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(57) Abstract: According to embodiments of the present invention, an optical arrangement is provided. The optical arrangement
includes a support substrate; at least one optical fiber arranged on the support substrate; at least one waveguide arranged on the
support substrate and adjacent to the at least one optical fiber; the at least one waveguide defining a light propagation direction;
and at least one grin index lens arranged asymmetrically relative to the light propagation direction such that light is coupled from
the at least one optical fiber through the at least one grin index lens to the at least one waveguide.
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AN OPTICAL ARRANGEMENT AND A METHOD OF FORMING THE SAME

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of US provisional applicaﬁon
No. 61/329,249, filed 29 April 2010, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to an optical arrangement and a method of forming

the optical arrangement.

Background

[0003] Various approaches have been suggested by various research groups to address
the problem of mode-size transformation of single mode fiber to nano-photonic
waveguides on photonic integrated circuit (PIC). For example, one method was using a
silicon (Si) up-taper, fabricated by using grey scale photolithography and dry etching of
Si on silicon-on-insulator (SOI). Although such Si up-taper showed coupling efficiency
as high as 90%, and single mode fiber optical mode can be coupled to sub-micron
dimension, it has several disadvantages. Namely, the Si up-taper is long in the order of
500~1000um. These consume or take up a lot of Si real-estate (i.e. space) on the chip.
Furthermore, the fabrication process has to start with a relatively thick SOI with a
thickness of ~10 pm, and a device wafer has to be supported by a larger handle wafer
underneath. =

[0004] Another approach was to use Si down (reverse) taper. Although the Si down-taper
is potentially compact with taper length in the order of 40~50 um, low loss operation of

the Si down-taper requires the bottom cladding oxide to be thick with a thickness of at

least 2 um. In addition, optimal low coupling loss for quasi-TM mode dictates that the -

nano-tip of the down-taper has to have a tip width of about 50 nm. This requirement of-
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thick bottom cladding oxide or thick buried oxide when the device is fabricated on SOI is
in conﬂict with certain requirements of electronics which require a thinner buried oxide
thickness if electronics circuits are to be built on the same platform.

[0005] In addition, other approaches and methods that have been used to perform optical
mode size transformation do not meet the requirements for optical mode size
transformation from a single mode fiber to sub-0.5 um sized nano-waveguides.

[0006] In addition, considerations should be given to the current optoelectronic modules
which include a single mode optical fiber, a semiconductor diode laser or photo-detector
element(s) and any interposing coupler elements, which are all integrated on a common
module platform, and the fiber-to-chip alignment (i.e. the optical alignment) method
therein. Conventionally, there are two main approaches, namely active alignment and
passive alignment, to couple an optical fiber to a waveguide in a photonic chip.

[0007] In active alignment, optical components are turned on in power while alignment is
being done by specialized assemblers to align optical fibers to sub-micron tolerances. For
example, discrete focusing lens (e.g. ball-lens) placed on an optical module platform has
been popularly used to couple a laser diode to a waveguide on a photonic chip. The
disadvantage of such a method is that it is expensive, due to the large amount of
equipment capital. In addition, processes are needed to perform active alignment for
every fiber-pigtailed optoelectrdnics components fabricated.

[0008] In passive alignment, no activation of optoelectronic components is needed. An
optical fiber is picked, and placed on an optoelectronic platform and self-aligned to an
optoelectronic component. If passive alignment can be achieved, the overall cost of
manufacturing such a component is greatly reduced.

[0009] In the past two decades at least before 2004, most of the fiber-pigtailed
optoelectronics modules have been fiber-connected to discrete active devices such as
diode lasers and photo-detectors. The optical coupling elements to connect the laser, for
instance, to single mode fibers (SMFs) have taken various forms. These include
microlens fabricated on the SMF, discrete lenées and GRIN rods and others. Use of ball-

lens usually resulted in low coupling efficiency because of its low numerical aperture

" (NA) and spherical aberration of the ball-lens. For these cases, the active alignment

method was utilized. This resulted in high cost for the packaging and high power
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dissipation. Packaging cost was later reduced with the use of discrete GRIN rod lens
and/or the use of passive alignment on an Si optical bench. The Si optical bench offers
the use of V-groove fabricated by anisotropic wet etching of Si substrate for the
placement of the discrete components on the Si optical bench. The disadvantage is that it
requires the use of two types of V-groove dn the same platfofm and that the coupling
components are discrete in nature. Fabrication of Si sub-mount can also be complicated.
In addition, coupling 'SMF to semiconductor laser with an optical spot size in the order of
about 1 pum or sub-micron sizes requires not just the capability of passive alignment, but
also matching of the optical spot sizes between the SMF and the laser source so that
alignment tolerance can be achieved.

[0010] In another method, multimode fibers (MMFs), discrete GRIN rod lens on U-
groove for passive alignment to interface the semiconductor laser to the SMF was
proposed. MMF was used because its tolerance to misalignment to the laser is large.
However, such combination of components resulted in fabrication complexity.

[0011] In recent years, in the advent of electronics/photonics integrated circuits (EPIC)
on-a~chip that are built on an SOI substrate or InP substrate, methods were heeded to
connect the SMF to such an EPIC chip. Recent proposed methods include using Si-
photonic 1-D gratings on the Si-photonic chip, or 2-D grating holes on the Si-photonic
chip. In these methods, the SMF is vertically butt-coupled to the surface of the chip.
Using the same Si-photonic grating, the SMF can also be side-coupled to the chip using
optical reflection o.f angled-tip optical fiber which is laid on top of the Si photonic
grating. However, optical reflection of angled-tip o'ptical.ﬁber adds an extra disadvantage

of optical power reduction prior to coupling to the chip.

Summary

[0012] According to an embodiment, an optical arréngement is provided. The optical
arrangement may include a support substrate; at least one optical fiber arranged on the

support substrate; at least one waveguide arranged on the support substrate and adjacent

" to the at least one optical fiber; the at least one waveguide defining a light propagation

direction; and at least one grin index lens arranged asymmetrically relative to the light
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propagation direction such that light is coupled from the at least one optical fiber through
the at vl_east one grin index lens to the at least one waveguide.

[0013] According to an embodiment, a method of forming an optical arrangement is
provided. The method of forming an optical arrangement may include forming at least
one optical fiber on a support substrate; forming at least one waveguide on the support
substrate and adjacent to the at least one optical fiber; forming at least one grin index lens
asymmetrically relative toa light propagation direction within the at least one waveguide
and further between the at least one optical fiber and the at least one waveguide such that
light is coupled from the at least one optical fiber through the at least one grin index lens

to the at least one waveguide.

Brief Description of the Drawings

[0014] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which:

[0015] FIG. 1 shows a schematic block diagram of an optical arrangement, according to
various embodiments.

[0016] FIG. 2 shows a flow chart illustrating a method of forming an optical
arrangement, according to various embodiments. v

[0017] FIG. 3 shows a schematic diagram of an optical arrangement with a SuperGRIN
lens‘integrated with a silicon (Si) waveguide on a photonic integrated circuit (PIC),
according to various embodiments.

[0018] FIG. 4A shows a cross-sectional view of an optical | arrangement with a
SuperGRIN lens formed on a waveguide, according to various embodiments.

[0019] FIG. 4B shows a cross-sectional view of an optical arrangement with a

SuperGRIN lens formed on an underlying buried oxide layer, according to various

- embodiments.
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[0020] FIG. 5A shows a process flow of fabricating a SuperGRIN lens integrated on a
silicoﬁ_ photonic waveguide, according to various embodiments.

[0021] FIG. 5B shows a process flow of strengthening an interface between a
SuperGRIN lens and a metallic etch stop layer, according to various embodiments.

[0022] FIG. 6 shows a process of fabricating a SuperGRIN lens on a Si-photonic
waveguide, _according to various embodiments.

[0023] FIG. 7 shows a generalized process flow of fabricating a SuperGRIN lens on a Si-
waveguide, according to various embodiments. |

[0024] FIG. 8 shows a process of forming a metallic hard-mask, according to the
embodiment of FIG. SA.

[0025] FIG. 9 shows a process of fabricating a SuperGRIN lens on a Si-photonic
waveguide, according to various embddiments.

[0026] FIG. 10A shows a crosé-sectional view of an optical arrangement incorporating a
passive alignment schéme for alignment of a single mode optical fiber to a SuperGRIN
lens on a PIC integration platform, according to various embodiments. v
[0027] FIG. 10B shows a plot illustrating additional coupling loss againsf vertical
misalignment between the fiber core and the SuperGRIN lens, based on the embodiment
of FIG. 10A. |

[0028] FIG. 11 shows a procéss flow of integréting a SuperGRIN lens on a photonic
waveguide to a V-groove, according to various embodiments.

[0029] FIG. 12 shows a process of fabricating a SuperGRIN lens on a photonic
waveguide integrated with a V-groove, according to various embodiments.

[0030] FIG. 13 shows a schematic perspective view of a PIC chip on a PCB substrate,
accofding to various embodiments.

[0031] FIGS. 14A to 14F show different views of an EPIC-Fiber Optical Module,
according to various embodiments. |

[0032] FIG. 15A shows an exploded perspective view of an EPIC chip configured to
interface with a multi-port optical modulé, according to various embodiments.

[0033] FIG. 15B shows a cross-sectional view taken along the line A-A’ of the

embodiment of FIG.15A, when the EPIC chip is assembled.
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[0034] FIG. 16 shows a cross-sectional view of an EPIC chip configured to interface with
a multi_-port (multi-fiber) optical module, according to various embodiments.

[0035] FIG. 17A shows a cross-sectional view of an EPIC chip configured to interface
with a multi-port (multi-fiber) optical module, according to various embodiments.

[0036] FIG. 17B shows different views of an opfical fiber of the embodiment of
FIG. 17A.

[0037] FIG. 18 shoWs‘ a process of integrating a SuperGRIN lens on a photonic
waveguide to a V-groove, according to various embodiments.

[0638] FIG. 19 shows a schematic diagram of a vertical cross-section of a SuperGRIN
lens integrated to a Si-waveguide on an SOI substrate, according to various embodiments
employing CMOS-compatible processes. . .
[0039] FIGS. 20A and 20B show scanning electron micrographs of a SuperGRIN lens
integrated to a Si-waveguide on an SOI substrate, fabricated by a CMOS compatible
process, according to various embodiments. The respective scale bar represents 10 um.
[0040] FIG. 21 shows optical output images of optical modes from a 6 pm-wide
termination Si-waveguide without a SuperGRIN lens, and from a 6 pm-wide termination
Si-waveguide with a SuperGRIN lens butt-terminated to the waveguide. The scale bar
represents 5 um. | ‘

[0041] FIG. 22 shows a plot of Fabry-Perot spectra of a 3 pm-width Si-waveguide, using
lens objectives to couple light into/out of the Si-waveguide.

[0042] FIG. 23 shows a plot of insertion-loss spectrum of a 3 pm-wide and 2228.5 pm-
long Si-waveguide, using lensed fiber-probes to couple light into/out of the Si-
waveguide.

[0043] FIG. 24 shows a plot of insertion-loss spectrum of a 3 pum-wide Si-waveguidé
with a 500 pm-long Si-up-taper at the output and butt-terminated with a SuperGRIN lens.
A lensed fiber-probe was used for input-coupling and an SMF28 was used for output-

coupling.
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Detailed Description

[0044] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art. to practice the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

[0045] Various embodiments may provide an optical arrangement and a method of
forming the optical arrangement to realize an optical mode-size-transformer on a chip, for
transforming an optical mode from an optical fiber to an optical mode having a size of
sub-0.5 pm, which 1s compatible with existing electronics integrated-circuit (IC)
manufacturing process (i.e. capable of mass production on Si-wafers) and also able to
focus light to a sub-0.5 pum dimension, without or with reduced at least sorﬁe of the
associated disadvantages of the current approaches.

[0046] Various embodiments relate to the field of integrated photonics, and in particular
relate to coupling of light from a single mode optical fiber (e.g. having an optical mode
size of approximately 9 — 10 um), to an on-chip photonic nano-waveguide with a sub-
wavelength optical mode size .(e.g. < 0.5 um), and also optical coupling in the opposite‘
coupling direction, so as to achieve a fiber-to-chip optical module, utilizing optical fiber
passive alignment.

[0047] Various embodiments may provide an optical arrangement or an apparatus
including strong graded index nano-waveguide opticai couplers and a method of making
such optical arrangement.

[0048] Various embodiments may provide an optical arrangement and a method of

making an integration platform of optical-fiber coupled to a photonics integrated-circuit

(IC) chip by passive alignment via an ultra-compact bi-material multilayer SuperGRIN

lens which is co-integrated with the devices or components on the same photonic IC chip.
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[0049] Various embodiments may provide an electronics/photonics integrated circuits
(EPIC)_-module using passive alignment.

[0050] FIG. 1 shows a schematic block diagram of an optical arrangement 100, according
to various embodiments. The optical arrangement 100 includes a support substrate 102, at
least one optical fiber 104 arranged on the support substrate 102, at least one waveguide
106 arranged on fhe support substrate 102 and adjacent to the at least one optical fiber
104, the at least one 'wéveguide 106 defining a light propagation direction, and at least
one grin index lens 108 arranged asymmetrically relative to the light propagation
direction such that light is coupled from the at least one optical fiber 104 through the at
least one grin index lens 108 to the at least one waveguide 106.

[0051] The at least one grin index lens 108 may include a multi-layer structure of at least
two different layers with a difference in refractive index such that the at least one grin
index lens 108 is configured té allow a variation in the difference in refractive index to
achieve a desired focﬁs spot size so as to enable coupling of an optical mode in the at
least one optical fiber 104 to the at least one waveguide 106.

[0052] The at least one waveguide 106 may include a refractive index ‘same or
substantially the same as the refractive index of one of the at least two different layers.
The at least two different layers may include a combination of materials selected from a
group consisting of silicon and silicon oxide, silicon and hafnium oxide, and silicon and
titanium oxide.

[0053] The optical arrangement 100 may further include an insulating layer arranged on
the support substrate 102. The at least one waveguide 106 may be arranged on the
insulating layer. The at least one grin index lens 108 may be arranged over the at least
one Waveguide 106 or the at least one grin index lens 108 may be arranged at one end of
the at least one waveguide 106 and further arranged directly on the insulating layer. The
insulating layer may be a buried oxide layer.

[0054] In various embodiments, the at least one grin index lens 108 may have a parabolic
or near-parabolic refractive index profile. The at least one waveguide 106 may include an

up-tapered waveguide. The at least one waveguide 106 may include a decreasing cross-

“sectional dimension in a direction away from the at least one grin index lens 108.
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[0055] In various embodiments, the at least one optical fiber 104 may be a single mode
fiber. The at least one optical fiber 104 may include a core portion and a cladding portion.
The at least one grin index lens 108 may be arranged along a same axis as the core
portion of the at least one optical fiber 104.

[0056] In various embodiments, the support substrate 102 may include at least one first
groove. The at least one optical fiber 104 may be positioned in the at least one first
groove so as to allow an optical alignment of the at least one optical fiber 104 to the at
least one grin index lens 108. The at least one first groove may include a V-shape groove
or a U-shape groove.

[0057] In various embodiments, the optical arrangement 100 may further include a
capping substrate. The capping substrate may include at least one second groove. The at
least one first groove may correspond to the at least one second groove when the capping
substrate is positioned over the.suppor[ substrate 102. The at least one second groove may
include a V-shape grodve or a U-shape groove. | »

[0058] The optical arrangement 100 may further inclﬁde at least one interconnect
arranged between the capping substrate and the support substrate 102, where the at least
one interconnect is configured to secure the at least one optical fiber 104 in a desired
position between the capping substrate and the support substrate 102. The at least one
interconnect may include at least one vof a flip-chip bump, a snap adhesive, or a
combination of a polymer and a metal strip. In various embodiments, the at least one
optical fiber 104 may include at least one third groove configured to accommodate the
metal strip to secure the at least one optical fiber 104.

[0059] In various embodiments, the capping substrate comprises a metallic substrate. The
metallic substrate may be Kovar.

[0060] In various embodiments‘, the optical arrangement 100 may further include at least
one wire bond pad arranged on the support substrate 102. The opﬁcal arrangement 100
may further include an electronics-photonics integrated circuit, wherein the at least one
waveguide 106 is optically coupled to the electronics-photonics integrated circuit.

[0061] In various embodiments, the support substrate 102 may include a semiconductor

‘layer. The semiconductor layer may include silicon and/or III-V materials.

[0062] In various embodinients, the desired focus spot size is less than 0.5 pm.
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[0063] FIG. 2 shows a flow chart 200 illustrating a methocll of forming an optical
arrangement, according to various embodiments.

[0064] At 202, at least one optical fiber is formed on a support substrate. -

[0065] At 204, at least one waveguide is formed on the support substrate and adjacent to
the at least one optical fiber. This may include forming at least one waveguide layer on
the support vsubstrvate, and patterning the at least one waveguide layer to form the at least
one waveguide.

