(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/134968 A1l

11 September 2015 (11.09.2015) WIPO | PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
G02B 5/20 (2006.01) G02B 6/12 (2006.01) kind of national protection available): AE, AG, AL, AM,
21) Tat tional Application Number- AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: PCTIUS2015/019430 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
9 March 2015 (09.03.2015) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
- . MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: . L
61/949.916 7 March 2014 (07.03.2014) ys (84) Designated States (unless otherwise indicated, for every
’ kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: SKORPIOS TECHNOLOGIES, INC. GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
[US/US]; 5600 Eubank Boulevard NE, Suite 200, Al- TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
buquerque, New Mexico 87111 (US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
(72) Tnventors: KUMAR, Nikhil; 5600 Eubank Boulevard NE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
. . LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
Suite 200, Albuquerque, New Mexico 87111 (US). LI,
. . SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
Guoliang; 5600 Fubank Boulevard NE, Suite 200, Al- GW, KM, ML, MR, NE, SN, TD, TG)
buquerque, New Mexico 87111 (US). i i i A '
(74) Agents: CROOKSTON, Matthew B. ct al; Kilpatrick ¢ uPlished:

Townsend & Stockton LLP, Two Embarcadero Center, 8th
Floor, San Francisco, California 94111 (US).

with international search report (Art. 21(3))

(54) Title: HIGH-ORDER-MODE FILTER FOR SEMICONDUCTOR WAVEGUIDES

100—1\\‘\
120\{4

124
e

1101

¥

L.

wo 2015/134968 A 1[I 000 O 0 O

FiG. 1

(57) Abstract: A high-order-mode (HOM) filter for thick silicon waveguides has a shoulder slab, a waveguide ridge, a first filter
ridge, and a second filter ridge. The first filter ridge and the second filter ridge help attenuate higher-order modes from the wave -
guide ridge while the waveguide ridge guides a fundamental mode.



10

15

20

25

30

WO 2015/134968 PCT/US2015/019430

HIGH-ORDER-MODE FILTER FOR SEMICONDUCTOR
WAVEGUIDES

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No. 61/949,916,
filed on March 7, 2014, the disclosure of which is incorporated by reference in its entirety for

all purposes.

BACKGROUND OF THE INVENTION
[0002] Optical waveguiding elements convey light from one point to another through an
optically transparent, elongated structure by modal transmission, total internal reflection,
and/or total reflectorization. An optical waveguide directs radiation in the visible, infrared,

and/or ultra-violet portions of the radiation spectrum by total internal reflection.

BRIEF SUMMARY OF THE INVENTION
[0003] Embodiments of the present invention provide an optical filter for passing a
fundamental mode of a guided optical wave while filtering/attenuating higher-order modes.
Optical filters, in some embodiments, are used to filter higher-order modes from inside an
optical resonator (e.g., a laser cavity). In some embodiments, optical filters are used to
prevent higher-order modes from being excited in other structures (e.g., passive structures
such as gratings, multimode interference structures, and/or directional couplers). In some
embodiments, the optical filter does not bend the fundamental mode, reducing potential loss

of the fundamental mode and/or saving space on a chip.

[0004] In some embodiments, an optical filter for attenuating higher-order modes in an
optical waveguide comprises a shoulder slab, a waveguide ridge, a first filter ridge, and a
second filter ridge. The shoulder slab has a near end opposite a far end; the shoulder slab is
made of a first material having a first index of refraction; the shoulder slab is disposed on a
second material having a second index of refraction; and the first index of refraction is higher
than the second index of refraction. The waveguide ridge is disposed on the shoulder slab.
The waveguide ridge traverses the shoulder slab from the near end to the far end; and the
waveguide ridge is configured to receive light at the near end and guide the light to the far

end. The first filer ridge is disposed on the shoulder slab; traverses the shoulder slab from the
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near end to the far end; is on a first side of the waveguide ridge; is separated from the
waveguide ridge by a first gap. The second filter ridge traverses the shoulder slab from the
near end to the far end; the second filter ridge is on a second side of the waveguide ridge; the
second side of the waveguide ridge is opposite the first side of the waveguide ridge; and the
second filter ridge is separated from the waveguide ridge by a second gap. In some
embodiments, the waveguide ridge traverses the shoulder slab in a straight line from the near
end to the far end. In some embodiments, a combined height of the shoulder slab and
waveguide ridge is greater than 0.7 um and less than 2.0 um. in some embodiments, the first

material is crystalline silicon and the second material is S102.

