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METHOD OF FORMING A HERMETICALLY SEALED FIBER TO CHIP chNECTION
FIELD OF THE INVENTION

[0001)  Embodiments of the invention relate to optical interconnects for chip-to-chip and
intra-chip communication, and specifically directed to methods of forming 2 hermetically sealed

connection between an optical fiber and a silicon based photonic-integrated-chip.
BACKGROUND OF THE INVENTION

[0002]  Optical transmission may be used as a means for communication between
separate integrated circuit chips (inter-chip connections) and within components on the same chip
(intra-chip connections). In chip-to-chip communication via optical interconnects, each chip on the
circuit board is interfaced with a transmitier-receiver optoelectronic chip, and the two optoelectronic
chips are connected via a planar dielectric waveguide or optic fiber. Likewise, optical waveguides
may be used to connect components within a chip, such as between an integrated optical source and
a detector. An integrated optical waveguide is an optical path formed on or within a dielectnic
substrate, e.g., oxide coated silicon substrate, using lithographic processing. The wayeguide can be
made of an inorganic crystal or semiconductor material having a higher index of refraction than the

chip substrate to guide optical signals along the waveguide.

[0003]  The coupling of a single-mode fiber {0 an integrated optical waveguide (and vice
- versa) is one of the most expensive and time-consuming manufacturing processes injthe packaging
of semiconductor photonics. Various solutions to the coupling problem have been proposed

mcluding using a lateral inverted taper structure or a vertical diffractive grating structure.

[0004]  Another challenge is to hermetically scal the fibers or wires connected to the
photonic-integrated chip because the performance of photonic elements may be advérsely affected
by environmental conditions such as moisture and contaminants. Therefore, environmental
isolation of the photonic elements in the chip is a design challenge. FIG. 1A shows a conventional
photonic integrated chip package 100 connected to an optical fiber 110 through a feedthrough 120.
Feedthrough 120 provides a hermetic seal between the fiber 110 and the chip package 100. FIG. 18
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shows a cross-section diagram of the hermetic fiber feedthrough 128. The feedthrough 120 encases
an end stripped portion 130 of the optical fiber 110. The end stripped portion 130 of the optical
fiber 110 is surrounded by a glass solder 140 material, such as lead borare glass, The glass solder
140 1s stacked between a glass sleeve 150 and the fiber 110 thereby forming a bond between the
fiber 110 and the glass sleeve 150 that is largely free from porosity. The glass sleeve 150 is encased
by a glass solder 160 material, such as lead borate glass, which in turn is surrounded by a outer
sleeve 170. The outer sleeve 170 is made from metal, metallic alloy, ceramic, or glass. The end

face 180 of the hermetically sealed fiber 110 is coupled to the photonic integrated chip package 100.

- {6005}  The conventional methed described above however is costly and does not support
high volume manufacturing. There is a need for an improved method to hermetically seal an optical
fiber 1o a photonic-integrated chip. The method needs to be low cost and provide for a hermetically
sealed connection with high reliability under extreme ambient conditions. In addition, the method

needs 1o support high volume manufacturing processes and low processing temperatures.
. BRIEF DESCRIPTION OF THE DRAWINGS

[0006]  FIGS. 1A and 1B show a conventional hermetically sealed fiber to chip

connection,

[0007]  FIG. 2 is a top view of an optical device in accordance with a disclosed

embodiment;

[0008]  FIGS. 3A and 3B are top and cross-sectional views, respectively, of an optical

fiber in accordance with a disclosed embodiment;

[0009) FIG. 3C is another cross-sectional view of an optical fiber in accordance with a

disclosed embodiment;

[0010]  FIGS. 4A and 4B are top and cross-sectional views, respectively, of a photonic-

integrated chip in accordance with a disclosed embodiment; and
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[0011]  FIG. 5 is a flowchart of an integrated optical device manufacturing process in

accordance with a disclosed embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0012]  Inthe following detailed description, reference is made fo the accompanying

. drawings which form a part hereof, and in which (s shown by way of illustration spe¢ific
embodiments that may be practiced. Ii should be understood that like reference numbers represent
like elements throughout the drawings. These embodiments are described in sufficient detail to
enable those skilled in the art to make and use them, and it is to be understood that structural,
matenal, electrical, and procedural changes may be made to the specific embodiments disclosed,

only some of which are discussed in detail below.