[0066] At 206, at least one grin index lens is formed asymmetrically relative to a light
propagation direction within the at least one waveguide and further between the at least
one optical fiber and the at least one waveguide such that light is coupled from the at least
one optical fiber through the at least one grin index lens to the at least one waveguide.
[0067] In various embodiments, the process for forming the atvleast one grin index lens
may include forming a first masking layer on at least one grin index lens structure,
forming a first photdresist layer with a desired pattern on the first masking layer,
patterning the desired pattern of the first photoresist layer onto the first masking layer;
and removing portions of the first masking layer and the at least one grin index lens
structure not covered by the first photoresist layer.

[0068] In various embodiments, patterning the desired pattern of the first photoresist
layer onto the first masking layer may include dry etching by argon/chlorine reactive ion
beam etching.

[0069] In various embodiments, the first masking layer may include a metallic hard mask
layer. The first masking layer may include a material selected from a group consisting of
Ni/Ti, Cr/Ti, AUNi{/Ti, and Cr. The first photoresist layer may include a positive
photoresist layer. »

[0070] In various embodiments, the process for forming the at least one grin index lens
may include forming a second photoresist layer with at least one dpening on at least one
grin index lens structure, forming a second masking layer into the at least one opening;
and removing the second photoresist layer and portions of the at least one grin index lens

structure not covered by the second masking layer.

10
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[0071] In various embodiments, forming the second masking layér into the at least one
opening may include electroplating the second masking layer into the at least one
opening.

[0072] In various embodiments, the second masking layer may include nickel. The
second photoresist layer may include a negative photoresist layer. '

[0073] In various embodiments, forming the at least one grin index lens may further
include forming the at least one grin index lens structure over the support substrate and in
contact with the at least one waveguide. Forming the at least one grin index lens structure
over the support substrate dnd in contact with the at least one waveguide may include
depositing a plurality of a pair of two different layers with a difference in refractive index
in an alternating sequence over the support substrate.

[0074] In various embodiments, removing portions of the first masking layer and the at
least one grin index lens structure not covered by the first photoresist layer may include
etching using etchant gases with a substantially equal etch rate of thé pair of two different
layers. ' ' A

[0075] In various embodiments, removing the second photoresist layer and portions of
the at least one grin index structure not covered by the second masking layer may include
etching using etchant gases with a suBstantially equal etch rate of the pair of two different
layers. :

[0076] In various embodiments, the etchant gases may include at least one of a SFs, CHs,
CFa, C4Fs, Ar, and O,. |

[0077] In various embodiments, the method may further include forming an etch stop
layer over the support substrate.

[0078] In various émbodiments, the method may further include providing heat treatment
after depositing a first of the plurality of the pair of two different layers. In various
embodiments, providing heat treatment may include performing rapid thermal annealing
for silicidation of the first of the pair of two different layers with the etch stop layer.
[0079] Various embodiments may include the use of a high refractive-index contrast bi-

material multilayer structure to form an on-chip GRIN lens in an optical arrangement. In

~ various embodiments, an optical arrangement may be provided, utilizing a multilayer bi-

material (e.g. silicon/silicon dioxide (Si/SiO;)) superhigh numerical aperture (NA)

11
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gradient index (GRIN) lens asymmetrically placed on a silicon (Si) nano-waveguide (e.g.
a GRIN lens placed on a waveguide) to couple an optical mode in the single mode fiber
to the Si nano-waveguide on a photonic integrated circuit (PIC). The high index contrast
of Si/SiO; in the multilayer lens structure may provide a focused spot size of
approximately 0.5 um or less (i.e. < 0.5 pm), which is smaller than that of, for example, a
multilayer structure with a silicon dioxide/titanium dioxide (Si0,/Ti0,) combination.
This is because the use of high index contrast materials of Si/SiO; in a bi-material multi-
layer GRIN lens shows, by simulation, that the focused spot sized is sub-0.5 um for about
the same GRIN lens with a Y4-pitch length.

[0080] In contrast, conventional approaches provide low refractive index contrast
materials in a bi-material multilayer GRIN lens. In addition, the GRIN lens is placed
stmetrically such that the waveguide (e.g. nano-waveguide) is placed at the center of
the GRIN lens. The focused spot size that is obtained is approximately 0.5 pm to 0.7 pm
or more. '

[0081] In various embodiments, the thicknesses of the layers and the effective refractive
index .proﬁle of the bi-material GRIN lens (e.g. having alternating layers of Si and SiO,)
may have various dimensions and forms respectively. In various embodiments, the GRIN
lens has an at least substantially asymmetrical refractive index profile along a height or
thickness of the lens, with a maximum refractive index near the top of the lens, varying
along the pi'oﬁle to a minimum refractive index at the bottom of the lens in contact with a
nano-waveguide or a buried oxide. For example, the refractive index profile may follow
at least a substantially parabolic profile, bell curve profile, Gaussian profile or other
suitable profiles. In addition, the GRIN lens may have a refractive index profile that
enables aberration free optical beam transformation. '
[0082] In the context of various embodiments, other high index-contrast bi-material
combinations that may be wused include silicon/hafnium oxide (Si/HfO,),
silicon/aluminium oxide (Si/AL,03), silicon/titanium dioxide (Si/T10,) or silicon with any

dielectric material, preferably an oxide, which has a material refractive index

significantly different from the refractive index of Si.

- [0083] In the context of various embodiments, the silicon layers of the SuperGRIN lens

multi-layer structure may be amorphous silicon (i.e. a-Si or o-Si).

12
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[0084] Conventionally, “high refractive index contrast” arises from the use of bi-material
to forf_n an optical waveguide with the refractive index of the core material higher than
that of the cladding material. Bi-material is considered “high index contrast” when the
physical dimension of the waveguide are sub-microns to achieve single mode operation
of the waveguide. .

[0085] In the coqfext of various embodiments, a multilayer structure of high refractive-
index contrast bi-material (e.g. Si/SiO;) is used to form a GRIN lens. The high index
contrast between Si/Si0; is achieved from the use of Si, which is a semiconductor and
has a high refractive index of about 3.46, which is significantly different from that of
dielectric SiQ, with a refractive index of about 1.46. Therefore, the refractive index
difference is approximately 2. This high index difference, when used to form a Si/Si0,-
SuperGRIN lens enables the lens to have a focused spot size of approximately 0.26 um to
approximately 0.5 um. In contrast, the bi-material dielectrics TiO2/S10; has a refractive
index difference of about 0.9, where the simulated focused spot size was about 0.53. um
to 0.7 pm. If an asymmetric structure for TiO,/SiO; is used, the focused spot size may be
larger. Generally, a bi-material refractive index difference larger than about 1.0 may be
considered a high refractive index contrast.

[0086] For a small focused spot size, in addition to the requirement that the refractive
index difference in the bi-material should be high, the absolute value of the refractive

index of the high-index material should be equal or near to the refractive index of the

-waveguide that guides the light-wave into the SuperGRIN lens. Hence, the high-index

material should preferably be a semiconductor, where the optical waveguide is a
semiconductor. Accordingly, various embodiments provide a Si waveguide, which is of
the same material for the high-index material of the bi-material combination for
fabricating the SuperGRIN lens. This requirement arises from the asymmetric placement
or arrangeme’nt' of the SuperGRIN lens on the waveguide.

[0087] In various embodiments, the arrangement(s) or structure(s) of a bi-material (e.g.

Si/Si0;) multilayer GRIN lens asymmetrically placed on a nano-waveguide is provided.

The GRIN lens may be asymmetrically placed on or over a nano-waveguide (e.g. a nano-

- waveguide placed at least substantially at one end of the GRIN lens, e.g. in contact with a

bottom surface of the GRIN lens). Alternatively, the GRIN lens may be asymmetrically
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placed on a buried oxide, with a nano-waveguide in contact with a side surface of the
GRIN'_lens (e.g. a buried oxide layer in contact with a bottom surface of the GRIN lens,
with the GRIN lens butt-coupled to a waveguide). |

[0088] In addition, various embodiments provide one or more methods of fabricating a
multilayer Si/SiO, GRIN lens on a photonic integrated circuit chip (i.e. the process
integration flow to achieve such a structure). The method or methods may provide
forming a multilayer GRIN lens asymmetrically placed on a nano-waveguide or a buried
oxide. The method of forming the asymmetrical GRIN lens on a Si-waveguide enjoys the
advantage of ease of fabrication. In various embodiments, a multilayer Si/SiO, GRIN
lens may be fabricated by thin films deposition, patterning by photolithography and dry
etching of Si/SiO, multilayer. The layers of Si and SiO, may be deposited by dual-beam
ion-assisted physical deposition. In addition, Si and SiO; are CMOS compatible material
readily available for process iﬁtegration in a CMOS foundry environment. Therefore, the
fabrication processes are CMOS compatible.

[0089] In view of the stringent requirement to realize the SuperHigh NA lens structure of
various embodiments (i.e. the SuperGRIN lens), the arrangement and processes of
various embodiments to realize an asymmetric multilayer GRIN lens on chip may
incorporate one or more of the following: the use of a vertical side-wall nickel (Ni) hard-
mask for etching of approxin‘iately 7 um ~ 12 pm of Si/SiO; multilayer; an ICP/RIE
etching method to achieve 1:1 selectivity (i.e. substantially equal etch rate ) of the bi-
material (e.g. Si:SiOz) of the GRIN lens; the use of an embedded etch stop layer (e.g. a
metallic or metal oxide layer) beneath the multilayer GRIN lens; and the use of a
silicidation rapid-thermal annealing (RTA) process to strengthen the interface between
the Si/ SiO, multilayer and a bottom passivation oxide layer covering the Si-waveguide to
prevent pre-matured peeling of the multilayer Si/SiO, GRIN lens.

[0090] Various embodiments may provide a method or a physical arrangement of
structures to achieve passive alignment of one or more single mode optical fibers to the
multilayer Si/SiO, GRIN lens, which coupleé light to the rest of the PIC (e.g. to other

components on the PIC). The passive alignment method is used to achieve the required

‘alignment accuracy within the tolerable range of the multilayer Si/SiO; GRIN lens.
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[0091] Conventionally, fiber-pigtailed opto-package component consists of fiber-to-
discréte optoelectronic semiconductor device, with active alignment, resulting in high
cost and added extra component in the system.

[0092] Various embodiments provide passive alignment onto an integration platform, e.g.
passive alignment of single mode-fiber-to-EPIC chip. This enables a monolithic
integration of active optoelectronic and passive photonic components, including but not
limited to, light-source, detector, waveguide, and waveguide-based diodé-laser, together
with the SuperGRIN lens coupler of various embodiments, as well as other structures
such as V-grooves, on the same chip. These components or devices may be built on a Si
optical bench as the integration platform, and optical fibers may be attached to the
integration platform by passive alignment, for example as shown in the embodiments of
FIGS. 4A, 4B and 10A, for the alignment of a single mode-fiber to an.
optoelectronic/photonic  chip. Therefore, various embodiments may provide an
integration process to form the SuperGRIN lens on the same chip platform as the V-
groove and the Si-waveguide. Subsequently, active diode-lasers and photo-detectors may
be fabricated on the same platform. |

[0093] In various embodiments, the on-chip SuperGRIN lens functions as a coupling
element of a waveguide to a single mode fiber to enable passive alignment. Each optical
fiber may be placed on the 'integration platform chip on a V-groove, for example
fabricated by anisotropic wet etching, or a U-groove for example fabricated by a
combination of dry and wet etchings, or a U-trench for example fabricated by deep
reactive jon etching (RIE). The V-groove, the U-groove or the U-trench is also integrated
on the same platform to provide passive alignment of the optical fiber to the integration
platform chip. Such an arrangement may also allow an array of optical fibers to be butt-
coupled to an array of SuperGRIN lenses on the platform. On the Si optical bench, III-V-
epitaxy-on-Si may be used for active devices. In various embodiments, such a passive
alignment method may also be extended to purely III-V substrate (e.g. InP or GaAs, or
GaN) PIC. The alignment method of various embodiments advantageously is a key low

cost enabler to make the final single mode—ﬁber-pigfailed integrated

- optoelectronic/photonic module low cost and commercially viable.
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[0094] Various embodiments also provide methods and processes of tying down or
securing one or more single mode optical fibers to an optical module or an
electronic/photonic IC platform (i.e. integration of fiber to PIC platform), in order to
achieve the required passive alignment accuracy. One method is the use of a capping
substrate with or without any V-grooves, and with the use of flip-chip bumps to bond the
capping substrate onto a corresponding bottom substrate. The capping substrate may be
of a metallic material such as Kovar, which is an alloy of iron-nickel-cobalt, which has a
thermal expansion coefficient substantially similar to that of a borosilicate glass. Another
method is to tie-down the fiber on a V-groove using a flexible metallic strip. This has the
flexibility of alignment adjustment prior to fixing the tied-down fiber permanently by
flip-chip bonding. |

[0095] PCT Application No PCT/SG2011/000048 provides embodiments of the
SuperGRIN lens that may be used, the entire disclosure of which is incorporated herein
by reference. |

[0096] In the context of various embodiments, the terms “grin index lens”, “GRIN lens”,
and “SuperGRIN lens” may be used interchangeably to refer to the lens of various
embodiments. In various embodiments, the GRIN lens or the SuperGRIN lens may have
a high numerical aperture (NA) (e.g. a Superhigh NA GRIN lens) and may be aberration-
free such that light propagating thi'ough the lens may converge into a single point at a
focus point.

[0097] In the context of various embodiments, a reference to a V-groove includes a
reference to a U-groove. In the context of various embodiments, a reference to a groove
includes a reference to a trench, a trough, a recess and the likes.

[0098] In the context of various embodiments, an optical arrangement includes at least
one optical fiber. Each optiéal fiber may be arranged in a groove. In various
embodiments, the optical fiber may be placed on a V-groove that is formed, for example
by anisotropic wet etching, on a substrate. However, it should be appreciated that a U-
groove or any groove with other cross-sectional configuration or shape may be formed

and provided for placement of the optical fiber. For example, by using. a combination of

‘wet and dry etching techniques, various groove structures may be formed. In various

embodiments, providing a'U-groove may alleviate challenges due to thermal expansion-
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differences between the fiber and the grooved substrate, which may cause movement of
the ﬁB_er, as there may be a volume of space between the fiber positioned in the U-groove
to the bottom of surface of the U-groove.

[0099] In order that the invention may be readily understood and put into practical effect,
particular embodiments will now be described by way of exaniples and not limitations,
and with reference to the figures. It should be appreciated that the methods of various
embodiments may be CMOS compatible.

[0100] FIG. 3 shows a schematic diagram of an optical arrangement 300 with a
SuperGRIN lens 302 integréted with a semiconductor waveguide (e.g. silicon (Si)) 304
on a photonic integrated circuit (PIC) 306, according to various embodiments. The
optical arrangement 300 may be used for the optical beam transformation from a single
mode fiber (not shown) to sub-micron optical waveguides, e.g. silicon (Si) waveguide
304. The optical beam may be transformed from a circular mode from the optical fiber
having a diameter of about 9 — 10 um, to an elliptical mode shape with sub-micron
dimensions. | _

[0101] In various embodiments, the PIC 306 may include a cladding layer of buried
oxide (e.g. SiO,) 308 and a substrate (e.g. Si) 310. In various embodiments, various
components may be present on the PIC 306, but are not shown in FIG. 3 for clarity
purposes. |

[0102] The SuperGRIN lens 302 may include a bi-material configuration with high
refractive index contrast materials (81/S107) and may »have a high numerical aperture
(NA) (e.g. a SuperHigh NA GRIN lens), for example an NA of 3.2 or more (i.e. > 3.2),
such that the SuperGRIN lens 302 may focus light down to about a sub-0.5 pm spot size -
in the vertical direction (i.e. in the x-direction in FIG. 3) due to the use of high refractivé
index contrast materials (Si/Si0;), in comparison. to, for example, the SiO,/TiO;
combination. This may be achieved, for example, for a lens length L, of approximately
20 um for coupling to a standard single mode fiber, e.g. SMF-28, and for a lens length

L.ert of approximately 11.6 pm for coupling to Nufern™ small-core single mode fiber

‘having a core diameter of about 5 pm. Such a configuration occupies low Si area on the

PIC chip 306.
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[0103] In various embodiments, the horizontal mode transformation (i.e. in the y-
directi_on in FIG. 3) is achieved by a lateral up-taper waveguide, as represented by 312, of
the waveguide 304 on the buried cladding oxide layer 308. The vertical mode
transformation (i.e. in the x-direction in FIG. 3) is achieved by the composite optical
structure of the multilayer dual thin film materials of the SuperGRIN lens 302, forming
an effective graded refractive index (GRIN) lens to provide focusing action in the vertical
direction. In various embodiments, the SuperGRIN lens 302 has a thickness H, being the
total thickness of the GRIN lens, and a width W. The waveguide 304 has a final
termination width w, at the output facet; being about the size of the optical mode of the

optical fiber (not shown).