[0005] In some embodiments, a method for filtering higher-order modes in a
semiconductor waveguide is disclosed. A beam of light having a fundamental mode and one
or more higher-order modes is transmitted in a first semiconductor waveguide. In the optical
filter, the one or more higher-order modes along a direction of beam propagation are
attenuated while light of the fundamental mode is transmitted along the direction of beam
propagation. The optical filter comprises a waveguide ridge for guiding the fundamental
mode and two filter ridges separated from the waveguide ridge to assist in attenuating the
one or more higher-order modes from along the direction of beam propagation. Light of the
fundamental mode is coupled into a second semiconductor waveguide, after the light of the
fundamental mode has passed through the optical filter and the one or more higher-order

modes are attenuated along the direction of beam propagation.

[0006] Further areas of applicability of the present disclosure will become apparent from
the detailed description provided hereinafter. It should be understood that the detailed
description and specific examples, while indicating various embodiments, are intended for
purposes of illustration only and are not intended to necessarily limit the scope of the

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 depicts a simplified top view of an embodiment of a first optical filter for

filtering higher-order modes.

[0008] FIG. 2 depicts a simplified top view of an embodiment of a second optical filter for

filtering higher-order modes.
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[0009] FIG. 3 depicts a simulation of a fundamental mode in an optical filter for filtering

higher-order modes.

[0010] FIG. 4 depicts a simulation of higher-order modes being attenuated in the optical
filter.

[0011] FIG. 5 depicts a simplified cross section of an embodiment of a waveguide.
[0012] FIG. 6 depicts an embodiment of a cross section at a near end of an optical filter.
[0013] FIG. 7 depicts an embodiment of a cross section at a far end of the optical filter.
[0014] FIGs. 8-16 depict additional example embodiments of optical filters.

[0015] FIG. 17 depicts a flowchart of an embodiment of a process for using an optical filter

to attenuate higher-order modes from a fundamental mode in a semiconductor waveguide.

[0016] In the appended figures, similar components and/or features may have the same
reference label. Further, various components of the same type may be distinguished by
following the reference label by a dash and a second label that distinguishes among the
similar components. If only the first reference label is used in the specification, the
description is applicable to any one of the similar components having the same first reference

label irrespective of the second reference label.

DETAILED DESCRIPTION OF THE INVENTION

[0017] The ensuing description provides preferred exemplary embodiment(s) only, and is
not intended to limit the scope, applicability, or configuration of the disclosure. Rather, the
ensuing description of the preferred exemplary embodiment(s) will provide those skilled in
the art with an enabling description for implementing a preferred exemplary embodiment. It
is understood that various changes may be made in the function and arrangement of elements

without departing from the spirit and scope as set forth in the appended claims.

[0018] Embodiments relate generally to filtering higher-order modes from a fundamental
mode in an optical waveguide. More specifically, and without limitation, to filtering higher-
order modes in high-contrast, thick-silicon waveguides. Light propagating in higher-order
modes can adversely affect performance of some optical devices. Filtering higher-order

modes can increase performance and/or reduce loss in some optical devices. Higher-order
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modes in multi-mode, silica optical fibers can be attenuated by mandrel wrapping (wrapping
an optical fiber around a specified sized rod a specified number of time). A somewhat
corresponding technique in thin-silicon waveguides is to use bends in the thin-silicon
waveguides. However, for thick-silicon (wherein thick silicon is greater than 0.3, 0.5, 0.7, or
0.9 um thick and/or has an effective refractive index greater than or equal to 2.9, 3.0, or 3.2),
bends are relatively large (e.g., ~ 750 um radius) to prevent loss to the fundamental mode
because thick silicon has a higher effective refractive index than thin silicon and the modes
are more tightly confined. A relatively large bend requires longer waveguides (and hence
more attenuation) and a larger footprint on a chip. Thus in some embodiments, optical filters
for filtering higher-order modes are provided that are relatively short (e.g., length less than
150, 120, or 100 um) and have a relatively small footprint (e.g., an area less than 6000, 4000,
or 2400 um”). Some embodiments in this disclosure provide a higher-order mode filter in
semiconductor material (e.g., in a semiconductor having a waveguide in a lattice, such as

crystalline silicon and/or a crystalline I1I-V compound).