[0013]  Described herein is a method of preparing an optical fiber for coupling with, for
example, a photonic-integrated chip. The method includes activating an end surface of the optical
fiber in a plasma to generate dangling bonds on the end surface of the optical fiber, whereby the
dangling bonds facilitate coupling with a surface of the photonic-integrated chip. MFO described is
an optical device manufacturing process that includes the steps of pre—acﬁvating an e{nd surface of at
least one optical fiber in a plaslma generated from a gas specie containing oxygen, ni?rogcn, argon,
hydrogen or ammonia and connecting the pre-activated end surface of the at least onk optical fiber
to, for example, a photonic-integrated chip. The disclosed methods can be used to m:anufacture an

integrated optical device having a hermetically sealed fiber to chip connection.

[0014]  TFIG. 2is atop view of an optical device 260 in accordance with afdiscloéed
embodiment. The optical device 260 has a photonic-integrated chip 200 coupled to an optical fiber
. assembly 300. The optical device 260 integrates multiple photonic functions on the photonic-

" integrated chip 200 using photonic elements 270 such as waveguides, optical arnpliﬁfers,
modulators, filters, optical sources and detectors. The chip 200 has optical waveguiéles 230 that can
be used to connect multiple photonic elements 270, such as between an integrated optical source
and a detector, to each other. The optical waveguide 230 can also be used to connect a photonic

element 270 to an opiical fiber assembly 300 as shown in FIG. 2,
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[0015]  Theophcal device 260 has a hermetically sealed fiber to chip cormection 250
located on a side surface 240 of the chip 200. A self-aligned mechanical interface 280 is used to
help guide the fiber 300 to chip connection 250 using inverted taper coupling, although other known
coupling mechanism can be utilized. As shown FIG. 2, for example, the self-aligned mechanical
interface 280 located on the side surface 240 of the chip 200 is chamfered at 420a and 420b to
mechanically align with a chamfered end surface 310 of the fiber assembly 300. Although FIG. 2
shows the ﬁber to chip connection 250 having a chamfered interface, it shall be appreciated that the
fiber to chip connection 250 can be based on any suitable shape and configuration as? long as the
optical fiber assembly 300 can be aligned with and couple to the optical wavéguide 330 on the chip

200 for optical communication.

[0016] FIG. 3A is a top view of the optical fiber assembly 300. The opti¢al fiber

" assembly 300 can be a single-mode fiber having a core 220 surrounded by a cladding 210 material
having a lower index of refraction than the core 220. In this embodiment, the core 2?.0 1s made of
silica and germania and the cladding 210 is made of silicon dioxide. FIG. 3B shows|a cross-
sectional A-A’ view of the optical fiber assembly 300. One end of the optical fiber aissembly 300
hag chamfered surfaces 320a, 320b. The chamfered surfaces 3203, 320b can have ar}y angle o, for
example, 45 degrees, measured witﬁ respect to the center axis 330 of the fiber core 220 as shown in
FIG. 3A. The chamfered surfaces 320a, 320b can be annular as shown in FIG. 3C. TYpica;.lly, any
buffer and coating is stripped off of the end surface 310 and the chamfered surfaces 320a, 320b
prior to connecting with the chip 200.

[0017]  To ensure a good seal and adhesion between the fiber assembly 300 and the chip
200, the end surface 310 of the fiber assembly 300 is pre-activated in a plasma generated from
oxygen or hydrogen containing gas spectes. Dangling bonds are generated on the en;d surface 310
of fiber assermbly 300 when the silicon dioxide cladding 210 (FIG. 2) and silicon cote 220 (FIG. 2)
are activated in the plasma. The silicon atom requires four bonds to fully saturate its valence shell.
In crystalling silicon, each silicon atom is bonded to four other silicon atoms. At the surface of the
silicon core 220, however, the silicon atoms may have too few bonds to satisfy its v;;lencc shell.
The surface 220 silicon atoms may bz bonded to (;n]y three silicon atoms, leaving one unsatisfied

valence bond, also known as a dangling bond. The surface of the silicon dioxide cladding 210 also
‘ 4
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has silicon atoms with unsatisfied valence bonds, or dangling bonds. In order io gain enough
electrons to fill their valence, the silicon atoms with dangling bonds on the end surface 310 favor
forming covalent bonds with silicon atoms that form at the side surface 240 (FIG. 2) of the optical
waveguide 230 of the photonic-integrated chip 200. Pre-activation of the silicon dioxide and silicon
end surface 310 in plasma to generate dangling bonds thus facilitate véry robust bonding between
the fiber assembly 300 and the photonic-integrated chip 200, The entire or a portion wof the end
surface 310 of the fiber assembly 300 can be pre-activated in the plasma. The chamfered surfaces
320a, 320D can also be pre-activated in the plasma used to pre-activate the end surface 310 of the
fiber assembly 300.