[0104] The planar up-taper waveguide 312 expands the modal field of the Si-waveguide

in the y-direction to approximately 5 um and 10 pum, compatible with small-core
(Nufern980™) and standard single mode optical fibers, respectively, as the modal field
prdpagates towards the SuperGRIN lens 302. The_y—directionally expanded field then
expands in the x-direction as it propagates into the SuperGRIN lens 302. The SuperGRIN
lens 302 consists of alternating layers of Si and SiO,. In various embodiments, b.y varying
the ratio of thicknesses of the Si and SiO, layers in the x-direction and as the film
thicknesses are less than a quarter of optical wavelength in the medium, the propagating
light-wave experiences an at least substantially parabolic effective refractive index profile
of the SuperGRIN lens 302 in the x-direction. Such a refractive index profile enables an
optical mode size trénsformatién from an optical fiber to a sub-0.5 um size.

[0105] In various embodiments, the optical arrangement 300 of FIG. 3 may be integrated
with an optical fiber, which may be placed for example, on a V-groove, and which may
be tied down or secured in the V-groove in order to provide suitable optical alignment
and prevent any movement of the optical fiber which may cause misalignment.

[0106] FIG. 4A shows a cross-sectional view of an optical arrangement 400 with a
SuperGRIN lens 402 formed on a waveguide 404, according to various embodiments.
The SuperGRIN lens 402 has an asymmetric refractive index profile 406, which may be

of an at least substantially parabolic profile or an at least substantially bell curve profile.

~ As shown in FIG. 4A, the SuperGRIN lens 402 is formed asymmetrically on the

waveguide 404, which may be a Si waveguide. The waveguide 404 is formed on an
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underlying buried oxide léyer (e.g. a Si0; layer) 408 and on a substrate (e.g. Si) 410. The
waveguide 404 may include an up-taper waveguide, as shown in the top view of FIG. 4A.
[0107] The optical arrangement 400 further includes integration of the SuperGRIN lens
402 to an optical fiber (e.g. a single mode fiber) 412 positioned on a V-groove 414 on the
same optical platform. The optical fiber 412 includes a cladding portion 415 and a fiber
core 416. The fiber core 416 is at least substantially aligned with the SuperGRIN lens 402
(e.g. the SuperGRIN lens 402 is arranged along a same axis as the fiber core 416) so as to
allow coupling of light between the optical fiber 412 and the SuperGRIN lens 402, and
also with the waveguide 404. For example, a light, as represented by the arrow 418a, with
a certain spot size travelling in the waveguide 404 is expanded by the SuperGRIN lens
402 to a larger spot size. The light, as represented by the arrow 420a, with the expanded
spot size is then coupled to the fiber 412 and propagates in the fiber core 416. Conversely

'in the opposite coupling direction, a light, as represented by the arrow 420b, with a

certain spot size travelling in the fiber core 416 is coupled to the waveguide 404 after
encountering the SuperGRIN lens 402. The SuperGRIN lens 402 focuses the light 420b
to a light, as represented by the arrow 418b, with a smaller spot size which then
propagates in the waveguide 404.

[0108] FIG. 4B shows a cross-sectional view of an optical arrangement 430 with a
SuperGRIN lens 432 formed or deposited on an underlying buried oxide layer 434,
according to various embodiments. The SuperGRIN lens 432 has an asymmetric
refractive index profile 436, which may be of an at least substantially parabolic profile or
an at least substantially bell curve profile. As shown in FIG. 4B, the SuperGRIN lens 432
is formed asymmetrically on the buried oxide layer (e.g. a SiO; layer) 434, and with a
side facet at least partially in contact with a waveguide (e.g. Si) 438 (e.g. the SuperGRIN
lens 432 is butt-coupled to the waveguide 438). The waveguide 438 is formed on the
buried oxide layer 434 and on a substrate (e.g. Si) 440. The waveguide 438 may have a
substantially uniform width, as shown in the top view of FIG. 4B.

[0109] The optical arrangement 430 further includes integration of the SuperGRIN lens
432 to an optical fiber (e.g. a single mode fiber) 442 positioned on a V-groove 444 on the

- same optical platform. The optical fiber 442 includes a cladding portion 445 and a fiber

core 446. The fiber core 446 is at least substantially aligned with the SupérGRIN lens 432
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(e.g. the SuperGRIN lens 432 is arranged along a same axis as the fiber core 446) so as to
allow coupling of light between the optical fiber 442 and the SuperGRIN lens 432, and
also with the waveguide 438. For example, a light, as represented by the arrow 448a, with
a certain spot size travelling in the waveguide 438 is expanded by the SuperGRIN lens
432 to a larger spot size. The light, as represented by the arrow 450a, with the expanded
spot size is then cbupled to the fiber 442 and propagates in the fiber core 446. Conversely
in the opposite couplirig direction, a light, as represented by the arrow 450b, with a
certain spot size travelling in the fiber core 446 is coupled to the waveguide 438 after
encountering the SuperGRIN lens 432. The SuperGRIN lens 432 focuses the light 450b
to a light, as represented by the arrow 448b, with a smaller spot size which then
propagates in the waveguide 438.

[0110] Various embodiments may prcivide a method of designing or determining the
composite layer thicknesses of the SuperGRIN lens so as to provide one or more of the
following: maximizing the coupling efficiency between the single mode fiber and the
sub-micron optical waveguide; minimizing the layer interface scattering among the layers
of the lens; minimizing the optical input facet scattering; minimizing lens aberration; and
minimizing the overall focal length of the lens such that as small chip area as possible is
required. In various embodiments, the multiple layers in the vertical SuperGRIN lens
may be deposited by, for exainple but not limited to, Ion-Assisted-Deposition (IAD) at
low cost and with low optical loss.

[0111] In various ‘embodiments, the multi-layer SuperGRIN lens structure may be
deposited on a lateral up-taper semiconductor waveguide (e.g. the embodiment of
FIG. 3), for performing transformation of optical modes in both the vertical and lateral
directions from a single mode ﬁber to a sub-micron optical waveguide or vice versa. The
asymmetrical vertical SuperGRIN lens structure, having an assymmetrical refractive
index profile, in combination with the lateral up taper waveguide, niay have a cascaded or
concurrent geometry to transform the optical beam mode in both the vertical and lateral
directions, either sequentially vor simultaneously.

[0112] In various embodiments, the SuperGRIN lens may be arranged on a silicon (Si)-

- waveguide, for example the SuperGRIN lens may be deposited directly on the Si-

" waveguide, as shown in the embodiment of FIG. 4A. In various enibodiments, the
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underlying Si-waveguide may be etched. away, and the SuperGRIN lens stack is placed or
deposi_ted on the underlying dielectric cladding (e.g. buried oxide layer), as shown in the
embodiment of FIG. 4B.

[0113] Various embodiments may provide one or more methods of fabricating optical
module structures or optical arrangements including a multi-layer SuperGRIN lens
integrated on a semiconductor photonic/optical waveguide (e.g. a silicon photonic
waveguide or a silicon photonic wire waveguide), for example as shown in the
embodiments of FIGS. 3 and 4A. The bmethod may include one or more of the following:
the formation of a sub-micron sized Si-photonic wire waveguide on an SOI substrate; the
deposition of a passivation dielectric layer (e.g. preferably a silicon dioxide (Si10;) layer);
the deposition of an etch stop layer (e.g. a metal layer); opening or removal of the
dielectric layer at a region for fabrication of the SuperGRIN lens; deposition of the
SuperGRIN lens stack (e.g. including layers of silicon (Si) and silicon dioxide (SiO,));
and deep reactive ion.etching (DRIE) of the .SuperGRIN lens stack, ending at the etch
stop layer. In various embodiments, a metal etch stop layer may be provided to prevent
excessively aggressive etching into the embedded Si-waveguide during the etching of the
SuperGRIN lens stack. It should be appreciated that the method or methods may include
one or more or all of these processes. Furthermore, it should be appreciated that the
method or methods are not limited to these processes and may include other additional
processes and/or alternative processes.

[0114] In various embodiments, the DRIE process may be carried out using inductive-
coupled plasma reactive ion etching (ICP/RIE), using etchant gases with at least
substantially equal etch rates for Si and SiO,, so as to maintain minimal differential etch
rates of the layers of Si and SiO,, in order to ensure smoothly etched input and output
facets of the SuperGRIN lens.

[0115] Various embodiments may further provide one or more methods of fabricating an
optical arrangement including a sub-micron sized photonic wire semiconductor (e.g. Si)
optical waveguide having a lateral up-taper configuration, an asymmetrical multi-layer

SuperGRIN lens integrated on the optical waveguide and an integréted V-groove for

- passive alignment with a single mode fiber. It should be appreciated that one or more

optical waveguides may be fabricated, one or more SuperGRIN lens méy be fabricated
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and one or more V-grooves may be integrated in the optical arrangement. The fabrication

methods are compatible with the Complementary Metal-Oxide Semiconductor Field

. Effect Transistor (CMOSFET) fabrication environment, so that the SuperGRIN lens may

be part of a chip integrated with both CMOS electronics and photonics. The SuperGRIN
lens(es) functions as an interface or coupler to the optical fiber or an array of fibers that
may be positioned on the one or more V-grooves. In various embodiments, the process
flow of such method or methods may be used for an electronic-photonic module
comprising one or more SuperGRIN lenses on a Si-platform substrate with one or more
pre—fabﬁcated V-grooves. In the optical arrangement, the photonic integrated circuit
(PIC) with an integrated SuperGRIN lens is diced from the main wafer. Regularly spaced
bond pads on the periphery of the PIC die are electrically connected to a bottom printed-
circuit-board (PCB) of the module by wire-bonding. Optical fiber is placed on the V-
groove, passively aligned to the SuperGRIN lens coupler. A separately prepared V-
groove substrate is pigked, placed and pressed upside down on the single mode fiber. The
optical fiber may be immobilized in the V-groove by flowing in a curable resin adhesive
or epoxy into the V-groove. The epoxy used may be any material that has an at least
substantially similar refractive index to the refractive index of the cladding of the optical
fiber.

[0116] The process of fabricating a SuperGRIN lens on a Si-photonic waveguide, will
now be described with reference to FIGS. 5A, 5B and 6. _

[0117] FIG. 5A shows a process flow 500 of fabricating a SuperGRIN lens integrated on
a silicon photonic waveguide, FIG. 5B shows a process flow 540 of strengthening an
interface between a SuperGRIN lens and a metallic etch stop layer, while FIG. 6 shows a
process 600 of fabricating a SuperGRIN lens on a Si-photonic waveguide, according to
various embodiments. The proc‘ess 600 of FIG. 6 relates to the embodiment where a layer
of silicon nitride (SiN,) is used as a hard-mask. A

[01‘18] At 502, a silicon-on-insulator (SOI) substrate is provided. The SOI substrate may
be on a silicon wafer. '

[0119] At 504, thinning of the SOI substrate is performed by thermal oxidation until the

- necessary thickness of silicon (Si) is obtained for the fabrication of the Si-photonic
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waveguide (e.g. a Si—photénic wire waveguide). The layer of thermal oxide formed may
or may not be removed.

[0120] At 506, the oxide layer formed at 504 may be used as a hard-mask for the
formation of the Si-photonic waveguide. Optionally, a layer of silicon nitride (SiNy) with
a thickness of about 200 nm may be deposited by low-pressure chemical vapor deposition
(LPCVD) on the oxide layer to act as a hard-mask.

[0121] At 508, photolithography or e-beam lithography is performed to define the
configuration or structure of the Si-photonic waveguide. As an example and not
limitation, the lithography process may be carried out to define a waveguide including an
up-taper geometry or a waveguide with a substantially uniform width. As shown in FIG.
6, a structure 602 is obtained after the process at 508. The structure 602 includes a silicon
substrate 604, a BOX (e.g. an insulating layer) 606, an SOI 608, a layer of silicon nitride
(SiNy) 610 acting as a hard-mésk and a photoresist 612. The photoresist 612 is used to
define a geometry or cbnﬁguration for transfer to the SOI 608 to fabricate a waveguide.
[0122] At 510, etching is performed to fabricate the Si-photonic waveguide. In
embodiments where the thermal oxide layer formed at 504 is used as the hard mask,
reactive ion etching (RIE) or inductive-coupled plasma reactive ion etching (ICP/RIE)
may be used to etch the thermal oxide layer and the SOI 608, until the buried oxide
(BOX) 606 of the SOI substrate. In embodiments where a layer of SiN, 610 is formed at
506 as the hard mask, RIE may be used to etch the SiNy 610 and the SOI 608, until the
buried oxide (BOX) 606. As shown in FIG. 6, a structure 620 including a waveguide 622
is obtained.

[0123] Subsequently at 510, the photoresist 612 is removed and the layer of SiNy 610 is
removed by dipping the wafer in boiling phosphoric acid. As shown in FIG. 6, a structure
624 is obtained. |

[0124] At 512, a layer of passivation oxide (e.g. a layer of SiOz)A may be deposited by
plasma-enhanced chemical vapor deposition (PECVD) on the Si-photonic waveguide. As
shown in FIG. 6, a structure 628 is obtained. The structure 628 includes a layer of

passivation oxide 630 covering the waveguide 622. In various embodirhents, the layer of

- passivation oxide 630 may have a thickness in a range of between about 0.4 um to about
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2 gm, e.g. a range of between about 0.4 um to about 1.2 pm, a range of between about
0.4 pﬁ; to about 0.8 um or a range of between about 0.8 um to about 2 pm.

[0125] At 514, a metal etch stop layer may be deposited on the passivation layer 630 for
use during the subsequent etching of a SuperGRIN lens stack that is deposited on the
metal etch stop layer to form a SuperGRIN lens. In various embodiments, the metal etch
stop layer may iﬁclude but is not limited to aluminium (Al), nickel/titanium (Ni/Ti),
chromium/titanium (Cf/Ti) or copper (Cu). As shown in FIG. 6, a structure 634 is
obtained. The structure 634 includes a metal etch stop layer 636 deposited on the layer of
passivation oxide 630.

[0126] At 516, photolithography is performed to define an opening for a coupler region
where a SuperGRIN lens stack may also be deposited into in a subsequent process. As
shown in FIG. 6, a structure 640 is obtained. The structure 640 includes a photoresist 642
with an opening 644 chresponding to a coupler region.

[0127] Subsequently at 516, RIE is then performed to etch away the metal etch stop layer
636 and the layer of passivation oxide 630 in the coupler region to expose the Si-photonic
waveguide. As shown in FIG. 6, a structure 648 is obtained. The structure 648 includes
the coupler region 650.

[0128] Alternatively at 516, the exposed Si-photonic waveguide may also be etched
away, stopping at the layer of buried oxide (BOX) 606 of the SOI substrate as the BOX
606 is preserved and not etched.

[0129] Subsequentiy at 516, the photoresist 642 is removed.

[0130] At 518, a SuperGRIN lens multi-layer stack is deposited. In various embodiments,
the process that may be used to deposit the alternating dual layer materials (e.g. Si and
SiO;) of the SuperGRIN lens include but is not limited to plasma-enhanced chemical
vapor deposition (PECVD), sputtering, thermal evaporation, ebeam evaporation, or ion-
assisted deposition (IAD). |

[0131] In various embodiments, in between the pfocesses at 516 and 518, prior to
deposition of a SuperGRIN lens stack, the wafer may be dipped in dilute hydrofluoric

scid (HF) to undercut the layer of passivation oxide 630 in order to create a discontinuity

" in the SuperGRIN lens stack at the edge of the layer of passivation oxide 630. This
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process sequence results in a SuperGRIN lens structure overlaid on a step on the layer of
passivation oxide 630.

[0132]. At 520, an optional intermediate process involving rapid thermal annealing (RTA)
of the wafer after the first amorphous-Si (a-Si or o~Si) layer of the multilayer stack is
deposited may be carried out in order to prevent the SuperGRIN lens multi-layer stack
from peeling awéy from the bottom metal etch stop layer. In embodiments where the
SuperGRIN lens stack adheres well to the bottom metal etch stop layer, the process at
520 may not be necessary. '

[0133] The intermediate process at 520 is described in further details with reference to
FIG. 5B. At 542, after the processes performed at 516, a first pair of Si/SiO; of the
SuperGRIN lens is deposited. At 544, the sample wafer goes through a rapid thermal
annealing (RTA) process for silicidation of the first a-Si layer of the SuperGRIN lens and
the bottom metallic etch stop. layer. In embodiments where the metal etch stop layer
includes a top layer of titanium (Ti), the RTA process, for example carried out at about
500°C - 600°C, may cause the formation of titanium silicide, which facilitates
strengthening of the interface between the SuperGRIN lens and the metallic etch stop
layer (e.g. the interface between the first amorphous silicon (a-Si) layer of the
SuperGRIN lens and the Ti-etch stop layer). The titanium silicide formed may be a thin
layer. At 546, after the RTA process, the process of depositing multilayer Si/SiO;
continues until the complete SuperGRIN lens stack is deposited.