[0019] In some embodiments, a filter is made by layering a shoulder slab (e.g., comprising
silicon) on top of a substrate (e.g., comprising silicon dioxide, Si02). A waveguide ridge and
two filter ridges are disposed on the shoulder. The waveguide ridge and the two filter ridges
are substantially parallel. As light is guided in the waveguide ridge, a first mode (e.g., a
fundamental mode) remains mostly confined in the waveguide ridge. But higher-order modes
couple to the two filter ridges and energy in the higher-order modes is dispersed from being
guided by the waveguide ridge. In some embodiments, there is little or no loss of energy of
the first mode (e.g., 1* TE mode) and there is minimal transmission light in of higher-order
modes (e.g., attenuation greater than or equal to 9 dB for the higher-order modes). In some
embodiments, there is less than 10%, 5%, and/or 3% attenuation of the first mode (beyond
attenuation of the first mode from material of the waveguide). Additionally, in some

embodiments there are minimal reflections (e.g., < 1%) from higher-order modes.

[0020] Referring first to Fig. 1, a simplified top view of an embodiment of first optical
filter 100-1 for filtering higher-order modes is shown. The optical filter 100 comprises a
substrate, a shoulder slab 104 disposed on the substrate, and one or more filter ridges 108
disposed on the shoulder slab 104. In the embodiment shown, there is a first filter ridge 108-1
and a second filter ridge 108-2. In some embodiments, the optical filter 100 comprises an
upper cladding that covers the shoulder slab 104 and filter ridges 108. In some embodiments,

the shoulder slab 104 and the filter ridges 108 are made of the same material (e.g., both
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crystalline silicon) and/or are contiguous. The shoulder slab 104 and/or the filter ridges 108
have a higher index of refraction than the substrate and the upper cladding. For example, in

some embodiments the substrate and/or upper cladding is SiO2.

[0021] The optical filter 100 is coupled with two or more waveguides 110. Each waveguide
110 comprises a waveguide shoulder 114 and a waveguide ridge 118. In some embodiments,
the two or more waveguides 110 are disposed on the same substrate as the optical filter 100.
The optical filter 100 has a near end 120 and a far end 122, where the far end 122 is opposite
the near end 120. A first waveguide 110-1 is coupled with the optical filter 100 at the near
end 120. A second waveguide 110-2 is coupled with the optical filter 100 at the far end 122.
The waveguide ridge 118 traverses the optical filter 100 from the near end 120 to the far end
122 and couples with the first waveguide 110-1 and the second waveguide 110-2. The
waveguide ridge 118 creates an optical ridge waveguide for guiding a first mode from the
near end 120 of the optical filter 100 to the far end 122 of the optical filter 100. In some
embodiments, the waveguide shoulder 114, the waveguide ridge 118, the shoulder slab 104,
and the filter ridges 108 are made of the same material (e.g., crystalline silicon). An optical
axis 124 (e.g., direction of beam propagation for the fundamental mode) is parallel with the
waveguide ridge 118. Though this embodiment has a straight waveguide ridge 118 in a
direction of beam propagation, other embodiments have a curved waveguide ridge 118 (e.g.,
for connecting to another device in a different direction). In some embodiments, a straight

waveguide ridge 118 is used to reduce loss of the first mode.

[0022] The first filter ridge 108-1 is disposed on the shoulder slab 104 and traverses the
shoulder slab 104 from the near end 120 to the far end 122. The first filter ridge 108-1 is
located in a direction away from a first side 130-1 of the waveguide ridge 118. The second
filter ridge 108-2 is disposed on the shoulder slab 104 and traverses the shoulder slab 104
from the near end 120 to the far end 122. The second filter ridge 108-2 is located in a
direction away from a second side 130-2 of the waveguide ridge 118. The sides 130 of the
waveguide ridge 118 are orthogonal, or nearly orthogonal, to the direction of beam
propagation of the fundamental mode through the waveguide ridge 118. The first side 130-1
is opposite the second side 130-2. A first gap 134-1 separates the first filter ridge 108-1 from
the waveguide ridge 118. A second gap 134-2 separates the second filter ridge 108-2 from the
waveguide ridge 118. The shoulder slab 104 has a length L along an x direction, (e.g., the
direction of beam propagation). The shoulder slab 104 has a width W along a y direction
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(e.g., a transverse direction to the direction of beam propagation). Widths of gaps 134 are

measured along the y direction.

[0023] As an example of how the first optical filter 100-1 works, light enters the optical
filter 100 at the near end 120 through the first waveguide 110-1. Light that propagates in a
first mode of the first waveguide 110-1 is guided to the far end 122 of the optical filter 100
and to the second waveguide 110-2 by the waveguide ridge 118. But light that propagates in
higher-order modes (e.g., higher than the 1% mode and/or higher than both the first TE mode
and the first TM mode) from the first waveguide 110-1 is coupled out of the waveguide ridge
118 by the first filter ridge 108-1 and the second filter ridge 108-2, and does not couple into

the second waveguide 110-2.