[0018] Other suitable gas species ooritajning, for example, nitrogen, argon and ammonia,
can be used to generate the plasma. The plasma can be generated using any suitable process
including, but not limited to, reactive ion ctching plasma and microwave radicals generated from the
gas species. Surface activation of the end surface 310 of the fiber assembly 300 prior to bonding the
end surface 310 with the photonic-integrated chip 200 has the advantage that no intermediate layer,

such as an adhesive, or step is needed to create a good seal and adhesion between the: fiber assembly

300 and the chip 200.

[0019]  FIG. 4A is a top view of the photonic-integrated chip 200. FIG. 4B shows a
cross-sectional B-B’ view of the photonic-integrated chip 200. The chip 200 incltidefs an optical
waveguide 230 formed on a dielectric substrate, e.g., oxide coated silicon substrate 400. The
waveguide 230 connects a photonic ¢lement 270 (e.g., optical source, detector, etc.) to another
photonic element or is aligned with an optical fiber 300 to guide optical signals from itﬁe input
optical fiber 300 to the photonic elements on the chip. One side 240 of the chip 200 has chamfered
- surfaces 420a, 420b. The chamfered surfaces 420a, 420b have angles corresponding to the angle o
of the chamfered surfaces 320a, 320b (FIG. 3A) on the fiber assembly 300 such that the pre-
activated-end surface 310 of the fiber assembly 300 aligns and couples to the surface 410
connecting the two chamfered surfaces 420a, 420b of the chip 200. The chamfered surfaces 420a,
420b have a height d measured from the surface 410 to the side swface 240 of the chip as shown in

FIG. 4A.
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[0020]  FIG. 4B shows the silicon subsirate 400 extends below the surface 410 where the
fiber 300 couples to the chip 200. However, it shall be appreciated that the fiber 300 may extend
below the silicon substrate 400 in the case, for example, where the silicon substrate 400 is a
composite structure having a thickness 7 of about 50 pm and the diameter of the single mode fiber,
such as SMF-28, is 125 um. ' '

[0021]  The pre-activated end surface 310 of the fiber 300 forms a hermetically sealed
connection 250 after any conventional method of assembling and alignment of the fiber 300 to the
chip 200. Although FIGS. 4A and 4B show the optical fiber assembly 300 is aligned to the éhip
using inverted taper coupling, it shall be appreciated that the embodiment may be modified to use
vertical taper coupling or any other suitable coupling of the fiber to chip. The hermetically sealed
connection 250 exhibits excellent water-repellency. Standard low temperature annealing used for
chip packaging flow, for example, at a temperature of at least 200° Celsius for at least two hours,

can provide further improvements in hermetically sealing the fiber assembly 300 to the chip 200.

{0022]  Although a good seal can be created from only pre-activating the end surface 310
of the fiber assembly 300, the surface 410 of the chip 200 can be pre-activated in plasma from a gas
species containing oxygen, hydrogen, nitrogen, argon or ammonia, such as the plasma used to pre-
activate the end surface 310 of the {iber assembly 300. The dangling bonds of the pre-activated
 surface 410 of the chip 200 generate even stronger covalent bonds with the pre-activated end
surface 310 of the fiber assembly 300. The chamnfered surfaces 420a, 4201 of the chip 200 can also

be pre-activated using the same plasma.