[0134] Referring now to FIG. SA, at 522, a metal hard-mask is deposited. In various
embodiments, the metal hard-mask may include but is not limited to nickel (Ni),
nickel/titanium (Ni/Ti), chromium/titanium (Cr/Ti) or aluminium (Al). In various
embodiments, the hard-mask of Ni/Ti or Cr/Ti may be deposited by but not limited to
sputtering, electron-beam evaporation, thermal evaporation, or Filtered Cathodic Vacuum
Arc technology (FCVA), which are classified as physical vapor deposition (PVD)
processes. FCVA advantageously enables deposition with small grain sizes of
approximately 5 nm, which are suitable for smooth side-wall (e.g. input facet) RIE.

[0135] In various embodiments, a Ni/Ti hard-mask is used. In one embddiment, the hard-
mask is deposited by physical vapor deposition (PVD). Ti, followed by Ni, may be
blanket deposited. Ti functions as an adhesive layer to adhere Ni to the preceding
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substrate, for example a SuperGRIN lens stack. Subsequently, photolithography using a
positiv_e resist may be performed to define a SuperGRIN lens area. The Ni/Ti metal hard-
mask may be dry etched by argon/chlorine (Ar/Cl,) reactive ion beam etching (RIBE) to
transfer the SuperGRIN lens pattern onto the RIBE-Ni hard-mask.-

[0136] Alternatively, photolithography may be performed using a negative resist (e.g.
SU-8 or other negative resist) to define a SuperGRIN lens area. The photolithography
process creates an op'ening. A thin layer of chromium/gold (Cr/Au) is deposited into the
opening of the negative resist, as a seed layer. Ni is then electroplated into the opening of
the negative resist. Vertical side walls of the plated Ni hard-mask may be achieved by
making vertical wall profiles of the negative resist and electroplating Ni to conform to the
resist wall profiles.

[0137] Asv shown in FIG. 6, a structure 654 is obtained. The structure 654 includes a
SuperGRIN lens multi-layer stéck 656 and a metal hard-mask 658 that is deposited, for
example by physical vapor deposition (PVD). The SuperGRIN lens multi-layer stack 656
includes alternating layers of Si and SiO,. In various embodiments, the SuperGRIN lens
stack 656 has a thickness in a range of between about 10 um to about 12 pm or between
about 5 um to about 7 pum so that the SuperGRIN lens fabricated from the SuperGRIN
lens stack 656 may be configured for coupling respectively to a SMF-28 standard fiber or
a Nufern small-core single mode fiber.

[0138] At 524, photolithography may be performed to define a SuperGRIN lens area. As
shown in FIG. 6,a sfructure 662 is obtained. The structure 662 includes a photoresist 664.
[0139] Subsequently at 524, the SuperGRIN multi-layér stack 656 may be etched to
fabricate a SuperGRIN lens with vertical side walls using photoresist 664 and also the
metal hard-mask 658 deposited at 522, by ICP-RIE using etchant gases with at least
substantially equal etch rates of silicon and silicon dioxide so as to maintain minimal
differential etch rates of the layers of Si and SiO,, in order to eﬁsure smoothly etched
input and output facets of the SuperGRIN lens. The etchant gases used may include but is
not limited to SFs, CHF;, C4Fs or CF4, with addition of Ar or O, to provide vertical

etched wall angle and input facet smoothness. In various embodiments, the side-wall

'.roughness may be approximately 20 nm to approximately 50 nm. In the context of

various embodiments, a combination of C4Fg/O, or C4Fs/SF¢ may be used for etching
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selectivity of 1:1 during the deep ICP-RIE dry etching of Si/SiO‘;;_ to form vertical side
walls.

[0140] As shown in FIG. 6, a structure 668 is obtained. The structure 668 includes a
SuperGRIN lens 670. The SuperGRIN lens 670 includes an input facet 676 and an output
facet 678. | '

[0141] At 526, the metal etch stop layer 636 and the hard-mask 658 are removed by dry
plasma etching or wet étching. As shown in FIG. 6, a structure 674 is obtained.

[0142] It should be appreciated that as other methods may be used to fabricate a Si-
waveguide on an SOI substrate, FIG. 7 shows a >generalized process flow 700 of
fabricating a SuperGRIN lens on a Si-waveguide, according to various embodiments.
[0143] At 702, a silicon-on-insulator (SOI) substrate is provided. The SOI substrate may
be on a silicon wafer.

[0144] At 704, a Si-waveguidé is formed on the SOI substrate. A passivation layer (e.g. a
layer of SiO;) may be deposited, and subsequently a metal etch stop layer may be
deposited.

[0145] At 706, an opening may be created at the tip of the Si-waveguide to expose the Si-
waveguide. This process defines the input facet placement for a SuperGRIN lens.

[0146] At 708, a SuperGRIN lens multi-layer stack is blanket deposited over the SOI
substrate.

[0147] At 710, a lithography process for hard-mask formation is performed, followed by
DRIE of the SuperGRIN lens multi-layer stack to define the placement of the output facet
of the SuperGRIN lens. With the input and output facets placement defined, the length of
the GRIN lens is also defined.

[0148] FIG. 8 shows a process 800 of forming a metallic hard-mask, according to the
embodiment of FIG. 5A. FIG. 8 shows a structure 801 after the process at 518 of
FIG. 5A. The structure 801 includes a silicon substrate 806, a BOX 808, an SOI 810, a
passivation oxide layer 812, a metal etch stop layer 814 and a SuperGRIN lens stack 816.
The SOI 810 includes a silicon waveguide.

[0149] Subsequently, a hard-mask (e.g. Ni or Ni/Ti) may be formed on the structure 801,

- by physical vapor deposition (PVD) based on process flow A 820a or by electroplating

based on process flow B 820b, corresponding to the embodiment at 522 of FIG. 5A.
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[0150] Following process flow A 820a, a metal (é.g. Ni) hard-mask 822 is deposited via
PVD Qn the SuperGRIN lens stack 816 and a photolithography process using a positive
photoresist 824 is carried out to define a SuperGRIN lens area (i.e. an area where the
SuperGRIN lens is positioned). Subsequently, processes to transfer the pattern of the
positive photoresist 824 onto the hard-mask 822, for example by RIE to form patterned
hard-mask 825 with vertical side walls, and etching of the SuperGRIN lens stack 816 to
form a SuperGRIN lens 826 and other processes may be performed. |

[0151] Following process flow B 820b, a photolithography process using a negative
photoresist 830 is carried out to create an opening 832 to define a SuperGRIN lens area
(i.e. an area where the SuperGRIN lens is positioned). A metal (e.g. Ni) hard-mask 834 is
then deposited via electroplating in the opening 832 on the SuperGRIN lens stack 816.
[0152] Subsequently, etching of the SuperGRIN lens stack 816 to form a SuperGRIN
lens 836 and other processes méy be performed.

[0153] In the context of various embodiments, electroplating may be performed in DC
mode and/or reverse-pulse mode to form vertical Ni side walls and smooth spirface
morphology. '

[0154] FIG. 9 shows a process 900 for fabricating a SuperGRIN lens on a Si-photonic
waveguide, according to various embodiments. The process 900 is now described with
reference to FIG. 5A, as an exémple and not limitations. Following process flow A 901a
results in the fabrication of a SuperGRIN lens on a waveguide, similar to the embodiment
shown in FIG. 4A, while following process flow B 901b results in the fabrication of a
SuperGRIN lens on a buried oxide layer, similar to the embodiment shown in FIG. 4B.
[0155] FIG. 9 shows a structure 902 after the process at 508 of FIG. 5A. The structure
902 includes a silicon substrate 904, a BOX 906, an SOI 908, a layer of silicon nitride
(SiNy) 910 acting as a hard-mésk and a photoresist 912. The photoresist 912 is used to
define a geometry or configuration for transfer to the SOI 908 to fabricate a waveguide.
[0156] Subsequently, following the process at 510 of FIG. 5A, etching of the layer of
silicon nitride (SiNy) 910 and the SOI 908 is performed to fabricate the Si-photonic
waveguide 914. A structure 920 is obtained.

- [0157] Subsequently, the SiNy layer 910 and the photoresist 912 may be removed and the

structure 922 is obtained.
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[0158] Following the process at 516 of FIG. 5A, etching may be berfomed to expose the
Si-photonic waveguide, as shown by the structure 922.

[0159] Subsequently, the structure 922 may be processed based on the process flow A
901a to fabricate a SuperGRIN lens on the waveguide 914, or the structure 922 may be
processed based on the process flow B 901b to fabricate a SuperGRIN lens on the BOX
906. |

[0160] As shown for the process flow B 901b, using the structure 922, a
photolithography process using a photoresist 930 is carried out to create an opening 932,
as shown by the structure 940. An etching process is then carried out to etch away the
waveguide 914 exposed through the opening 932 and the structure 942 is obtained.

[0161] Following the process at 518 of FIG. 5A, a SuperGRIN lens multi-layer stack 948
is deposited, either on the structure 922, resulting in the structure 950 based on the
process flow A 901a or after removal of the photoresist 930 of the structure 942, resulting
in the structure 958 based on the process flow B 901b. '

[0162] Following the process at 522 of FIG. SA, a metal hard-mask 958 is deposited, for
example by physical vapor deposition (PVD). Subsequently, photolithography using a
photoresist 960 is performed to define a SuperGRIN lens area, as shown by the structure
970 based on the process flow A 901a or the structure 972 based on the process flow B
901b.

[0163] Following the pfocess at 524 of FIG. 5A, the SuperGRIN lens multi-layer stack
948 is etched to fabricate a SuperGRIN lens 976, as shown by the structure 978 based on
the process flow A 901a or the structure 980 based on the process flow B 901b.

[0164] Following the process at 526 of FIG. 5A, the metal hard-mask 958 and the
photoresist 960 are removed, as shown by the structure 986 based on the process flow A

901a or the structure 988 based on the process flow B 901b.

'[0165] It should be appreciated that the embodiment of FIG. 9 does not include the

processes at 512 and 514 of FIG. 5A, i.e. no intermediate embedded layer of passivation
oxide and layer of metallic etch stop is formed.

[0166] FIG. 10 shows a cross-sectional view of an optical afrangement 1000

‘incorporating a passive alignment scheme for alignment of a single mode optical fiber

1002 to a SuperGRIN lens 1004 on a PIC integration platform 1006, accdrding to various
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embodiments. The SuperGRIN lens 1004 includes a multilayer sﬁ"ucture of Si/Si0;. The
PIC integration platform (or PIC chip) 1006 is based on an SOI substrate, including a Si
substréte 1008 and a buried oxide (BOX) 1009.

[0167] The optical arrangement 1000 includes a V-groove 1010 formed as part of the
integration platform 1006, where the fiber 1002 is placed on or in the V-groove 1010.
The conﬁguratiori of having an integrated V-groove 1010 for passive alignment of the
fiber 1002, an asymmetrical SuperGRIN lens 1004 and a Si photonic waveguide (e.g. a
nano-waveguide) 1012 fabricated on the integration platform 1006, may achieve sub-
micron alignment tolerance. In various embodiments, the V-groove 1010 may be a U-
groove.

[0168] In various embodiments, the required alignment tolerances of such a configuration
may be achieved as described below.

[0169] In various embodimenfs, the V-groove 1010 is anisotropically etched on the Si
substrate 1008 of the ivntegration platform 1006 to provide a fiber placement accuracy of
approximately +(0.5 pm to 1 pm), when the optical fiber 1002 is at least substantially
firmly pressed down or secured on the V-groove 1010. |

[0170] The SuperGRIN lens 1004 is deposited directly on the integration platform 1006.
The Si-waveguide 1012 is fabricated out of the SOI. As shown in FIG. 10, SuperGRIN
lens 1004 is configured to function as a coupler between the fiber 1002 and the Si-
waveguide’ 1012. The coupling efficiency between the single-mode optical fiber 1002 and
the SuperGRIN lens 1004 depends on the accuracy of the alignmeﬁt of the centre of the
fiber core 1014 and the centre of the optical output beam from the SuperGRIN lens 1004.
The location on the output facet 1016 of the SuperGRIN lens 1004 where the optical
intehsity is at the peak or maximum may be located at a half-way point from the bottom
of the stack of the SuperGRIN lens 1004 to the top of the stack of the SuperGRIN lens
1004. The accuracy of the location of the optical intensity peak is, therefore, related to the
accuracy of the half-way point or mid-point of the SuperGRIN lens 1004. The alignment
accuracy of the SuperGRIN lens 1004 is dependent on the thickness accuracy of the
individual layer in the multi-layer SuperGRIN lens 1004. As the thickness accuracy of

“each individual layer is in the order of a few nm, and that the number of layers is between
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about 70 to about 80, the accuracy of the beam centre at the output of the SuperGRIN
lens is Vsub-O.S micron, e.g. about 0.2 um to about 0.4 pm.

[0171] In various embodiments, the distance X1 from the bottom surface of the buried-
oxide 1009 to the center of the SuperGRIN lens 1004 has an accuracy of sub-0.5 micron.
The distance X2 from the bottom surface of the buried-oxide 1009 to the bottom of the
V-groove 1010 is .dependent on the width of the V-groove 1010, where the width has an
accuracy of about +0.5 pm. As a result, the accuracy of the surfaces of the V-groove
1010 is £0.5 pm.

[0172] Furthermore, the accuracy of the location of the centre of the fiber core 1014 is
related to the accuracy of the planes positions of the V-groove 1010. Where the planes
are correctly etched along the [111] crystal plane, the accuracy of the centre of the fiber
core 1014 due to the planes of the V-groove 1010, is approximately (0.5 pm to 1 um).
In addition, as the accuracy of the radius of a good quality optical fiber is approximately
+(0.5 pm to 1 um), the accuracy of the vertical placement of the center of the optical
fiber core is approximately £(0.5 pm to 1 pm). Therefore, based on FIG. 10, the vertical
alignment accuracy of the centre of the fiber core 1014 and the centre of the SuperGRIN
lens 1004 is approximately < 1 um. FIG. 10B shows a plot 1020 illustrating additional
coupling loss against vertical misalignment between the fiber core 1014 and the
SuperGRIN lens 1004, based on the embodiment of FIG. 10A. As shown in FIG. 10B,
the additioﬁal coupling losé of fiber-core to SuperGRIN lens is approximately 1 dB or
less for a vertical misalignment of < 1 um, which may be considered low and manageable
for fiber-pigtailed active optoelectronic devices.

[0173] In addition, as the accuracy of the surfaces of the V-groove 1010 is approximately
+ 0.5 um, the lateral accuracy of the center of the fiber core 1014 is approximately i(O.s
um to 1 pm). In various embodiments, the lateral placement accuracy of the output beam
may be detefmined by the lateral placement of the Si-waveguide 1012. The lateral
placement accuracy of the Si-waveguide 1012 is substantially zero as it is dependent on

the photolithography and vertical side-wall etching processes.
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[0174] Various embodiments may provide integration of a SuperGRIN lens on a photonic
waveguide to a V-groove or a U-groove. The V-groove may be used for placement of an
optical fiber for achieving passive alignment with the SuperGRIN lens.

[0175] The process of fabricating a SuperGRIN lens on a Si-photonic waveguide,
integrated with a V-groove, will now be described with reference to FIGS. 11 and 12.
FIG. 11 shows a process flow 1100 of integrating a SuperGRIN lens on a photonic
waveguide to a V-grdove, while FIG. 12 shows a process 1200 of fabricating a
SuperGRIN lens on a photonic waveguide integrated with a V-groove, according to
various embodiments.

[0176] At 1102, a [110] oriented Si substrate (or wafer) as support substrate is provided.
The Si substrate may be used for the formation of a V-groove for placement of a single
mode fiber in a later process. Thermal oxidation is then performed on the Si substrate to
form a buried oxide (BOX) which acts as a cladding for a Si-photonic waveguide (e.g. a
buried channel) that isvto be formed in a later process. Silicon-on-insulator (SOI) layer is
then formed on the BOX together on the Si-[110] handle substrate. The SOI layer may be
formed by various conventional methods, for example the ‘Smart-cut’ method. As shown
in FIG. 12, a structure 1202 is obtained. The structure 1202 includes a Si[110] substrate
1204, a BOX 1206 and an SOI layer 1208.

[0177] In various embodiments, the thickness of the BOX 1206 is at least more than
700 nm (i.e. = 700 nm), to ensure minimum optical power leakage into the Si substrate
1204 for both the transverse electric (TE) and transverse magnetic (TM) modes
propagating in the Si-waveguide to be formed in the SOI layer 1208. The thickness of the
BOX 1206 nevertheless should be sufficiently thin to satisfy the requirement of SOI-
based electronics devices which may be integrated on the same platform, where a thick
BOX 1206 may not be used.