[0024] Referring next to FIG. 2, a simplified top view of a second optical filter 100-2 for
filtering higher-order modes is shown. The second optical filter 100-2 is similar to the first
optical filter 100-1, except the shoulder slab 104 of the second optical filter 100-2 has
beveled corners 204. The beveled corners 204 are used to reduce the likelihood that
reflections from higher-order modes will reflect back into the waveguides 110. The beveled
corners 204 in the second optical filter 100-2 are shown as straight bevels set at 45 degrees.
But other types of bevels could be used (e.g., rounded bevels and/or straight bevels at angles
greater than or less than 45 degrees). In some embodiments, straight bevels at 45 degrees are
used because of case of manufacturing and the 45 degrees encourages light from higher-order

modes to reflect around in the shoulder slab 104 instead of into the waveguides 110.

[0025] In some embodiments, a width of the first gap 134-1 and a width of the second gap
134-2 are functions of length of the shoulder slab 104 (e.g., gap width is a function of x). In
some embodiments, a width of the first gap 134-1 and a width of the second gap 134-2 have
constant values for x = 0 to x = L/2. From x = L/2 to x = L, the filter ridges 108 bend away
from the waveguide ridge 118 along an arc, wherein the arc has a radius of curvature R. In
some embodiments, R = 500 um = 50 um, L = 100 pum £ 10 pm, and W =40 um £ 5 um. In
some embodiments, the first gap 134-1 has a width, GN, at the near end 120, and a width,
GF, at the far end 122. In some embodiments, the width of the second gap 134-2 is equal to
the width of the first gap 134-1 for all values x (e.g., the optical filter 100 is symmetrical
about the optical axis 124).

[0026] FIG. 3 depicts a simulation of a fundamental mode in an optical filter for filtering

higher-order modes. The fundamental mode (e.g., first mode) is transmitted from the near end
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120 of the optical filter 100 to the far end 122 of the optical filter 100 confined by the
waveguide ridge 118. (i.e., not much light is dispersing into other regions of the shoulder slab

104).

[0027] FIG. 4 depicts a simulation of higher-order modes being scattered in the optical
filter 100. In FIG. 4, TE modes two through seven are simulated. As mode number increases,
loss increases (e.g., measured by a percentage of light of a given mode from the first
waveguide 110-1 that is not coupled into the second waveguide 110-2). In comparison to
FIG. 3, light in higher-order modes is greatly attenuated along the waveguide ridge 118 when
transmitted from the near end 120 to the far end 122 (i.e., very little light propagating in
higher-order modes exits the filter 100 and into the second waveguide 110-2). Higher-order
modes have more attenuation along the optical axis 124 because the higher-order modes are
not as suppressed by the waveguide ridge 118 (e.g., higher-order modes are larger and/or
have a diffraction angle that causes the higher-order modes to disperse). In some
embodiments, lengths and widths are important for a compact and/or efficient optical filter

100.

[0028] FIG. 5 depicts a simplified cross section of an embodiment of a waveguide 110.
The waveguide 110 comprises a waveguide shoulder 114 and a waveguide ridge 118 on top
of the waveguide shoulder 114. The waveguide ridge 118 is more narrow than the waveguide
shoulder 114. Both the waveguide shoulder 114 and the waveguide ridge 118 are made of
crystalline silicon. The waveguide shoulder 114 is disposed on a substrate 504. An upper
cladding 508 covers the waveguide shoulder 114 and the waveguide ridge 118. In some
embodiments, the waveguide 110 is made from a silicon-on-insulator (SOI) wafer. The SOI
wafer has a handle portion 512, a buried oxide (BOX) portion 516 (e.g., Si02), and a device
layer 520. The BOX portion 516 comprises the substrate 504. The waveguide shoulder 114
and the waveguide ridge 118 are formed by etching the device layer 520. After the waveguide
shoulder 114 and the waveguide ridge 118 are formed, the waveguide shoulder 114 and the
waveguide ridge 118 are covered with the upper cladding 508 (e.g., SiO2, epoxy, and/or
photoresist). Similarly, in some embodiments, the optical filter 100 is also formed using a
SOI wafer and covered with an upper cladding 508. In some embodiments, the optical filter
100 is formed at the same time as the waveguide 110. Si02 has a lower index of refraction