[0623]  FIG. 5 is a flowchart of an integrated optical device manufacturing process in
accordance with a disclosed embodiment. The process shown hermetically seals at least one input
optical fiber to a surface of a photonic-integrated chip. At step 500 of the process, the end surface
310 of the optical fiber 300 that will be coupled to the chip 200 is chamfered as shown in FIGS, 3A
and 3B, for example. At step 510, the surface of the chip 200 that will be hermetically connected to
the fiber 300 is chamfered as shown in FIGS. 4A and 4B, for example. At step 520, the end surface
310 of the fiber 300 is pre-activated in a plasma to generate dangling bonds (or fres silicon bonds)
on the end surface 310. If multiple fibers 300 are to be coupled to the chip 200 in batch processing,
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then the end surfaces 310 of the plurality of fibers 300 may be simultaneously pre-attivated in the
plasma. The pre-activated end surfaces 310 are connected to the corresponding smﬁaccs 410 on the
chip 200. The connection step should occur within a predetermined time, such as within two hours
of the pre-activating step, to ensure the fiber remains pre-activated. To speed up the bonding
process, at step 530, the surface 410 of the chip 200 may also be pre-acﬁw}a;ted m the plasma to
generate dangling bonds on the surface 410 of the chip 200. The pre-activation of the chip surface
410 may occur before, after or simultaneous with the pre-activation of the fiber 300. At step 540,
the pre-activated fiber 300 is connected to the chip 200 as shown in FIG. 2. Pressure at, for
example, 1.5 MPa may be applied to ensure no gaps form between the fiber 300 and the chip 200.
Atstep 550, after the fiber 300 is connected to the chip 200, the chip 200 can be annealed at a
temperature of at least 200 degrees Celsius to further augment the sealing of the fiber to the chip.

[0024] While disclosed embodiments have been described in detatl, it should be readily
understood that the invention is not limited to the disclosed embodiments. Rather the disclosed
embodiments can be modified to incorporate any number of variations, alterations, substitutions or

equivalent arrangemenis not heretofore described.



CLAIMS

1. A method of coupling an optical fiber to a chip, comprising;

chamfering a portion of an end surface of the optical fiber which will contact with a
surface of the chip;

activating the end surface of the optical fiber, including the chamfered portion, in a
plasma to generate dangling bonds on the end surface of the optical fiber,
whereby the dangling bonds facilitate coupling with a surface of the chip;

directly contacting the end surface of the optical fiber to the surface of the chip; and

applying a pressure between the chamfered portion of the optical fiber and the surface of

the chip to ensure no gaps are formed between the optical fiber and the chip.

2. The method of claim 1, wherein the plasma is generated from a gas specie

containing oxygen, hydrogen, nifrogen, ammonia or argon.

3. The method of claim 2, wherein the activating step is performed using reactive

ion etching plasma or microwave radicals generated from the gas specie.

4. The method of claim 1, wherein the chamfered portion of the end surface of the
optical fiber and the surface of the chip are complementary surfaces that match and align with

each other.

5. The method of claim 1, wherein the activated end surface of the optical fiber

forms a hermetic seal with the surface of the chip.

6. The method of claim 1, wherein the chip comprises an optical waveguide and the

optical fiber forms at least one covalent bond directly with the optical wavegnide.

7. An optical device manufacturing process, comprising:
pre-activating an end surface of at least one optical fiber in a plasma to generate dangling

bonds on the end surface of the optical fiber;



connecting the pre-activated end surface of the at least one optical fiber to a surface of a
chip,

wherein the end surface of the at least one optical fiber directly contacts the surface of
the chip,

wherein a portion of the end surface of the at least one optical fiber is chamfered and the
surface of the chip is chamfered such that the chamfered surface of the chip
matches and aligns with the chamfered end surface of the at least one optical
fiber; and

applying a pressure between the end surface of the optical fiber and the surface of the
chip to ensure no gaps are formed between the optical fiber and the surface of the

chip.

8. The process of claim 7, wherein the plasma is generated from a gas specie

containing oxygen, hydrogen or argon.

9. The process of claim 7, further comprising the step of annealing the chip at a
temperature of at least 200 degrees Celsius, wherein the annealing step is performed after the

connecting step.

10.  The process of claim 7, wherein the chamfering of the optical fiber is performed

before the pre-activating step.

11.  The process of claim 7, wherein the the connecting step occurs within two hours

of the pre-activating step.

12.  Anoptical device, comprising:

a photonic-integrated chip on which an optical waveguide is formed; and

an optical fiber assembly comprising an optical fiber having a chamfered end surface that
is pre-activated in a plasma to create dangling bonds which facilitate coupling
with the optical waveguide, the optical waveguide having a chamfered surface
that matches and aligns with the chamfered end surface of the optical fiber, and
the chamfered end surface of the optical fiber providing a hermetically sealed

optical connection to the optical waveguide formed in the photonic-integrated

9



chip, wherein the end surface of the optical fiber directly contacts the chamfered

surface of the optical wavegnide.

13.  The optical device of claim 12, wherein chamfered end surface of the optical

fiber is an inverted taper.

14.  The optical device of claim 13, wherein the chamfered surface of the optical

waveguide is pre-activated in the plasma.
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