[0178] In alternative embodiments, at 1102, a standard SOI wafer With a[100]-aligned Si
substrate, with the straight edges aligned along [110], 'may be used.

[0179] At 1104, front-end-of-line processes iinvolving the formation of a Si-photonic

waveguide, a layer of passivation oxide or dielectric (e.g. a layer of pre-metal dielectric),

~ and a diffusion layer of electronics and photonics devices, may be performed. Processes

performed include photolithography and etching, for example to define and form the Si-‘
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photonic 'waveguide, ion-implantation, annealing, and pre-metél’ dielectric deposition,
such as plasma-enhanced chemical vapor deposition (PECVD). The diffusion layer may
be a semiconductor layer, including silicon and/or III-V materials.

[0180] As shown in FIG. 12, a structure 1210 is obtained. The structure 1210 includes a
fabricated Si-photonic waveguide 1212 and a layer of passivation oxide (e.g. SiO;) 1214
deposited over the Si-photonic waveguide 1212. While not shown in FIG. 12, the
structure 1210 may include other structures, such as a diffusion layer.

[0181] In various embodiments, the thickness of the layer of passivation oxide 1214 is
between about 0.4 um to about 2 um, for optical isolation, and should be sufficiently thin
so as not to distort the layers of the SuperGRIN lens stack that are to be deposited in a
later process.

v[‘0182] At 1106, back-end-of-line processes involving the formation of contact-via or vias
and a metal etch stop layer, méy be performed. As shown in FIG. 12, a structure 1216 is
obtained. The structure 1216 includes a metal étch stop layer 1218. While not shown in
FIG. 12, the structure 1216 may include contact-vias.

[0183] In various embodiments, the contact-vias may be formed by aluminium (Al)-
deposition, or formed by a tungsten (W) plug process, or formed by a copper (Cu)-via
process. In one embodiment, Al deposition into the via is performed as the aluminium
material is widely available in the fabrication foundry. In another embodiment, the W-via
process may be performed as it allows a high via aspect ratio.

[0184] In various embodiments, the metal etch stop layer 1218 may include but is not
limited to aluminium (Al), nickel/titanium (Ni/Ti), chromium/titanium (Cr/Ti) or copper
(Cu). The metal etch stop layer 1218 should be sufficiently thin so as not to distort the
layefs of the SuperGRIN lens stack that are to be deposited in a later process.

[0185] At 1108, photolithography is performed to define an opening for a coupler region
where a SuperGrin lens stack may also be deposited into in a sﬁbsequent process. As
shdwn in FIG. 12, a structure 1220 is obtained. The structure 1220 includes a photoresist
1222 with an opening 1224 corresponding to a coupler region.

[0186] Subsequently at 1108, RIE is performed to etch away the metal etch stop layer

1218 and the layer of passivation oxide 1214 in the coupler region to expose the Si-

photonic waveguide 1212. As shown in FIG. 12, a structure 1226 is obtained. The
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structure 1228 includes a coupler region 1228. This may re-sult in a configuration-
substantially similar to the embodiment of FIG. 4A.

[01871 Alternatively at 1108, the exposed Si-photonic waveguide 1212 may also be
etched away, for example by dry etching, stopping at the buried oxide (BOX) 1206. This
may result in a configuration substantially similar to the embodiment of FIG. 4B.

[0188] Subsequently at 1108, the photoresist 1222 is removed.

[0189] In various embodiments, the coupler opening region 1228 may overlap with a
terminating end of the Si-photonic waveguide 1212 with extra spatial protrusion into the
waste edge of the die, similar to the structure 1226. Such a configuration may minimize
layer distortion of the multi-layer SuperGRIN lens stack that is to be deposited in a later
process. In the context of various embodiments, the term “waste edge of the die” may
mean a region of the die from a tip of a Si-waveguide to the edge of the die where dicing
cut is made. |

[0190] In various embodiments, an additional isotopic etch step may be performed to
create a dielectric undercut at the edge to the SuperGRIN lens coupler region 1228 to
facilitate discontinuity in the subsequent SuperGRIN lens layers formed during its
depositibn. '

[0191] At 1110, a multi-layer SuperGRIN lens stack is deposited. In various
embodiments, the process that may be used to deposit the alternating dual layer materials
(e.g. amorphous Si and SiO;) of the SuperGRIN lens include but is not limited to plasma-
enhanced chemical vapor deposition (PECVD), sputtering, thermal evaporation, ebeam
evaporation, or ion-assisted deposition (IAD). In a preferred embodiments, the IAD is
used as it gives the optimum layer thickness uniformity.

[0192] At 1112, a metal hard-mask is deposited. As shown in FIG. 12, a structure 1230 is
obtained. The structure 1230 includes a SuperGRIN lens stack 1232 and a metal hard-
mask 1234. The SuperGRIN lens stack 1232 includes alternating layers of Si and SiO,.
[0193] In various embodiments, the metal hard-mask may include but is not limited to
nickel/titanium (Ni/Ti), chromium/titanium (Cr/Ti) or aluminium (Al). In a preferred

embodiment, the metal hard-mask includes Ni/Ti with minimum grain size. In various

."embodiments, the Ni/Ti hard-mask may be deposited by but not limited to sputtering,

electron-beam evaporation, thermal evaporation, or Filtered Cathodic Vacuum Arc
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technology (FCVA). In a preferred embodiment, FCVA is used as Ni has a grain size of
about.,5 nm and that the side-wall roughness of dry-etched SuperGRIN stack may be
minimized. |
[0194] Subsequently at 1112, photolithography may be performed to define a
SuperGRIN lens area. As shown in FIG. 12, a structure 1236 is obtained. The structure
1236 includes a photoresist 1238.

[0195] Subsequently at 1112, the metal hard-mask 1234 may be patterned by RIE to form
vertical side walls, similar to the embodiment shown in process flow A 820a of FIG. 8.
[0196] In alternative embodiments, a patterned metal hard-mask may be formed by
electroplating of Ni in patterned openings of negative photo-resist (e.g. SU-8), similar to
the embodiment shown in process flow B 820b of FIG. 8. After Ni hard-mask is
electroplated, the negative photo-resist is removed either by dry etching or by removing
in appropriate solvents. _

[0197] At 1114, after the formation of patterned metal hard-mask, a SuperGRIN lens
with vertical side walls may be formed by deep RIE (DRIE) for example by inductive
coupled plasma (ICP) RIE, corresponding to the patterned metal hard-mask. The etching
process is performed until the metal etch stop layer 1218 is reached or exposed. As
shown in FIG. 12, a structure 1240 is obtained. The structure 1240 includes a patterned
metal hard-mask 1242 with verﬁcal side walls and a SuperGRIN lens 1244.

[0198] In various embodiments, the etchant gas or gases used for the ICP-RIE have at
least substantially equal etch rates for silicon and silicon dioxide so as to maintain
minimal differential etch rates of the layers of Si and SiO,, in order to prevent
preferential etching of between the layers of Si and the layers of SiO; to ensure vertical
and smooth side-wall at the input facet of the SuperGRIN lens. The etchant gas used may
include but is not limited to SFs, CHF3 or CF4, in combination with}Ar or O,.

[0199] At 1116, photolithography and RIE of the metal etch stop layer 1218 are carried
out to define and form contact pads and routing lines on the metal etch stop layer 1218,
where the metal etch stop layer 1218 also fuﬁctions as a metal-1 layer for electronic and
photonic devices that may be integrated. In an electronics integrated circuits (IC) chip, a
number of metal layers are provided. The metal-1 layer refers to the first metal layer after

the first dielectric layer that covers the bottom Si structres or layer (e.g. Si substrate). In
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various embodiments, tungsten (W) via may be provided to conﬁe‘ct the metal-1 layer to
the bottom diffusion layer of the chip.

[0200]. Subsequently at 1116, the photoresist 1238 and the patterned metal hard-mask
1242 are removed, for example, by differential wet or dry etching (e.g. fluorine-based
etching). For example, Ni hard-mask may be removed by wet etchants which etch Ni but
does not etch the metal-1 routing lines. As an example and not limitations, the metal etch
stop layer 1218, functioning also as the metal-1 layer, may be aluminium (Al) as Al is not
etched by fluorine-based dry etch chemistry. In addition, Al is used in metal layers for
integrated circuits. ,

[0201] As shown in FIG. 12, a structure 1246 is obtained. The structure 1246 includes
photoresist 1248, a contact pad 1250 and a routing line 1251. For clarity and illustration
purposes, one contact pad 1250 and one routing line 1251 are shown in structure 1246.
However, it should be appreéiated that the structure 1246 may include a number of
contact pads and a number of routing lines. | o

[0202] At 1118, a layer of passivation oxide is deposited after the photoresist 1248 has
been removed. As shown in FIG. 12, a structure 1252 including a layer of passivation
oxide 1254 is obtained.

[0203] In various embodiments, the layer of passivation oxide (e.g. SiO;) 1254 may be
deposited by high-density plasma enhanced (high deposition rate) chemical vapor
deposition (PECVD). The thickness of the passivation layer 1254 may be at least 1.5 pm
(i.e. > 1.5 pm) to minimise optical loss to other layers.

[0204] At 1120, formation of a V-groove is carﬁed out. A layer of silicon nitride (SiNXx)
hard-mask layer is deposited. Photolithography is then performed to define an opening
area ‘corresponding to a region for forming theV-groove. As shown in FIG. 12, a structure
1254 including a layer of SiNx hard-mask 1256 and photoresist 1258 is obtained.

[0205] Subsequently at 1120, at the opening area, the layer SiNx Hard-mask 1256 is first
removed by RIE, followed by DRIE of the underlying BOX 1206 to expose the
underlying Si substrate 1204. The wafer is then dipped in a potassium hydroxide (KOH)

or a TMAH (tetra methyl ammonium hydroxide) solution for anisotropic wet etching of

* the Si substrate 1204 to form a V-groove, for optical fiber placement. The wet etching
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process ié a self-stopping process, where the etching process stopé when the V-groove is
formed.

[0206] Subsequently at 1120, a separate deep trench in the transverse direction at the V-
groove head-end is formed by DRIE in order to remove the slope (e.g. having an angle of
about 54.7°) of the V-groove formed by the anisotropic wet etching, for the placement of
optical fiber in the V-groove for butt-coupling to an ouput facet of the SuperGRIN lens.
Alternatively, the deep trench at the V-groové head-end may be formed by cutting
through the Si substrate using a shallow saw-cut with a dicing blade.

[0207] As shown in FIG. 12; a structure 1260 is obtained. The structure 1260 includes an
opening area 1262 for forming the V-groove, the V-groove 1264 and a deep trench 1266
at the head-end of the V-groove 1264. As shown for the structure 1260, the SuperGRIN
lens 1244 has an output facet 1268 for butt-coupling to an optical fiber placed or mounted
on the V-groove 1264. _

[0208] Subsequently at 1120, the layer of SiNx is removed by placing the wafer in
boiling H3POj. }

[0209] In alternative embodiments, at 1120, photo-sensitive BCB (benzocyclobutene) or
polyimide may be used as a photoresist for DRIE of the underlying layer of passivation
oxide 1214 and BOX 1206, instead of forming the layer of silicon nitride (SiNx) hard-
mask layer 1256 for the etching process.

[0210] In altematiye emboldiménts, at 1120, a silicon deep etching process such as the
Bosch Process may be emplbyed to form a deep groove or trench for optical fiber
placement. |

[0211] In alternative embodiments, at 1120, the wet etching process for forming the V-
groove may be replaced by a deep RIE (DRIE) process to form a rectangular deep groove
or trench for optical fiber placement. ’ _

[0212] At 1122, formation of flip-chip bumps is carried out. Photolithography is
performed and areas of metal-1 designated as bump péds are etched by RIE to expose the
metal-1. The bump pads may be deposited by.e-beam evaporation and photoresist lift-off
or by electroplating on the exposed metal-1. As shown in FIG. 12, a structure 1270

~ including a flip-chip bump (e.g. a bump pad) 1272 is obtained. The flip-chip bump 1272
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may include metals, for example AuSn (e.g. 80%Au-20%Sn) or PbSn (e.g. 37%Pb-
63%Sn).

[0213] It should be appreciated that the processes performed at 1122 may be optional.
[0214] At 1124, photolithography and RIE are carried out to open a bond-pad area, by
removing the layer of passivation oxide (or dielectrics) 1254 at the pad areas. The bond-
pad areas may be used for wire-bonding in a later process. Subsequently, the PIC chip is
diced from the wafer, and placed or mounted on a printed-circuit-board (PCB) substrate
by a standard die-attached process. Subsequently, wire-bonding from the PIC chip to the
bond-pads on the PCB substrate may be performed.

[0215] At 1126, a single mode optical fiber is placed on the V-groove. As shown in FIG.
12, a structure 1274 is obtained, where an optical fiber 1276 (e.g. a single mode fiber) is
placed on the V-groove 1264, with the fiber core 1278 of the optical fiber 1276 at least
substantially aligned with the SuperGRIN lens 1244, For clarity and illustration purposes,
the PCB substrate is not shown. \ | ‘

[0216] Subsequently at 1126, a separately prepared Si V-grooved substrate piece (e.g. a
capping substrate) is capped on the single mode fiber to press down or secure the fiber on
the underlying V-groove. The optical fiber may be immobilized in the V-groove by
flowing a curable resin adhesive or epoxy into the V-groove. The epoxy may be cured for
example by a standard thermal process or preferably by ultra-violet (UV) radiation.
Subsequently, the bond-pads are connected to the PCB substrate by wire-bonding.

[0217] In various embodiments, a separate V-groove capping substrate may be
individually diced and prepared for capping individual optical fiber on each V-groove on
the Si-substrate.

[021.8] As shown in FIG. 12, a structure 1280 is obtained, including a capping substrate
1282 with a V-groove 1284 for securing the optical fiber 1276 with an underfill epoxy
1286 to the V-groove 1264 of the bottom Si substrate 1204. The capping substrate 1282
includes a flip-chip bump 1288 for contacting the flip-chip bump 1272 of the PIC chip.
For clarity and illustration purposes, the PCB substrate is not shown.

[0219] In alternative embodiments, the top capping substrate may be secured to the

- bottom Si substrate of the PIC chip by a re-flow process of the flip-chip bumps (e.g. flip-

chip bonding). The ﬂip-chip bonding process is described later. For ex‘ample, the flip-
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chip bonding process may be used when a single V-groove capping substrate with an
arrangcment of V-grooves complementary to the arrangement of the V-grooves on the
platform Si-substrate is used to secure the linear fiber array when the capping substrate is
capped down. |

[0220] In various embodiments, the epoxy used preferably has a refractive index that is at
least substantially similar to the refractive index of the cladding of the optical fiber in
order to minimize Optical power leakage. In addition, the epoxy may alleviate any
problem due to the difference in thermal expansion coefficients of the optical fiber with
the Si substrates. .

[0221] It should be appreciated that while the various structures shown in FIG. 12
include one of each element or structure, e.g. the SuperGRIN lens 1244, the V-groove
1264, and the flip-chip bump 1272, there may be a plurality of such element or structure,
and correspondingly the proéess of the embodiment of FIG. 11 may be used for
fabricating a plurality bf such element or structure.

[0222] The process flow 1100 illustrates the formation of the V-groove 1264 at 1120,
towards the end of the process flow 1100. This minimises the possibility of unhecessary
material being deposited on the V-groove and also of over-etching into the Si substrate
1202, to ensure plécement accuracy of the optical fiber 1276.

[0223] In alternative e'rnbodiménts, the V-groove 1264 may be formed at 1102 after the
formation of SOI layer 1208 on the Si[110] substrate 1204. Processes of the embodiment
of FIG. 11 are subéequently performed, excluding the formation of a V-groo've at 1120.
Therefore, the layer of passivation oxide (e.g. Si0O;) 1214 and the metal etch stop layer
1218, for example, may be deposited on the V-groove 1264, and which are subsequently
removed following the processes of the embodiment of FIG. 11. In embodiments where
the V-groove 1264 is formed at 1102, the deep silicon trench 1266 at the head-end of the
V-groove 1264 is preferably etched at 1120 after the removal of the thick layer of
passivation oxide 1254 that protects the SuperGRIN lens 1244. This minimises the

. possibility of unnecessary materials being deposited into the deep silicon trench 1266.

[0224] However, there may be challenges involved in pre-forming the V-groove at 1102

-~ as the Si substrate 1204 may be over-etched or materials remaining on the surface of the

V-groove 1264, which may cause fiber placement error for the passive alignment.
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[0225] FIG. 13 shows a schematic perspective view of a PIC chip 1302 on a PCB
substré;te 1304, according to various embodiments, following the processes of FIGS. 11
and 12.