than crystalline silicon.
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[0029] In some embodiments, the waveguide shoulder 114 has a width (v direction)
between 2 and 10 um (e.g., 4, 5, 6, or 7 um). The waveguide shoulder 114 has a height (z
direction) between 0.1 to 5 um, or 0.5 to 3 um (e.g., 0.25, 0.4, 0.5, 0.75, 0.85, 0.95, 1, 1.05,
1.1, 1.25, 1.5, or 1.75 um). The waveguide ridge 118 has a width (y direction) between 1 and
4 um, (e.g., 1.5,2.0,2.2,2.4, or 2.5 um). The waveguide ridge 118 has a height (z direction)
(above the waveguide shoulder 114) between 0.1 and 3 um (e.g., 0.25, 0.45, 0.50, 0.55, 0.60,
0.75, um). In some embodiments, the waveguide shoulder 114 and the waveguide ridge 118
have a combined height (z direction) between 0.5 and 5 um (e.g., 0.7, 1.0, 1.5, 1.25, 1.5, or 2
um). Though the waveguide 110 is shown having the waveguide ridge 118, in some
embodiments, the waveguide has a rectangular cross section (e.g., the width of the waveguide
ridge 118 is equal to the width of the waveguide shoulder 114; or viewed another way, the
height of the waveguide ridge 118 equals zero, and/or the waveguide shoulder 114 has a
height greater than a height of the shoulder slab 104 ). The waveguide shoulder 114 and the
waveguide ridge 118 act as a core of the waveguide 110. The substrate 504 and the upper
cladding 508 are cladding layers to the core. In some embodiments, the upper cladding 508 is
air. The upper cladding 508 and the substrate 504 are made of materials that have a lower

index of refraction than the core.

[0030] Referring next to FIG. 6, an embodiment of a cross section at the near end 120 of
an optical filter 100 is shown. The cross section at the near end 120 shows the shoulder slab
104 disposed on the substrate 504. In some embodiments, the height of the shoulder slab 104
18 0.1 to 5 um tall, in a z direction (e.g., 0.25, 0.4, 0.5, 0.75, 0.85, 0.95, 1, 1.05, 1.1, 1.25, 1.5,
or 1.75 um). In some embodiments, the height of the shoulder slab 104 is equal to the height
of the waveguide shoulder 114. Three ridges extend from the shoulder slab 104 and in a
direction normal to a top surface 524 of the shoulder slab 104: the first filter ridge 108-1, the
second filter ridge 108-2, and the waveguide ridge 118. In some embodiments, the first filter
ridge 108-1 and the second filter ridge 108-2 have similar heights and widths as the
waveguide ridge 118. The first filter ridge 108-1 and the waveguide ridge 118 are separated
by GN (width of the first gap 134-1 at the near end 120). The second filter ridge 108-2 and
the waveguide ridge 118 are separated by the distance GN (width of the second gap 134-2 at
the near end 120). In some embodiments, GN is between 1 and 5 um (e.g., 1, 1.5, 2, 2.5, or 3

um).

[0031] Referring next to FIG. 7, an embodiment of a cross section at the far end 122 of an

optical filter 100 is shown. The cross section at the far end 122 is similar to the cross section
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at the near end 120 in FIG. 6, except widths of the gaps 134 between the waveguide ridge 118
and the filter ridges 108 is increased. In some embodiments, heights and widths of the
waveguide ridge 118 and the filter ridges 108 remain constant. The first filter ridge 108-1 and
the waveguide ridge 118 are separated by GF (width of the first gap 134-1 at the far end 122).
The second filter ridge 108-2 and the waveguide ridge 118 are separated by the distance GF
(width of the second gap 134-2 at the far end 122). In some embodiments, GF is between 1.5
and 10 um (e.g., 2, 3, or 5 um). In some embodiments, GF is equal to GN.

[0032] There are many variations to the embodiments that are shown and described above.
For example, the figures above show embodiments designed for 1550 nm light. For different
wavelengths, different dimensions can be used. For example, widths of ridges,
heights/thickness of shoulders and ridges, and gaps between ridges can be narrowed for
shorter wavelengths of light. Additionally, the filter ridges 108 can be doped with lossy
material. In some embodiments, the filter ridges 108 are coated with metal, germanium, or

other lossy materials.

