 6A to 6D and FIGS. 7A to 7E. FIGS. 6A to 6D are cross sectional

views showing the fabrication of a optical fiber connector on a semiconductor waveguide,

according to one embodiment, while FIGS. 7A to 7D are cross sectional views showing
the faprication of a optical fiber connector on a semiconductor waveguide, according to
an alternate embodiment.

[0042] The method of FIG. 5 starts at 600 with formation of a waveguide on a
semiconductor substrate, and Includes formation of cladding layers, a core layer and
grating coupler. FIGS. 6A and 7A show a substrate 700, first claading layer 702, a core

layer 704, a second cladding layer 706, and a grating coupler 708. These structures are

the same as those shown in the embodiment of FIG. 2. At 602, a polymer Is deposited
over the region of the chip where the connector Is to be formed. In FIGS. 6B and 7B, this
s shown as polymer 710 formed over second cladding layer 706. At 604 a mask Is
applied over the top of the polymer, with a predetermined pattern for forming a connector
structure. In the present example, it Is assumed that the mask Is patterned to form a
cylindrical connector such as the one shown in the embodiment of FIG. 2. FIGS. 6C and
/C show such a patterned mask 712 formed on the top of polymer 710. The mask pattern
s properly aligned so that the final connector structure is formed over the grating coupler.
[0043] Once the mask has been formed at 604, the chip Is exposed to radiation at
606 such as UV light or X-rays, or any other source that the polymer exposed by the
mask Is reactive to. Those skilled In the art should understand that the exposed polymer
structure is changed by the radiation source such that it can be easily removed In a
subsequent step, while those parts of the polymer blocked by the mask are not. A unique
aspect of the present process step 606 Is that the mask receives the radiation at an

angle. In the presently described example, a positive resist is used. Alternately, a
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negative resist can be used instead such that any regions covered by the dark part of the
mask can be removed while exposed regions remain intact on the substrate.

[0044] In the embodiment of FIG. 6C, X-rays irradiate the mask 712 at an angle,
where the irradiation angle is selected to result in a desired angle of the formation of the

connector relative to the second cladding layer 706. For example, If the desired lean

angle of the connector is to be O, then the X-rays can be angled at O relative to the

surface of the mask 712. The X-ray source can be angled, or alternatively, the chip can
be positioned at the suitable angle.

[0045] In the embodiment of FIG. 7D, UV light Is used to Irradiate the mask 712.
While the UV light I1s directed perpendicular to the plane of mask 712, a prism 714 Is
formed on the surface of mask 712 for refracting the received UV light in an angled
direction such that the mask receilves UV light at an angle. The prism dimensions can be
selected based on the Index of refraction for achieving a connector having the desired
lean angle. If desired, formation of the connector with smaller acute angles, can be done
by combining a prism with an angled irradiation source. Returning to FIG. 5, the mask Is
removed and any polymer exposed to the radiation from 606 Is removed by application of
a solvent. In the embodiment of FIGS. 6D and 7k, the final connector structure 714 Is
shown after exposed polymer has been removed. It Is noted that the bore of connector
/14 has a tapered shape, where the opening or aperture at the top has a diameter Dt
greater than the opening formed at the bottom Db. This effect is more pronounced as the
aspect ratio of the connector Is increased, 1e. as the connector height Is Increased. This Is
due to the fact that the photoelectron doses at the surface are higher than the doses at
lower depths, leading to sloped sidewalls.

[0046] The present embodiment Iillustrates a method for fabricating a connector
out of polymer. In an alternate embodiment, the connector can be tabricated with metal

by plating through a mold fabricated using lithography or a LIGA (Lithography,

Galvanoformung, Abformung - Lithography, Electroplating, and Molding) process. It Is

noted that the angled connector can be formed In a similar fashion as previously

described for the X-Ray lithography method to make the mold. The plating step Is

straightforward, and may be done at an Inclined angle In the plating bath. With reference

to the fabrication process of FIGS 6A-6D, the same steps can be executed with the
difference being that the mask 712 I1s a negative resist. Accordingly, a resulting cavity or
mold In the polymer 710 having the inverted shape of the connector Is formed once the

material I1Is etched away. Then the cavity Is filled with metal, via the metal plating process
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by example. Once filled with metal, the surrounding polymer Is removed, leaving benhind

the metal connector structure.