[0226] As shown in FIG. 13, the PIC chip 1302 includes a first SuperGRIN lens 1306a, a
second SuperGRIN lens 1306b, a first single mode fiber 1308a, a second single mode
fiber 1308b, a first capping substrate 1310a, a second capping substrate 1310b, a first V-
groove 1312a and a second V-groove 1312b. The first single mode fiber 1308a is placed
on the first V-groove 1312a and the the second single mode fiber 1308b is placed on the
second V-groove 1312b. The first capping substrate 1310a also includes a V-groove for
capping and securing the first single mode fiber 1308a to the first V-groove 1312a while
the second capping substrate 1310b also includes a V-groove for capping and securing
the second single mode fiber 1308b to the second V-groove 1312b. |

[0227] The PIC chip 1302 further includes a first photodiode 1314a and a second
photodiode 1314b. Thé first photodiode 1314a, the first SuperGRIN lens 1306a and the
first single mode fiber 1308a are at least substantially optically aligned with each other
while the second photodiode 1314b, the second SuperGRIN lens 1306b and the second
single mode fiber 1308b are at least substantially optically aligned with each other.

[0228) The PIC chip 1302 further includes a plurality of bond-pads, for example as

“represented by 1316 for three bond pads, which are connected via a plurality of wire

connections, for example as represented by 1318 for three wires, to a plurality of bond
pads, for example as represented by 1320 for five bond pads, on the PCB substrate 1304.
[0229] The PIC chip 1302 may be interfaced to a dual-fiber module (not shown) to form
a PIC dual-port (or dual-fiber) interface module package.

[0230] It should be appreciated that while FIG. 13 shows two for each of the SuperGRIN
lens, single mode fiber, V-groove, capping substrate and photodiode, any number for
each of the SuperGRIN lens, single mode fiber, V-groove, éapping substrate and
photodiode may be provided on the PIC chip 1302, for example three, four or five.
Therefore, the process flow 1100 of FIG. 11 may be similarly applied for forming a PIC
multi-port (or multi-fiber) interface module package. In such embodimehts, a mask layout
with multiple opening slots configured to define regions on the Si-substrate for forming

multiple V-grooves may be used. The center-to-center spacing between .V-grooves may
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be at least about 250 pm in conformity with industry standards requirement.- Similarly, a
mask layout for defining and forming the SuperGRIN lenses may be conﬁgured to form
multiple SuperGRIN lenses or couplers with a center-to-center spacing of at least about
250 pm.

[0231] FIGS. 14A to 14F show different views of an EPIC-Fiber Optical Module,
according to various embodiments, to illustrate the various dimensions relating to the
platform or EPIC chip ahd the capping substrate.

[0232] FIG. 14A shows a top view 1400a of an EPIC chip 1402 configured to interface
with a dual-fiber module including two single mode optical fibers 1404, while FIG. 14B
shows a cross-sectional view 1400b taken along the line A-A’ of FIG. 14A. The EPIC
chip 1402 includes a substrate (e.g. Si[110] substrate) 1403. For clarity purposes, a
capping substrate is not shown in FIGS. 14A and 14B.

[0233] The two optical fibers 1404 are positioned on V-grooves 1406 having V-groove
planes 1408. The V-grooves 1406 are etched into the substrate 1403. The EPIC chip 1402
includes two waveguides 1410 (e.g. Si-photonic waveguides), incorporating lateral up-
tapered waveguides 1412. The EPIC chip 1402 further include two SuperGRiN lenses
1414.

[0234] FIG. 14C shows a cross-sectional view 1400c taken along the line B-B’ of FIG.
14A, while FIG. 14D shows aA cross-sectional view 1400d taken along the line A-A’ of
FIG. 14A. A capping substrate 1416 is shown in FIGS. 14C and 14D. The capping
substrate 1416 include two V-grooves 1418 with V-groove planes 1420. The V-grooves
1418 may be at least substantitally similar to the V-grooves 1406 of the EPIC chip 1402.
[0235] FIG. 14E shows a cross-sectional view 1400e taken along the line A-A’ of FIG.
14A; with an alternative capping substrate 1422 having shallow V-grooves 1424 with V-
groove planes 1426. The capping substrate 1422 may be used in embodiments
incorporating a relatively larger spacing or gap between the surface 1415 of the substrate
1403 of the EPIC chip 1402 and the surface 1428 of the capping substrate 1422. As an
example, the capping substrate 1422 may be used in embodiments where a flip-chip

bonding method is used to secure the capping substrate 1422.

"[0236] In various embodiments, the capping substrates 1416, 1422, are placed on the

EPIC chip 1402 such that the V-grooves 1418, 1424, are inverted to be complementary
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with the V-grooves 1406 of the EPIC chip 1402 to cap and securé the optical fibers 1404.
As shown in FIGS. 14D and 14E, each of the V-grooves 1406 corresponds to each of the
respecﬁve V-grooves 1418, 1424, when the respective capping substrates 1416, 1422, is
positioned over the substrate 1403.

[0237] The various dimensions shown in FIGS. 14A to 14E are illustrated as below:

- L31, being the gap between the SuperGRIN lens 1414 and the optical fiber 1404,
may be variable depending on the alignment of the masks and variations in the
fabrication processes. In various embodiments, L31 may be in a range of between
about 0 um to about 5 um, e.g. a range of between about 0 um to about 3 um or a
range of between about 2 pm to about 5 um. In embodiments where L31 is non-
zero, an index-matching fluid may flowed into the gap L31 to facilitate in
minimising reflection and maximising optical coupling between the respective

SuperGRIN lens 1414 and the respective optical fiber 1404.

- L32, being the length of the SuperGRIN lens 1414, may be approximately 18 um

for a Si/SiO; multilayer SuperGRIN lens with a stack thickness of about 7.5 pum.
However, it should be appreciated that 1.32 may be in a range of betwéen about
10 pm to about 22 um, e.g. a range of between about 10 um to about 15 um or a
range of between about 15 pm to about 22 pm.

- L33 may be apprbximately 500 pm for the lateral up-taper Si-photonic waveguide
1412. However, it should be appreciated that L33 may be in a range of between
about 50 pm to about 500 pum, e.g. a range of between about 50 pm to about 300
pum, a range of between about 50 um to about 150 um or a range of between about

- 200 pm to about 500 pum. _

- L34 may be approximately 250 um for the center-to-center spacing of optical fibers
1404. However, it should be appreciated that L34 may be in a range of between
about 250 pm to about 500 um, e.g. a range of between about 250 um to about 400
Mm or a range bf between about 350 pum to about 500 um.

- L35, being the depth of the V-grooves 1406, may be approximately 103.3 um such
that the fiber cores having a diameter of approximately 10 um are just above the

horizon surface 1415 of the substrate 1403. In various embodiments, the depth of

42



10

15

20

25

30

WO 2011/136741 PCT/SG2011/000162

the V-grooves 1406 may be controlled by controlling the duration and the
temperature of the KOH wet etch process for etching the V-grooves 1406. The final
V-groove depth is dependent on the width of the V-groove. For example, the depth
of a V-groove (e.g. 1406) for a standard optical fiber (e.g. 1404) with a fiber core
positioned about 1 pm above the surface (e.g. 1415) of the Si-substrate (e.g. 1403)
is about 101.6pum..

L36 may be approximately 72 um to 73 um for the projected horizontal distance of
the V-groove planes (e.g. [111]-planes) 1408 at an angle of approximately 54.74°
from the surface 1415.

L37, being the total thickness of the multi-layer SuperGRIN lens stack, may be in a
range of between about 7 um to about 12.5 pm, e.g. a range of between about 7 pm
to about 10 um or a range of between about 9 um to about 12.5 um.

L38 may be apprixmately 125 pm, being the diameter of a bare single mode fiber.
L39 may be approximately 10 um; at least substantially equal to the diameter of the
fiber core. For such a tight spacing, the optical fibers 1404 may be secured to the V-
grooves 1406 by, for example, a UV-curable epoxy or adhesives.

L40 may be approximately 50 um, being the spacing or gap between the surface
1415 of the substrate 1403 and the surface 1428 of the capping substrate 1422.
However, it should be appreciated that L40 may be in a range of between about
5 um to about 67.5 um, e.g. a range of between about 5 pm to about 50 um, a range
of between about 5 um to about 25 um, a range of between about 20 um to about

67.5 um or a range of between about 20 pm to about 50 pm.

' L41 may be approximately 63.3 pm, being the depth of the V-grooves 1426 of the

capping substrate 1422. However, it should be appreciated that 1L41 may be in a
range of between 0 pm to about 104 um, e.g. a range of between 0 pum to about
50 um, a range of between about 10 pm to about 80 pm, a range of between about
20 pm to about 60 pm or a range of between about 30 pm to about 50 pm.

L42 is the distance between the centre of the fiber core (or the centre of the V-
groove 1426) to the edge of the V-groove 1426. L42 may be approximately 72 pm

for supporting a standard single-mode fiber. However, it should be appreciated that
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142 may be in a range of between about 72 um to about 74 um, for supporting a

‘standard single-mode fiber or a small-core single-mode fiber.
[0238] FIG. 14F shows a cross-sectional view 1400f of an EPIC chip configured to
interface with a dual-fiber module, including two single mode optical fibers 1450. The
EPIC chip includes a substrate (e.g. Si[110] substrate) 1452 having U-grooves 1454
where the two op;tical fibers 1450 are positioned respectively. A capping substrate 1456
with U-grooves 1458 is provided to secure the two optical fibers 1450. The various
dimensions for the U-grooves 1454 and 1458 shown in FIG. 14F are that L43 may be
about 70 pm, L44 may be about 40pum, while 145 and L46 may be about 50 pm.
[0239] In various embodiments, for a standard single-mode fiber (e.g. 1450) with a fiber
core positioned about 1 pm above the surface (e.g. 1460) of the Si-substrate (e.g. 1452),
L43 may be in a range of between about 56 um to about 101 pum, e.g. a range of between
about 60 um to about 90 um or a range of between about 70 pm to about 80 um. L44
may be in 2 range of between zero (0 pm) to about 65 um, e.g. a range of between 0 pm
to about 40 um or a range of between about 20 um to about 50 pm. L45 and 146 may be
in a range of between about 36 um to about 70 um, e.g. a range of between about 40 pm
to about 60 um or a range of between about 45 pm to about 55 um.
[0240] It should be appreciated ﬁat various embodiments may include a combination of
V-grooves and U-grooves for the platform or EPIC chip and the capping substrate. In
addition, while FIGS. 14A to 14E show an EPIC chip interfaced to a dual-fiber module,
substantially similar dimensions may be applied to embodiments of an EPIC chip
interfaced to a multi-fiber module.
[0241] Various embodiments may provide the use of a V-groove capping substrate with
an arrangement of V-grboves complementary to the arrangement of the V-grooves on the
platform substrate, as shown in FIGS. 15A and 15B. The V-groove capping substrate is
configured té secure the linear fiber array when the capping substrate is capped down.
The V-groove capping substrate may be secured to the platform substrate by, for

example, flip-chip bonding.

- [0242] FIG. 15A shows an exploded perspective view of an EPIC chip 1500 with a

substrate (e.g. Si[110] substrate) 1502, conﬁgured to interface with a multi-port (multi-
fiber) optical module, according to various embodiments. The EPIC chip 1500 may
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include a number of wire bond pads, for example as represented by 1504 for three wire
bond pads, an electronics-photonics integrated circuit or region 1506 where photonic

components and devices and electronic circuits, components and devices may be

~ positioned, a number of waveguides (e.g. Si-photonic waveguides), as represented by

1508 for one waveguide, a number of SuperGRIN lenses, as represented by 1510 for one
lens and a numbef of optical fibers (e.g. single mode'ﬁbers), as represented by 1512 for a
single fiber illustrated in FIG. 15A. As shown in FIG. 15A, the waveguides 1508 are
optically coupled to the electronics-photonics integrated circuit 1506.

[0243] The subtrate 1502 includes a number of V-grooves, as represented by 1514 for
two V-grooves, and a number of flip-chip bumps, as represented by 1516 for two flip-
chip bumps. The EPIC chip 1500 further includes a capping substrate (e.g. Si) 1518 with
anumber of V-grooves, as represented by 1520 for two V-grooves, in order to secure the
optical fibers 1512 in between the V-grooves 1514 and the V-grooves 1520. It should be
appreciated that the number of V-grooves 1514 on the substrate 1502 is similar to the
number of V-grooves 1520 of the capping substrate 1518. In various embodiments, .43
may be approximately 4 mm for the capping substrate 1518. '

[0244] FIG. 15B shows a cross-sectional view taken along the line A-A’ of the
embodiment of FIG.15A, when the EPIC chip 1500 is assembled with four optical fibers
1512. The inverted V-groove capping substrate 1518 is secured to the substrate 1502 by
flip-chip bonding, for example by a re-flow process of the flip-chip bumps 1516.
Therefore, the flip-chip bumps 1516 may be configured as interconnects between the
capping substrate 1518 and the substrate 1502. In various embodiments, the V-grooves
1520 of the capping substrate 1518 may be shallow such that the imtermediate spacing, d,
may be approximately 50 pm to accommodate the size of the flip-chip bumps 1516.
[0245] The flip-chip bumps 1-516 may be lead-free solder having a composition of
gold/tin (Au/Sn), tin/bismuth (St/Bi), tin/indium (Sn/In) or tin/silver (Sn/Ag). and others.
In one embodiment, a Au/Sn composition at a ratio of about 80/20 having a melting point
of less than 300°C may be used. It should be appreciated that other compositions may be

used.

- [0246] It should be appreciated that while FIGS. 15A and 15B show an interface of the

EPIC chip 1500 for a four-port (fiber) module, the EPIC chip 1500 rhay be used for
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interfacing with any number of ports, for example with a two-port module, a three-port
module, a five-port module or any higher number of ports, with the corresponding
number of components, such as the SuperGRIN lens , the Si-photonic waveguides and the
V-grooves.

[0247] FIG. 16 shows a cross-sectional view of an EPIC chip 1600 configured to
interface with a multi-port (multi-fiber) optical module, according to various
embodiments. The EPIC chip 1600 includes a substrate (e.g. Si[110] substrate) 1602, a
number of optical fibers (e.g. single mode fibers), as represented by 1604 for two fibers,
and a number of V-grooves, as represented by 1606 for two V-grooves, on the substrate
1602 for placement of the optical fibers 1604. The EPIC chip 1600 may further include a
number of flip-chip bumps 1608. : .
[0248] The EPIC chip 1600 further includes a capping metallic substrate (e.g. a metal
stripe) 1610 configured to seéure the optical fibers 1604 on the V-grooves 1606. The
capping metallic subsfrate 1610 may be tied down or secured to the substrate 1602 by
flip-chip bonding, for example by a re-flow process of the flip-chip bumps 1608, at the
edges of the capping metallic substrate 1610. Therefore, the flip-chip bumps 1608 may be
configured as interconnects between the capping substrate 1610 and the substrate 1602.
In various embodiments, the intermediate spacing, d, may be approximately 67.5 pm to
accommodate the size of the flip-chip bumps 1608. However, it should be appreciated
that the intermediate spacing, d, may be in a range of between about 65 pum to about
67.5 um from the sﬁrface 1612 of the substrate 1602 to the bottom surface 1614 of the
capping metallic substrate 1610, depending on whether fhe respective optical fiber 1604
is small-core fiber having a core-radius of about 2.5 um or a standard single-mode fiber
having a core radius of about 5 pm. In embodiments where an SOI substrate is used, the
SuperGRIN lens may be mounted on the surface of the buried oxide (BOX), where the
thickness of thé BOX is about 1 pm or about 2 pm. In such embodiments, d may be in a
range of between about 68.5 pm to about 69.5 um for a standard single-mode fiber or d

may be in a range of between about 66 um to about 67 um for a small-core fiber.

- [0249] In alternative embodiments, snap-adhesives, which may be for example thermally

cured, may be used in place of the flip-chip bumps 1608, to secure the capping metallic-

substrate 1610 to the substrate 1602. Snap-adhesives or snap cure adhesives are adhesive
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products that cure at moderately elevated temperatures (e.g. 110-180°C) in seconds, and
provide high performance properties that are common in an adhesive. An example of a
snap cure adhesive that may be used is Bondline-6485 solvent free epoxy, which is
designed for micro-electronic bonding, including chip, substrate attach and package
sealing. The Bondline-6485 may be cured, for example at about 180°C for about 1 minute
or about 150°C for about 30 minutes.

[0250] The flip-chip bumps 1516 may be lead-free solder having a composition of
gold/tin (Au/Sn), tin/bismuth (Sn/Bi), tin/indium (Sn/In) or tin/silver (Sn/Ag). and others.
In one embodiment, an Au/Sn composition at a ratio of about 80/20 having a melting
point of less than 300°C may be used. It should be appreciated that other compositions
may be used.

[0251] The capping metallic substrate 1610 may be Kovar. Kovar is an iron-nickel-cobalt
alloy and has a thermal expansion coefficient at least substantially similar to glass and Si.