[0033] FIGs. 5-16 depict additional example variations of optical filters 100. Persons
skilled in the art will recognize the examples in FIGs. 8-16 are not meant to provide an
exhaustive list but that additional variations and/or combinations could be used. In FIG. 8, the
filter ridges 108 do not bend, but are straight. In FIG. 9, the filter ridges 108 are much wider
than the waveguide ridge 118. In some embodiments, the filter ridges 108 have a width that is
equal to or greater than twice the width of the waveguide ridge 118. Additionally, the filter
ridges 108 bend at the near 120 and the far end 122, such that the near end 120 is symmetrical
to the far end (i.e., the optical filter 100 in FIG. 9 is reversible). In some embodiments,
having a reversible filter is not desirable because bending regions of the ridges 108 decrease
coupling, and the filter might have to be longer. In FIG. 10, another reversible filter, the filter
ridges 108 have width from the gaps 134 to an edge of the shoulder slab 104; and a width of

the gaps 134 remains constant.

[0034] InFIG. 11, the filter ridges 108 are tapered at ends and do not extend to the far end
122. In FIG. 12, the ridges 108 taper (narrow) on each side of the filter ridge 108 and taper
(expand) on each side of the filter ridge 108. FIG. 13 is similar to FIG. 12, except only one
side of each filter ridge 108 (an outer side) narrows and expands, leaving widths of gaps 132
constant. In some embodiments, the ridges 108 taper in (e.g., in FIGs. 12 and 13) to better

couple (i.e., filter) different modes. For example, a filter ridge 108 that is more narrow is
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likely to better couple modes that are higher than a filter ridge 108 that is wider. In some
embodiments, widths of ridges 108 keep expanding from the near end 120 to the far end 122
(e.g., constant width for a first distance, taper wider, constant width for a second distance,

taper even wider, etc.; or one continuous taper from the near end 120 to the far end 122).

[0035] In FIG. 14, there are no filter ridges 108, and higher-order modes “leak out” into the
shoulder 104, away from the waveguide ridge 118. Such a configuration may need to be
longer than a filter with filter ridges 108. FIGs. 15 and 16 provide examples of an optical
filter 100 coupling to waveguides 110 that have a rectangular cross section. FIG. 15 uses a
first waveguide-ridge taper 1501-1 and a second waveguide-ridge taper 1501-2. The first
waveguide-ridge taper 1501-1 narrows a top portion of the first waveguide 110-1 to a width
of the waveguide ridge 118. Without the first waveguide-ridge taper 1501-1 there would be
reflections from the first waveguide 110-1 coupling into the optical filter 100. The second
waveguide-ridge taper 1501-2 begins to taper within the optical filter 100 before coupling to
the second waveguide 110-2 to reduce a length of a combination of the optical filter 100 and
second waveguide 110-2. In some embodiments, the second waveguide ridge 1501-2 tapers
after the optical filter 100. FIG. 16 uses a first shoulder taper 1505-1 and a second shoulder
taper 1505-2 to narrow the shoulder slab 104 to the first waveguide 110-1 and to the second
waveguide 110-2. The first waveguide 110-1 and the second waveguide 110-2 each have a

width as wide as the waveguide ridge 118.

[0036] In some embodiments, the shoulder slab 104 is much thinner, or not used at all (e.g.,
the waveguide ridge 118 and the filter ridges 108 are disposed on the substrate 504 without a
shoulder). The width of the first gap 134-1 and the width of the second gap 134-2 are then
decreased so that higher-order modes are coupled into the filter ridges 108 but the
fundamental mode is not. In some embodiments, a shoulder, which is wider than the
waveguide ridge 118, is disposed on the substrate 504 under the waveguide ridge 118, but the
filter ridges 108 do not have shoulders wider than the filter ridges 108. In some embodiments,
the waveguide ridge 118 has a shoulder wider than the waveguide ridge 118, the first filter
ridge 108-1 has a shoulder wider than the first filter ridge 108-1, and the second filter ridge
108-2 has a shoulder wider than the second filter ridge 108-2; but the shoulder of the
waveguide ridge 118 does not touch the shoulder of the first filter ridge 108-1 or the shoulder
of the second filter ridge 108-2. In some embodiments, shoulders of the waveguide ridge 118,

the first filter ridge 108-1, and/or the second filter ridge 108-2 are tapered.

10
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[0037] In some embodiments, the filter ridges 108 do not entirely traverse the shoulder slab
104. For example, the first filter ridge 108-1 could extend from the near end 120 and
terminate before reaching the far end 122. In some embodiments, a ridge is disposed on a
shoulder either through deposition or by etching areas next to the ridge to form the ridge on
the shoulder. In another example, the waveguide ridge 118 is disposed on a shoulder region;
and the shoulder region extends beyond the filter ridges 108 and/or the shoulder slab 104
(e.g., to the edge of the substrate). In this example, a shoulder slab can be defined as a sub-
arca of the shoulder region (i.c., the shoulder region need not terminate at a boundary of the
shoulder slab 104). In some embodiments, ends of the filter ridges 108 are modified, such as

using single-sided or double-sided tapers (e.g., expanding or narrowing tapers).