[0047] Once formed, the semiconductor connector can receive an optical fiber.
According to a present embodiment, the optical fiber can be automatically inserted into
any one of the previously shown connector embodiments, by using an automatic
assembly system comprising an XY Z translation stage, a microscope attached to a real-
time camera, and a compuier workstation, where the translation stage includes a clamp
and the stage can be controlled using a programmed computer workstation or other

programmed computing device. In one embodiment, the motors of the translation stage

are controlled by a program, such as LabVIEW for example running on the computer
workstation. Therefore, all control of the stage Is executed by the computer workstation.
The automatic fiber insertion system of the present embodiment uses pattern recognition
to determine local X-Y coordinates of a connector and the tip of a fiber held by the clamp,
and moves the clamp In the required directions for inserting the fiber into the connector.
The automated method requires minimum human interaction. The method executed by

the system Is shown In the flow chart of FIG. 8, and Is now described with reference to

-1GS. 9A and 9B. FIG. 9A Is a top plan view of a motorized stage and optical fiber clamp,
while FIG. 9B Is a side view of the motorized stage and optical fiber clamp of Figure 9A.
[0048] Prior to execution of the method of FIG. 8, it Is first assumed that the chip
900 with formed angled connector Is secured to a two dimensional work surface 802 and
a stripped optical fiber 904 1s held In a clamp 906. The connector and the fiber are
oriented to have one dimension be parallel with each other such that the central axis of
the connector (of the bore hole) and the axis of the fiber have one common dimension
that are parallel. In FIG. 9A by example, the chip 900 Is oriented to have the axis of the
connector extend Iin the y-dimension, which Is the same direction as the axis of the fiber
904. Furthermore, the bore hole of the connector and the tip of the fiber are oriented to
generally face each other. Alignment marks formed on the chip can be used to ensure
that the chip Is oriented correctly. Once the fiber Is In a plane vertical to the chip 900 and
tilted at the same angle as the connector, then the fiber can be considered will be fully
parallel to the connector. More specifically, the vector of the axis of the connector should
pbe substantially the same as the vector of the axis of the optical fiber. Furthermore, If the
fiber tip has been cleaved to have a taper, then the roll angle of the fiber Is adjusted such
that the flat surface of the cleaved tip Is parallel to the surface of the chip 900.

[0049] In FIG. 9A, the motorized stage Is not shown, but Is assumed to be

connected to the arm comprising clamp 904. It i1s assumed that from the top plan view of

-1G. 9A, the clamp moves horizontally and vertically, corresponding to the x and vy
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dimensions respectively. The connector and the fiber are positioned in the field of view
(FOV) of a digital camera mounted to a microscope (not shown). It Is further assumead
that the computing system Is preprogrammed to recognize a 2D pattern of a round
connector, based on shading from a directed light source.

[0050] The method starts at 800, where the system searches for the connector
shape In the FOV. By example, If the preprogrammed shape Is circular and of a particular

size, then the system uses Its patter recognition algorithm to locate the connector, based

on the greyshades resulting from the light source. Pattern recognition algorithms based
on grayshade igentification is known In the art. Once identified, the x-y coordinates of the
connector are logged and a reference image of the connector and surroundings without
the fiber in the FOV Is captured by the camera and saved. It is understood that the x-y
coordinate system has been pre-calibrated for different magnification levels of the

mIcroscope.

[0051] Following at 802, the oplical fiber tip Is moved into the FOV at any x-y
position and identified within the FOV using the following sub-routine. A current image of
the FOV including the connector, its surroundings and the optical fiber tip is captured. The
system then subtracts this image from the reference image saved at 800, leaving only the
position of the fiber. From this net image, the x-y coordinates of the tip of the fiber can be
easily identified and logged, using grayshade pattern recognition technigues.

[0052] Following at 804, the system moves the clamp with fiber along the x and y
directions with predetermined step sizes until the fiber tip I1s aligned with the connector
hole. This alignment can be considered completed when the centroid of the fiber tip and
connector hole are substantially the same.

[0053] At this point, the fiber tip should be substantially centered over the
connector hole, as shown in FIG. 9B. The z-distance of the fiber tip from the connector Is
not known, so the Iterative steps of 806, 808, 810 and 804 are executed. It Is noted that,
the z-dimension is an example of a dimension orthogonal to the 2 dimensional x-y plane.
At 806 the fiber Is moved at an angled downward direction downwards the connector. In
otherwords, the fiber is moved along a vector corresponding to the angle that intersects
the 2 dimensional x-y plane. In the presently shown coordinate system of FIGS. 9A and
9B, the clamp 906 moves In the z-y direction, and the angle corresponds to the angle of
the connector. The specific direction the clamp 906 moves depends on the orientation of
the chip 900 and clamp angle. For example, the clamp can be configured to move In the
Z-X direction instead.