[0252] FIG. 17A shoWs a cross-sectional vieW of an EPIC chip 1700 configured to
interface with a multi-port (multi-fiber) optical module, according to’ various
embodiments. The EPIC chip 1700 includes a substrate (e.g. Si[110] substrate') 1702, a
number of optical fibers (e.g. single mode fibers), as represented by 1704 for two fibers,
and a number of V-grooves, as represented by 1706 for two V-grooves, on the substrate
1702 for placement of the opticél fibers 1604.

[0253] As shown in FIG. 17A, the optical fibers 1704 may be tied-down or secured on
the V-grooves 1706 by a latch-able mechanism. Each latch-able mechanism includes a
polymer 1708, for example BCB (benzocyclobutene) or polyimide, that may be spin-
coated on the substrate 1702. Each latch-able mechanism further includes a metal strip
1710 that may be deposited and patterned on the polymer 1708, with a length that is at
least substantially overlapping an optical fiber 1704. The metal strip 1710 may be an
alloy of gold (Au) with tin (Sn), zinc (Zn) or other metals. The interface between the
polymer 1708 and the metal strip 1710 may be deposited with a third agent (e.g. a metal
or other materials) configured to act as an adhesive between the polymer 1708 and the
metal strip 1710. In various embodiments, the thickness of the polymer 1708 formed may

" be in a range of between about 40 um to about 65 um, e.g. a range of between about 50

pm to about 60 pum, such that the thickness may be about 50 um. The polymer should be
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sufficiently thick so as not to interfere with the optical mode in the optical fiber 1704. In
various embodiments, the thickness of the metal strip 1710 may be in a range of between
about 500 pum to about 1 mm (1000 um), e.g. a range of between about 500 pm to about
800 um or a range of between about 700 pm to about 1 mm. _

[0254] In various embodiments, the metal strip 1710 is inert towards potassium
hydroxide (KOH); is substantially flexible and sufficiently malleable to latch down the
optical fibers 1704 on the V-grooves 1706.

[0255] Each of the optical fibers 1704 may have a shallow groove 1712 formed or etched
on the optical fibers 1704, as shown in FIGS. 17A and 17B, for the latching of the metal
strip 1710 on the groove 1712 to secure the optical fiber 1704 on the V-groove 1706. The
groove 1712 may be formed by etching. However, other processes may be used to form
the groove 1712,

[0256] The method of forming. the embodiment of FIG. 17A is now described by way of
example and not limitétions, and with reference to FIGS. 17A and 17B. Photosensitive
BCB is spin-coated on a Si[110] substrate 1702, prior to anisotropic wet etching to form
V-grooves 1706 on the substrate 1702. Photolithography is then performed to harden the
BCB at portions of the substrate 1702 where V-grooves are not formed. Prior to the
development of the exposed BCB, a metal layer is blanket deposited over the spin-coated
BCB on the substrate 1702. Photolithogréphy is subsequently performed to pattern the
blanket deposited metal layer.

[0257] Then, portions of the metal layer corresponding to areas with no latching metal
strips are etched away, for example by dry etching. Subsequently, the photoresist on the
metal strips 1710 and the embedded exposed BCB are dissolved away in a solvent, for
exarhple acetone or any other suitable solvent, to expose the surface of the substrate
1702.

[0258] Anisotropic wet etching, for example by dipping into a .solution of potassium
hydroxide (KOH) or tetra-methyl ammonium hydroxide (TMAH) to form the V-grooves
1706, is then performed. As BCB has good résistivity to KOH etching, BCB serves as a

mask for the formation or etching of the V-grooves 1706.
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[0259] Bare optical fibers 1704 with a pre-formed groove 1712 on each fiber are
positic)_ned on a respective V-groove 1706 and latched or secured into position by the
corresponding metal strip 1710.

[0260] In alternative embodiments, the V-grooves 1706 may be pre-fabricated on the
substrate 1702 prior to the spin-coating of the photosensitive BCB and the formation of
the metal strips 1710. Subsequently, the BCB is deposited, patterned and developed to
expose areas of the substrate 1702 corresponding to the V-grooves 1706, for fiber
placement. The metal strips 1710 are subsequently formed. As the metal strips 1710 are
not exposed to anisotropic wet etching, for example by KOH, the requirement that the
metal strips 1710 be inert may be relaxed.

[0261] FIG. 18 shows a process 1800 of integrating a SuperGRIN lens on a photonic
waveguide to a V-groove, according to various embodiments. A structure 1802 is
prepared, where the structure | 1802 includes an SOI substrate including an SOI 1804
having a thickness of about 320 nm and a BOX 1806 having a thickness of about
1000 nm, on a Si[110] substrate or wafer 1808. The SOI substrate may be custom-
prepared using for example the ‘Smart-Cut’ process. The SOI 1804 may then be thinned
to about 300 nm by a dry thermal oxidation process. A thin layer of thermal oxide of a
thickness of about 15 nm rhay be formed on the SOI 1804 as a result of the dry thermal
oxidation process. Subsequently, a thin layer of silicon nitride (SiNx) of a thickness of
about 200 nm may be deposited, for example by LPCVD, to act as a hard-mgsk.

[0262] Photolithogfaphy wifh a photo-resist is then performed to pattern ;1 Si-photonic
waveguide (e.g. Si-channel waveguide) on the SOI 1804. RIE/ICP etching is performed
to etch the SiNx hard-mask, the underlying thermal oxide and the SOI 1804 to form the
Si-photonic waveguide, stopping at the BOX 1806. The photoresist is then removed by
for example dry etching while fhe SiNx is removed, for example in a boiling phosphoric
acid (H3POy) solution. Subsequently, in embodiments incorporating active devices on the
SOI 1804, ion-implantation and dopant annealing may be performed. A pre-metal
dielectric or a layer of passivation oxide (e.g. SiO,) of a thickness of about 500 nm is then

deposited. As shown in FIG. 18, a structure 1810 including a Si-phbtonic waveguide

- 1812 and a layer of passivation oxide 1814 is obtained.
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[0263] Subsequently, contact-vias are formed. In order to form the contact-vias,
photolithography is performed to pattern and open areas of the pre-metal oxide (i.e. the
layer of passivation oxide 1814) and an oxide RIE process is then carried out to form via
openings, stopping on the underlying SOI 1804. A layer of aluminium (Al) of a thickness
of about 1 pm is blanket deposited, including into the via openings of the contact-vias.
The layer of aluminium acts as a metal etch stop layer during the DRIE of a SuperGRIN
lens stack in a subse’quént process. In various embodiments, the total thickness of the
layer of aluminium and the layer of passivation oxide is approximately 1.5 um. As shown
in FIG. 18, a structure 1816 including a metal etch stop layer 1818 is obtained. For clarity
and illustration purposes, one contact-via 1820 is shown in structure 1816. However, it
should be appreciated that the structure 1816 may include a number of contact-vias.
[0264] Subsequently, photolithography is performed to define an opening for a coupler
region (or mode-transformer coupler region) where a SuperGrin lens stack may be
deposited into in a subsequent process. The coupler region at least substantially overlaps
with termination end of the Si-photonic waveguide 1812. As shown in FIG. 18, a
structure 1822 is obtained. The structure 1822 includes a photoresist 1824 with an
opening 1826 corresponding to a coupler region.

[0265] Subsequently, dry etching is performed to etch the metal etch stop layer 1818 and
the layer of passivation oxidé 1814 in the coupler region to expose the Si-photonic
waveguide 1812. As shown in FIG. 18, a structure 1828 is obtained. The structure 1828
includes a coupler région 1830. This may result in a configuration substantially similar to
the embodiment of FIG. 4A.

[0266] Alternatively, the exposed Si-photonic waveguide 1812 may also be etched away,
for example by dry etching, stopping at the BOX 1806. This may result in a configuration
substantially similar to the embodiment of FIG. 4B.

[0267] The photo-resist 1824 is then removed, and the wafef dipped in a dilute
hydrofluoric acid (DHF) solution (e.g. diluted with de-ionised water at 100:1) for about
30s to form an under-cut in the pre-metal oxide at the edge of the coupler region 1830.

[0268] A multi-layer SuperGRIN lens stack is deposited, followed by the deposition of

" nickel/titanium (Ni/Ti) of about 50 nm of titanium (Ti) and about 300 nm of nickel (Ni).

Nickel acts as a hard-mask and may be deposited by Filtered Cathodic Vacuum Arc
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technology (FCVA). Ti functions as an adhesive layer to adhefe‘ Ni to the multi-layer
SuperGRIN lens stack. The SuperGRIN lens stack may be deposited by ion-assisted
deposition (IAD). As shown in FIG. 18, a structure 1832 is obtained. The structure 1832
includes a SuperGRIN lens stack 1834 and a metal hard-mask 1836. The SuperGRIN lens
stack 1834 may include alternating layers of amorphous Si and SiO,.

[0269] Subsequenﬂy, photolithography is performed to define a SuperGRIN lens area. As
shown in FIG. 18, a structure 1838 including a photoresist 1840 is obtained.

[0270] Subsequently, the metal hard-mask 1836 may be patterned by RIE to form vertical
side walls. ICP-RIE etching is then performed to etch the SuperGRIN lens stack 1834,
stopping at the Al metal etch stop layer 1818. As shown in FIG. 18, a structure 1842 is
obtained. The structure 1842 includes a patterned metal hard-mask 1844 with vertical
side walls and a SuperGRIN lens 1846. |

[0271] Subsequently, photolithography is performed to define contact pads and metal-1
routing lines. The Al metal etch stop layer 1818._is removed by dry etching except at areas
corresponding to the contact pads and the routing lines. The photoresist 1840 and the
Ni/Ti hard-mask 1844 are then removed, for example, by differential wet or dry etching,
which does not etch the routing lines. As shown in FIG. 18, a structure 1848 is obtained.
The structure 1848 includes photoresist 1850, a contact pad 1852 and a routing line 1854.
For clarity and illustration purposes, one contact pad 1852 and one routing line 1854 are
shown in structure 1848. However, it should be appreciated that the structure 1848 may
include a number of contact pads and a number of routing lines.

[0272] Subsequently, the photoresist 1850 is removed and a layer of passivation oxide
(e.g. Si0,) of a thickness of about 2 pm is deposited. As shown in FIG. 18, a structure
1856 including a layer of passivation oxide 1858 is obtained.

[0273] Subsequently, a V-groove is formed. In order to form the V-groove, a layer of
silicon nitride (SiNx) hard-mask of a thickness of about 300 nm is ‘deposited for example
by PECVD. Photolithography is then performed to define an opening area corresponding
to a region for forming theV-groove. As shown in FIG. 18, a structure 1860 including a

layer of SiNx hard-mask 1862 and photoresist 1864 is obtained.

- [0274] Subsequently, at the opening area, the layer SiNx hard-mask 1862 is first removed

by dry etching, followed by DRIE of the underlying BOX 1806 to exposé the underlying.
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Si substrate 1804. After the removal of the photoresist 1864, the wafer is dipped into a
potassium hydroxide/isopropyl alcohol (KOH/IPA) solution for anisotropic wet etching
of the Si substrate 1808 to form a V-groove, for optical fiber placement.

[0275] Subsequently, additional photolithography steps may be performed to form a deep
trench for butt-coupling to an output facet of the SuperGRIN lens. As shown in FIG. 18, a
structure 1866 is obtained. The structure 1866 includes an opening area 1868 for forming
the V-groove, the V-g‘rolove 1870 and a deep trench 1872 at the head-end of the V-groove
1870. As shown for the structure 1866, the SuperGRIN lens 1846 has an output facet
1874 for butt-coupling to an optical fiber placed or mounted on the V-groove 1870. For
clarity and illustration purposes, one V-groove 1870 is shown in the structure 1866.
However, it should be appreciated that the structure 1866 may include a number of V-
grooves; | |
[0276] Subsequently, the layer of SiNx 1862 is removed by dipping in a boiling H3;PO,
solution. As shown in FIG. 18, a structure 1876 is obtained.

[0277] Photolithography is then performed to define a bond-pad opening, as shown by
the structure 1878 including a photoresist 1880 and a bond-pad opening 1882. .

[0278] Subsequently, RIE is performed to etch the layer of passivation oxide 1858 via the
bond-pad opening 1882 to expose the contact péd 1852. A flip-chip solder metal bump is
then electroplated on the contact pad 1852. As shown in FIG. 18, a structure 1884
including a solder metal bump 1886 deposited on the contact pad 1852 is obtained. In
various embodiments, the solder metal may be a combination of gold/tin (Au/Sn).

[0279] Subsequently, the photoresist 1880 is removed by a lift-off, as shown by the
structure 1888.

[0280] Alternatively, the solder metal bump 1886 may be deposited by e-beam
evaporation, followed by lift-off of the photoresist 1880.

[0281] Subsequently, the EPIC chip is diced from the wafer, and placed or mounted on a
printed-circuit-board (PCB) substrate. Conductive die-attach epoxy may be used to secure
the EPIC die on the PCB substrate. '

[0282] A bare optical fiber (e.g. a single mode optical fiber) is then ‘placed on the V-

‘groove 1870. As shown in FIG. 18, a structure 1890 is obtained, where the structure 1888

(i.e. the EPIC chip) is mounted or placed on a PCB substrate 1891. The structure 1890
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includes an optical fiber 1892 placed on the V-groove 1870, with the fiber core 1893 of
the optical fiber 1892 at least substantially aligned with the SuperGRIN lens 1846.

[0283] Subsequently, a separately prepared Si V-grooved substrate piece (e.g. a capping
substrate) with flip-chip bumps is capped on the single mode fiber 1892 to press down or
secure the fiber on the underlying V-groove. A flip-chip bump reflow process is then
carried out in, for example a flip-chip reflow oven, to re-flow the flip-chip bumps.

[0284] Subsequently, the optical fiber 1892 may be immobilized in the V-groove 1870 by
flowing a curable resin adhesive or epoxy into the V-groove 1870. The epoxy may be
cured for example by a standard thermal process or preferably by ultra-violet (UV)
radiation. Subsequently, wire-bonding from the EPIC chip to the bond-pads (not shown)
on the PCB substrate 1891 may be performed.

[0285] As shown in FIG. 18, a structure 1894 is obtained, including a capping substrate
1896 with a V-groove 1897 fbr securing the optical fiber 1892, including an underfill
epoxy 1898 to the V-groove 1870 of the Si substrate 1808. The capping substrate 1896
includes a flip-chip bump 1899 for contacting the flip-chip bump 1886 of the EPIC chip.
[0286] It should be appreciated that while the various structures shown in FIG. 18
include one of each element or structure, e.g. the SuperGRIN lens >1 846, the V-groove
1870, and the flip-chip bump 1886, there may be a plurality of such element or structure,
and the processes as described'may be used for fabricating the plurality of such element
or structure.

[0287] In addition, it should be appreciated that the descriptions relating to the
embodiments of FIGS. 11 and 12 may be similarly applicable to the embodiment of
FIG. 18.

Fabrication and experimental data

[0288] A CMOS-compatible fabrication process suitable for mass-fabrication was used to
fabricate an ultra-compact Si/SiO, multilayer super-high numerical aperture (e.g. an NA
of >3) graded-index lens (SuperGRIN lens or GRIN lens) optical mode-size converter for

integration to SOI-based photonic waveguide.

- [0289] A 4-inch SOI substrate wafer with a buried oxide thickness of 1 pm first

underwent dry oxidation td thin down the SOI to a target thickness of 300 nm. 200 nm of
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low-pressure chemical vapor deposition (LPCVD) silicon nitride (SiNx) was deposited
on thé_ wafer to function as a hard-mask. Patterns of multi-mode Si-waveguides of
dimensions of 300 nm x 3 pum (thickness x width) were printed on the SOI substrate by
contact-mode photolithography. For integrating the GRIN lens to the Si-waveguide, three
masks layers were utilized. '

[0290] The_patterh was transferred to the SiNx hard-mask by reactive ion-etching (RIE)
of SiNx. Without removing the photo-resist on the SiNx hard-mask, the Si-waveguides
were formed by inductive-coupled plasma (ICP/RIE) etching of the SOI. The Si-
waveguide terminates at 6 pm-wide at the chip-edge through Si up-taper at the output
end. The photo-resist was removed by O-plasma etching and SiNx was removed by
dipping wafer in boiling phosphoric acid. _

[0291] Subsequently, 400 nm of plasma-enhanced chemical vapor deposition (PECVD)
SiO; and, then, 50 nm of Al etch-stop (ES) layer were blanket deposited on the substrate.
Physical openings of 60 um x 40 pm (width x length) were made at the Si-waveguide
tips by photolithography, dry etching of Al and the underlying SiO; to expose the Si-
waveguide tips. The Si-waveguide tips were also removed by ICP/RIE so that Si-
waveguide may be butt-coupled to the multilayer SuperGRIN lens in a later process.
After removal of photo-resist, Si/SiO; multilayer was blanket deposited onto the
substrate. The underlying ES layer provides adhesion to the deposited Si/SiO, multilayer,
and also functions to prevent over-etching into the underlying Si-waveguide during the
etching of the Si/SiO; multilayer. Al was used for the ES-layer as>it provides good
adhesion to Si or SiO,, and it also has low etch—rateé in fluorine based RIE etching
chemistry. No lift-off of Si/SiO, multilayer was observed after its deposition.