[0038] Several embodiments are directed to thick-silicon, high-contrast waveguides. But in
some embodiments, optical filters 100 are used in other multimode and single-mode
waveguides. For example, filters can be made of polymers for polymer waveguides. Filters
can be made for low-contrast, and/or thin-silicon, waveguides. In some embodiments, filters
arc made of aluminum oxide, tantalum oxide, titanium oxide, or other diclectric materials
(e.g., to increase attenuation of higher-order modes). In some embodiment, a filter is used to
filter out reflections or other light from a single-mode waveguide. The single-mode
waveguide could be in a semiconductor, dielectric, and/or polymer. For example, a ~ 300 nm
tantalum oxide waveguide is used in the hard-drive industry. These waveguides usually
support only a fundamental TE/TM mode. If light is scattered or reflected into a waveguide
(e.g., through a bend or shoulder region), then a filter using similar techniques can be used to
reduce the scattered or reflected light (e.g., a leaky mode) traveling in the single-mode (or
multimode) waveguide. In some embodiments, waveguides 110 and optical filters 100 are
made of III-V compounds (¢.g., GaAs, InP, InGaAs, etc.) and/or 1I-VI compounds. In some
embodiments, filter ridges 108 terminate (e.g., at a wall at the far end 122) so that light from
the filter ridges 108 is not guided to another device and/or structure beyond the filter 100. In
some embodiments, the waveguide ridge 118 is straight from the near end 120 to the far end
122. By not having bends in the waveguide ridge 118 of the optical filter 100, there is less

attenuation of the fundamental mode.

[0039] FIG. 17 depicts a flowchart of an embodiment of a process 1700 for filtering
higher-order modes in a semiconductor waveguide. The process 1700 starts in step 1704, a
beam of light is transmitted from a first semiconductor waveguide 110-1 to an optical filter

100. The beam of light comprises light in a fundamental mode and light in one or more
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higher-order modes. In step 1708 higher-order modes are attenuated from along a direction of
beam propagation (e.g., a direction of the waveguide ridge 118). The fundamental mode is
directed along the direction of beam propagation (e.g., attenuated from under the waveguide
ridge 118). In some embodiments, the higher-order modes are attenuated by coupling power
of the higher-order modes to the two filter ridges 108 and/or the shoulder slab 104. In step
1712, light from the optical filter 100 is coupled into the second waveguide 110-2. Since the
higher-order modes are attenuated, and the fundamental mode is not, light entering the
second waveguide 110-2 is single mode, or nearly single mode. In some embodiments, the
waveguide ridge 118 is straight to reduce loss by bending, and/or to reduce a footprint size of

the optical filter on a chip.

[0040] The specific details of particular embodiments may be combined in any suitable
manner without departing from the spirit and scope of embodiments of the invention.
However, other embodiments of the invention may be directed to specific embodiments

relating to each individual aspect, or specific combinations of these individual aspects.

[0041] The above description of exemplary embodiments of the invention has been
presented for the purposes of illustration and description. It is not intended to be exhaustive
or to limit the invention to the precise form described, and many modifications and variations

are possible in light of the teaching above.

[0042] The embodiments were chosen and described in order to explain the principles of
the invention and practical applications to thereby enable others skilled in the art to best
utilize the invention in various embodiments and with various modifications as are suited to

the particular use contemplated.

[0043] Also, it is noted that the embodiments may be described as a process which is
depicted as a flowchart, a flow diagram, a data flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations as a sequential process, many of
the operations can be performed in parallel or concurrently. In addition, the order of the
operations may be re-arranged. A process is terminated when its operations are completed,
but could have additional steps not included in the figure. A process may correspond to a

method, a function, a procedure, a subroutine, a subprogram, etc.

[0044] A recitation of “a”, “an”, or “the” is intended to mean “one or more” unless

specifically indicated to the contrary.
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[0045] All patents, patent applications, publications, and descriptions mentioned here are

incorporated by reference in their entirety for all purposes. None is admitted to be prior art.