[0054] Once the clamp has moved a predetermined distance, a determination Is

made at 808 to check that the fiber has been successfully inserted into the connector.
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One technique for making this determination is by having the system detect a specific
pattern made by the fiber tip refracting light through the walls of the connector. Once
again, the previously mentioned pattern recognition algorithm can be configured to do
this. Alternately, a sensor connected to the clamp 906 can detect the resistance of the
substrate after the clamp has moved a little more than the predetermined full insertion
length of the fiber.

[0055] If at 808 fiber insertion Is not detected, the method proceeds to 810 where
the z-distance of the clamp 906 Is reduced, as 1t Is assumed that the current z-distance
from the conneclor Is too large. This z-distance increment reduction can be set to any
step size. Because the clamp has moved In the y-direction, the fiber tip 1S no longer
oroperly aligned over the connector hole. Therefore the method returns to 804 for x-y
realignment, and the steps of 806 and 808 are repeated. It is noted that the system can
pe configured to detect fiber bumping off the facet of the connector or simply never
appearing In the FOV. Assuming the fiber has been successfully inserted into the
connector, the method ends at 812.

[0056] From this point, an optional automatic adhesive application process can be
executed to further secure the fiber in the connector and prevent its accidental slippage
out from the connector due to physical shock when in use.

[0057] The optional automatic adhesive application i1s similar to the previously
described automatic fiber insertion process, except that a needle Is to be positioned over
the connector area. For example, once the fiber has been inserted into the connector, a
new reference image Is captured and saved. A needle for dispensing adhesive Is moved
nto the FOV and a current image I1s captured and saved. Using the same Iimage
subtraction method, the needle position Is identified. The system calculates the reguired
x-y displacement for positioning the needle over the connector with Inserted fiber, and
then squeezes a suitable amount of adhesive using a syringe pump so that the adhesive
makes contact with both the connector and the fiber.

[0058] To improve coupling, index matching fluid can be added between the fiber
and the grating prior to insertion of the fiber so that the inserted fiber has maximum light
coupling to the grating. In the presently disclosed embodiments, the automatic alignment
of the fiber or the needle can be +/- 5 um, therefore the accuracy Iis more than sufficient
for the present application. While an adhesive is generally described as the agent for
bonding or securing the fiber to the connector, any epoxy or other dispensable material
having a final effect of bonding the fiber to the connector can be usedqd.

[0059] The present disclosure provides an economical, repeatable and efficient

coupling between optical fibers and Integrated circuits. The connector fabrication can be
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made at the wafer level using standard fabrication processes, making the technigque
applicable for high volume production. A system for automated insertion of a fiber into the
described connector allows for time and cost efficient assembly of a connector with a
fiber.

[0060] Although embodiments of the present disclosure had been described In
detail, it should be noted that variations of the embodiments can be made without

departing from the scope of the disclosure.
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CLAIMS:

1. A semiconductor device including an optical waveguide having a grating coupler,
comprising:

a substrate including,

a first cladding layer,

a core layer under the first cladding layer,

a second cladding layer under the core layer, and

an optical fiber guide connector extending from the first cladding layer and formed at an
angle of less than 90 degrees and greater than or equal to 55 degrees relative to a surface of
the substrate, the connector defining a bore extending from a top facet of the connector to the
surface of the substrate, the connector bore having a shape for receiving and holding an optical

fiber at the angle to prevent a received end of the optical fiber from moving over the substrate.

2. The semiconductor device of claim 1, wherein the first cladding layer includes a grating

coupler, and the bore of the connector is aligned over the grating coupler.

-3 The semiconductor device of claim 1, wherein the bore of the connector is tapered from a

top facet of the connector to the first cladding layer.

4.  The semiconductor device of claim 3, wherein the connector has a height to width aspect

ratio aspect ratio of at least 2:1.

5.  The semiconductor device of claim 1, wherein the connector includes two slots extending

from the bore to an external wall of the bore.

6. The semiconductor device of claim 1, wherein the connector includes four slots extending

from the bore to an external wall of the bore.

7. The semiconductor device of claim 1, wherein the connector is configured to receive an

optical fiber ribbon.

8.  The semiconductor device of claim 1, wherein the connector is constructed of polymer.

15
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9. The semiconductor device of claim 1, wherein the connector is constructed of a metal

maternial.
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