[0292] In order to fabricate on-wafer SuperGRIN lens with a well-defined and repeatable
focal length Lgriv, the SuperGRIN lens was defined and fabricated by ICP/RIE with
vertical side-walls. A sufficiently thick electroplated Ni hard-mask was used. A thin layer
of Cr(5nm)/Au(20nm) seed layer was first deposited on the substrate. The wafer substrate

was sent for third-level photolithography using SU-8 negative photo-resist. Rectangular

resist openings (dimensions: 50 um x 30 pm (width x length)) that overlapped with the

previous openings that exposed the Si-waveguide tips, were made at the tip of the Si-
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waveguides. The extent of this overlap in the openings in the waveguide longitudinal
directi_on defines the Lggry of the SuperGRIN lens.

[0293] Ni was then electroplated into the openings of the SU-8 resist. The electroplated-
Ni grew from the metallic seed layer and conformed to the side-wall profile of the SU-8.
SU-8 resist was used in the third mask photolithography as it has good vertical side-wall.
About 500~800 nm of Ni was electroplated into the openings of the SU-8 photo-resist.
The SU-8 was removed by dry etching or dipping in boiling Remover-PG solvent for
several minutes.

[0294] Using the electroplated-Ni as hard-mask, the Si/SiO, multilayer was etched in
ICP/RIE with vertical side-wall using C4Fs chemistry. The etching stopped on the
underlying Al-ES layer. After the etching of Si/SiO, multilayer, the Al-ES was removed
by low-power Cl,/BCl; RIE. Subsequently, the plated-Ni hard-mask was removed by
dipping the substrate in a Piranha solution for a few seconds depending on its
concentration. In the ﬁ_nal step, about 1.5 - 2 um thick passivation SiO, was deposited to
protect the devices.

[0295] FIG. 19 shows a schematic diagram of a vertical cross-section of a SﬁperGRIN
lens 1900 integrated to a Si-waveguide 1902 on an SOI substrate, according to various
embodiments employing CMOS-compatible processes. Also shown in FIG. 19 is a Si
substrate 1904, a buried oxide (BOX) 1906, a metallic etch-stop layer 1908, passivation
oxide 1910, and an output facet 1912 of the SuperGRIN lens 1900.

[0296] FIG. 20A shows a s'canning‘ electron micrograph (SEM) image 2000 of a
SuperGRIN lens 2002 integrated to a Si-waveguide 2004 on an SOI substrate, fabricated
by a CMOS compatible process, according to various embodiments. The SuperGRIN lens
2002 is butt-terminated to the SOI-based Si-waveguide 2004. Fig.20B shows a scanning
electron micrograph (SEM) image 2006 of the embodiment of FIG. 20A, illustrating the
optical output facet 2008 of the SuperGRIN lens 2002. |

[0297] The fabricated SuperGRIN lens 2002 has 21 pairs of Si/SiO; multilayer, where
the thickness of Si layers decreases and the thickness of SiO, layers increases from the

bottom to the top of the SuperGRIN lens 2002. The total thickness of the Si/SiO,

* multilayer stack of the SuperGRIN lens 2002 was measured to be approximately 7.5 pm
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by a surface profiler. In addition, the fabricated SuperGRIN lens 2002 has a focal length
Lgriv of about 11.5 um.

[0298] Measurements were made using a device-under-test (DUT) having a Si-
waveguide with a 3 um-wide termination at an input end and a 6 um-wide termination at
an output end, which is also butt-joint to a Si/SiO, SuperGRIN lens (e.g. similar to the
inset of FIG. 24). A discrete objective lens (60x, NA = 0.65) was used to couple TE-
polarized IR-laser light (A = 1550nm) into the Si-waveguide at the input end, and a
similar objective lens was used to image the optical near-field pattern of the mode at the
SuperGRIN lens output facet onto an IR-camera.

[0299] FIG. 21(a) shows an optical output image of an optical mode from a 6 pm-wide
Si-waveguide, at the output of the waveguide, without a SuperGRIN lens while FIG.
Zi(b) shows an optical output image of an optical mode from a 6 um-wide Si-waveguide,
at the output of the waveguide, with a SuperGRIN lens (Lgriy = 11.5 pm) butt-terminated
to the waveguide. The Si-waveguide used has a thickness of about 300 nm. As shown in
FIG. 21(b), the optical mode expanded substantially equally, both horizontally by the
lateral Si up-taper and vertically by the SuperGRIN lens, by about 6 um — 7 pm.
Therefore, a vertical optical mode size transformation from about 300 nm (from the
waveguide) to about 6 um to about 7 um at the output facet of the SuperGRIN lens was
achieved. In addition, no significant optical power reduction was observed when the input
light was changed from TE to TM-polarized light (results not shown). The scale bar
represents 10 um for FIGS. 21(a) and 21(b).

[0300] By using a lensed fiber-probe to couple light into a Si-waveguide at the input, and
a standard single-mode fiber (SMF28) to couple light out from a SuperGRIN lens, the
SuperGRIN lens to SMF28 coupling loss may be evaluated by subtracting the fiber-probe
input coupling loss and propagation loss through the DUT from the overall device
insertion loss from fiber-probe to SMF28. _

[0301] FIG. 22 shows a plot 2200 of Fabry-Perot spectra of a 3 um-wide Si-waveguide,
using lens objectives to couple light into/out of the Si-waveguide. The plot 2200 of

‘Fabry-Perot spectra was obtained for TE polarized light (results as represented by the

solid line) and TM polarized light (results as represented by the dotted line) from a’
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tunable IR-laser coupled into a 3 um-wide Si-waveguide without Si up-tapers at both
ends. As shown in the inset of FIG. 22, IR-light was coupled into the Si-waveguide 2202
through a lens objective 2204a and out of the Si-waveguide 2202 through a lens objective
2204b. The Si-waveguide 2202 has a thickness of about 300 nm. -

[0302] From .the peak-valley ratios, the propagation losses ‘for TE-polarized, TM-
polarized, and raﬁdom polarized light were measured to be about 22.3 dB/cm, about 39
dB/cm, and about 23 dB/cm respectively. For a total length of about 2228.5 um for the
DUT 2206, the power loss due to propagation was about 5dB for random polarization.
[0303] FIG. 23 shows a plot 2300 of insertion-loss spectrum of a 3 um-wide and 2228.5
pm-long Si-waveguide, using lensed fiber-probes to couple light into/out of the Si-
waveguide, without any SuperGRIN lens at both input/output ends. The plot 2300 shows
the insertion-loss spectrum for random polarized light. As shown in the inset of FIG. 23,
IR-light from a tunable IR-laser was coupled into the Si-waveguide 2302 through a
lensed fiber-probe 2304a and out of the Si-waveguide 2302 through a lensed fiber-probe
2304b. The Si-waveguide 2302 has a thickness of about 300 nm. The average insertion
loss of the 3 um-wide Si-waveguide 2302 is about 27.6 dB. As the propagation power
loss for the same length is about 5 dB, the coupling loss at the input is approximately
11.3dB (i.e. [(27.6-5)/2]), by symmetry of the configuration.

[0304] FIG. 24 shows a plot 2400 of insertion-loss spectrum of a DUT 2401 including a
3 pm-widé Si-waveguide 2402 with a 500 pm-long Si-up-taper 2404 at the output and
butt-terminated with a SuperGRIN lens 2406. A lensed fiber-probe 2408 was used for
ihput coupling of a tunable IR-laser and an SMF28 2410 (with a core diameter, ¢, of
about 9 pm) was used for optical output coupling. The Si-waveguide 2402 has a
thickness of about 300 nm. The inset of FIG. 24 shows an experimental set-up to measure
the insertion loss, according to one embodiment. -

[0305] The a{ferage insertion loss of the DUT 2401 was about 18.6 dB. The coupling loss
from the output facet of the SuperGRIN lens 2406 to the SMF28 2410—Was evaluated to
be about 2.3 dB (i.e. 18.6 dB — 5 dB(propagation) — 11.3 dB(input-coupling loss)).

[0306] In various embodiments, as the Fresnel loss at the interface between the

SuperGRIN lens 2406 and air was estimated as 2 dB, a coupling loss of about 0.3 dB for-
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SuperGRIN 2406 to the SMF28 2410 may be attainable if the Fresnel loss is eliminated
by, for example, using an anti-reflection coating.

[0307] While the invention has been particularly shown and described with reference to
- specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invehtion as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS
1. An optical arrangement comprising:

a support substrate;

at least one optical fiber arranged on the support substrateA;‘

at least one waveguide arranged on the support substrate and adjacent to the at
least one optical fiber; the at least one waveguide defining a light propagation direction;
and |

at least one grin index lens arranged asymmetrically relative to the light
propagation direction such that light is coupled from the at least one optical fiber through

the at least one grin index lens to the at least one waveguide.

2; The optical arrangement of claim 1, wherein the at least one grin index lens
comprises a multi-layer structure of at least two different layers with a difference in
refractive index. such that the at least one grin index lens is configured to allow a
variation in the difference in refractive index to achieve a desired focus spot size so as to
enable coupling of an optical mode in the at least one optical fiber to the at least one

waveguide.

3. The optical arrangement of claim 1 or 2, wherein the at least one waveguide
includes a refractive index same or substantially the same as the refractive index of one of

the at least two different layers.

4.  The optical arrangement of claim 2 or 3, wherein the at least two different layers
include a combination of materials selected from a group consisting of silicon and silicon

oxide, silicon and hafnium oxide, and silicon and titanium oxide.

5. The optical arrangement of any one of claims 1 to 4, further comprising an

insulating layer arranged on the support substrate.

6. The optical arrangement of claim 5, wherein the at least one waveguide is

arranged on the insulating layer.
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7.  The optical arrangement of claim 6, wherein the at least one grin index lens is

arranged over the at least one waveguide.

8. The optical arrangement of claim 6, wherein the at least one grin index lens is
arranged at one end of the at least one waveguide and further arranged directly on the

insulating layer.

9. The optical arrangement of any one of claims 5 to 8, wherein the insulating layer

is a buried oxide layer.

10.  The optical ‘arrangement of any one of claims 1 to 9, wherein the at least one grin

index lens comprises a parabolic or near-parabolic refractive index profile.

11.  The optical arrangement of any one of claims 1 to 10, wherein the at least one

waveguide comprises an up-tapered waveguide.
12.  The optical arrangement of any one of claims 1 to 10, wherein the at least one
waveguide comprises a decreasing cross-sectional dimension in a direction away from the

at least one grin index lens.

13.  The optical arrangement of any one of claims 1 to 12, wherein the at least one

optical fiber is a single mode fiber.

14.  The optical arrangement of any one of claims 1 to 13, wherein the at least one

optical fiber comprises a core portion and a cladding portion.

15.  The optical arrangement of claim 14, wherein the at least one grin index lens is

arranged along a same axis as the core portion of the at least one optical'ﬁber.
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16.  The optical arrangement of any one of claims 1 to 15, wherein the support

substrate comprises at least one first groove.

17.  The optical arrangement of claim 16, wherein the at least one optical fiber is
positioned in the at least one first groove so as to allow an optical alignment of the at

least one optical fiber to the at least one grin index lens.

18.  The optical arrangement of claim 16 or 17, wherein the at least one first groove

comprises a V-shape groove or a U-shape groove.

19.  The optical arrangement of any one of claims 16 to 18, further comprising a

capping substrate.

20.  The optical arré,ngement of claim 19, wherein the capping substrate comprises at

least one second groove.

21.  The optical arrangement of claim 20, wherein the at least one first groove
corresponds to the at least one second groove when the capping substrate is positioned

over the support substrate.

22.  The optical arrangement of claim 20 or 21, wherein the at least one second groove

comprises a V-shape groove or a U-shape groove.

23.  The optical arrangement of any one of claims 19 to 22, further comprising at least
one interconnect arranged between the capping substrate and the support substrate, the at
least one interconnect is configured to secure the at least one optical fiber in a desired

position between the capping substrate and the support substrate.

24.  The optical arrangement of claim 23, wherein the at least one interconnect

‘comprises at least one of a flip-chip bump, a snap adhesive, or a combination of a

polymer and a metal strip.
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25.  The optical arrangement of claim 24, wherein the at least one optical fiber
comprises at least one third groove configured to accommodate the metal strip to secure

the at least one optical fiber.

26. The_opticél arrangement of any one of claims 19 to 25, wherein the capping

substrate comprises a metallic substrate.
27. The optical arrangement of claim 26, wherein the metallic substrate is Kovar.

28.  The optical arrangement of any one of claims 1 to 27, further comprising at least

one wire bond pad arranged on the support substrate.

29.  The optical arrangement of any one of claims 1 to 28, further comprising an
electronics-photonics integrated circuit, wherein the at least one waveguide is optically

coupled to the electronics-photonics integrated circuit.

30. The optical arrangement of any one of claims 1 to 29, wherein the support

substrate comprises a semiconductor layer.

31.  The optical arrangement of claim 30, wherein the semiconductor layer comprises

silicon and/or III-V materials.

32.  The optical arrangement of any one of claims 1 to 31, wherein the desired focus

spot size is less than 0.5 um.

33. A method of forming an optical arrangement, the method comprising:
forming at least one optical fiber on a support substrate;
forming at least one waveguide on the support substrate and adjacent to the at

least one optical fiber;
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forming at least one grin index lens asymmetrically relative to a light propagation
direction within the at least one waveguide and further between the at least one optical
fiber and the at least one waveguide such that light is coupled from the at least one optical

fiber through the at least one grin index lens to the at least one waveguide.

34, The method of claim 33, wherein forming the at least one waveguide on the
support substrate and adjacent to the at least one optical fiber comprises:
forming at least one waveguide layer on the support substrate; and

patterning the at least one waveguide layer to form the at least one waveguide.

35. The method of claim 34, wherein forming the at least one grin index lens
cOmprises:
forming a first masking'layer on at least one grin index lens structure;
forming a first photoresist layer with a désired pattern on the first masking layer;
patterning the desired pattern of the first photoresist layer onto the first masking
layer; and |
removing portions of the first masking layer and the at least one grin index lens

structure not covered by the first photoresist layer.
36. The method of claim 35, wherein patterning the desired pattern of the first
photoresist layer onto the first masking layer comprises dry etching by argon/chlorine

reactive ion beam etching.

37.  The method of claim 35 or 36, wherein the first masking layer comprises a

metallic hard mask layer.

38. The method of any one of claims 35 to 37, wherein the first masking layer

comprises a material selected from a group consisting of Ni/Ti, Cr/T1, AINi/Ti, and Cr.

39.  The method of any one of claims 35 to 38, wherein the first photoresist layer

comprises a positive photoresist layer.
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40.  The method of claim 34, wherein forming the at least one grin index lens
comprises:

forming a second photoresist layer with at least one opening on at least one grin
index lens structure;

forming a second masking layer into the at least one opening; and

removing the second photoresist layer and portions of the at least one grin index

lens structure not covered by the second masking layer.

41. The method of claim 40, wherein forming the second masking layer into the at
least one opening comprises electroplating the second masking layer into the at least one

opening.

42. The method of claim 40 or 41, wherein the second masking layer comprises

nickel.

43.  The method of any one of claims 40 to 42, wherein the second photoresist layer

comprises a negative photoresist layer.

44, The method of claim 35 or 40, wherein forming the at least one grin index lens
further comprises forming the at least one grin index lens structure over the support

substrate and in contact with the at least one waveguide.

45.  The method of claim 44, wherein forming the at least one grin index lens structure
over the support substrate and in contact with the at least one waveguide comprises
depositing a plurality of a pair of two different layers with a difference in refractive index

in an alternating sequence over the support substrate.

46. The method of claim 45, wherein removing portions of the first rhasking layer and

" the at least one grin index lens structure not covered by the first photoresist layer
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comprises etching using etchant gases with a substantially equal etch rate of the pair of

two different layers.

47.  The method of claim 45, wherein removing the second photoresist layer and
portions of the at least one grin index structure not covered by the second masking layer
comprises e_tching- using etchant gases with a substantially equal etch rate of the pair of

two different layers.

48.  The method of claim 46 or 47, wherein the etchant gases comprise at least one of

a SF5, CH3, CF4, C4F3, AI‘, and 02.

49.  The method of any one of claims 44 to 48, further comprising forming an etch

stop layer over the support substrate.

50. The method of claim 49, further comprising providing heat treatment after
depositing a first of the plurality of the pair of two different layers. |

51.  The method of claim 50, wherein providing heat treatment comprises performing

rapid thermal annealing for silicidation of the first of the pair of two different layers with

the etch stop layer.
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