13



N R R N =) T Ve L S N S B

[T NG TR N TR N TR N TR N TR N TR NG TR N TN O TR N T S Gy S G SR S T e T Y S G S Gy Sy
S O 00 N1 SN R WD =R OO SN WD = O

WO 2015/134968 PCT/US2015/019430

CLAIMS

WHAT IS CLAIMED I8S:

1. An optical filter for attenuating higher-order modes in an optical
waveguide, the filter comprising:
a shoulder slab, wherein:
the shoulder slab has a near end opposite a far end;
the shoulder slab is made of a first material having a first index of
refraction;
the shoulder slab is disposed on a second material having a second
index of refraction; and
the first index of refraction is higher than the second index of
refraction;
a waveguide ridge disposed on the shoulder slab, wherein:
the waveguide ridge traverses the shoulder slab from the near end to
the far end; and
the waveguide ridge is configured to receive light at the near end and
guide the light to the far end;
a first filter ridge, wherein:
the first filer ridge is disposed on the shoulder slab;
the first filter ridge traverses the shoulder slab from the near end to the
far end;
the first filter ridge is on a first side of the waveguide ridge; and
the first filter ridge is separated from the waveguide ridge by a first
gap;
a second filter ridge, wherein:
the second filter ridge traverses the shoulder slab from the near end to
the far end;
the second filter ridge is on a second side of the waveguide ridge;
the second side of the waveguide ridge is opposite the first side of the
waveguide ridge; and
the second filter ridge is separated from the waveguide ridge by a

second gap.
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2. The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein the waveguide ridge traverses the shoulder slab in a straight

line from the near end to the far end.

3. The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein a combined height of the shoulder slab and the waveguide

ridge is greater than 0.7 um and less than 2.0 pm.

4. The optical filter for attenuating higher-order modes in an optical

waveguide of claim 1, wherein the first material is crystalline silicon.

5. The optical filter for attenuating higher-order modes in an optical

waveguide of claim 1, wherein a width of the first gap is equal to a width of the second gap.

6. The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein the shoulder slab is less than 150 microns long, the length of

the shoulder slab being measured from the near end to the far end.

7. The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein the optical filter further comprises:
a first waveguide optically coupled with the waveguide ridge; and

a second waveguide optically coupled with the waveguide ridge.

8. The optical filter for attenuating higher-order modes in an optical

waveguide of claim 1, wherein a width of the first gap varies along a length of the shoulder
slab.

9. The optical filter for attenuating higher-order modes in an optical

waveguide of claim 1, wherein the shoulder slab has beveled corners.

10.  The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein a width of the first filter ridge and a width of the second filter

ridge are at least twice as wide as a width of the waveguide ridge.

11.  The optical filter for attenuating higher-order modes in an optical

waveguide of claim 1, wherein:
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a width of the first filter ridge extends from the first gap to a side of the
shoulder slab; and

a width of the second filter ridge extends from the second gap to a side of the
shoulder slab.

12.  The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein the first filter ridge and the second filter ridge are made out of

the first material and then doped with a lossy material.

13.  The optical filter for attenuating higher-order modes in an optical
waveguide of claim 12, wherein Germanium is deposited on the first filter ridge and the

second filter ridge and/or at least a portion of the first filter ridge is made using Germanium.

14.  The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein the first filter ridge and the second filter ridge are made out of

the first material, and metal is deposited on the first filter ridge and on the second filter ridge.

15.  The optical filter for attenuating higher-order modes in an optical
waveguide of claim 1, wherein the optical filter is symmetric along an axis running along a

length of the waveguide ridge.

16. A method for filtering higher-order modes in a semiconductor
waveguide, the method comprising:
transmitting, in a first semiconductor waveguide, a beam of light having a
fundamental mode and one or more higher-order modes to an optical filter;
attenuating, in the optical filter, the one or more higher-order modes along a
direction of beam propagation while transmitting light of the fundamental mode along the
direction of beam propagation, wherein:
the optical filter comprises a waveguide ridge for guiding the
fundamental mode;
the optical filter comprises two filter ridges separated from the
waveguide ridge; and
the two filter ridges assist in attenuating the one or more higher-order

modes from along the direction of beam propagation; and
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coupling the light of the fundamental mode into a second semiconductor
waveguide, after the light of the fundamental mode has passed through the optical filter and

the one or more higher-order modes are attenuated along the direction of beam propagation.

17.  The method for filtering higher-order modes in the semiconductor

waveguide of claim 16, wherein the direction of beam propagation is a straight line.

18.  The method for filtering higher-order modes in the semiconductor

waveguide of claim 16, wherein the optical filter comprise crystalline silicon.

19.  The method for filtering higher-order modes in the semiconductor

waveguide of claim 16, wherein a height of the waveguide ridge between 0.5 and 2.0 um.

20.  The method for filtering higher-order modes in the semiconductor
waveguide of claim 16, wherein the two filter ridges have widths that vary along a length of

the optical filter.
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