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OPTICAL WAVEGUIDE RESONATORS

BACKGROUND

[0001] Optical communications can involve light sources and switches,
which can be complex and challenging to manufacture.  Silicon-based
semiconductor materials may not be ideal for optical communications. For
example, silicon is associated with various limitations, such as limited efficiency
of light generation and data modulation, due to silicon being an inefficient

photon emission material associated with a slow carrier diffusion rate.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0002] FIG. 1 is a block diagram of a device including an optical waveguide
resonator according to an example.

[0003] FIG. 2 is a block diagram of a device including an optical waveguide
resonator according to an example.

[0004] FIGS. 3A-3H illustrate a method of forming a device including an
optical waveguide resonator according to an example.

[0005] FIGS. 4A-4H illustrate a method of forming a device including an
optical waveguide resonator according to an example.

[0006] FIGS. 5A-5H illustrate a method of forming a device including an
optical waveguide resonator according to an example.

[0007] FIGS. 6A-6H illustrate a method of forming a device including an
optical waveguide resonator according to an example.

[0008] FIGS. 7A-7H illustrate a method of forming a device including an

optical waveguide resonator according to an example.
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[0009] FIG. 8 is a flow chart based on forming an optical waveguide
resonator according to an example.
[0010] FIG. 9 is a flow chart based on forming an optical waveguide
resonator according to an example.
[0011] FIG. 10 is a flow chart based on forming an optical waveguide

resonator according to an example.

DETAILED DESCRIPTION

[0012] Examples provided herein describe devices and methods that may
integrate a metal-oxide-semiconductor (MOS) capacitor structure inside a
waveguide, to enable low-power consumption, high-speed loss/phase
modulation, and tuning, in hybrid devices such as lasers, modulators, integrated
transmitters, or other devices that may be used alone or in combination as, e.g.,
optical (photonic) interconnects. In an example, a device may integrate a
capacitor structure based on a direct-bandgap IllI-V compound semiconductor
material layer, integrated with a silicon (Si) layer, to provide optical gain. Thus,
the device may take advantage of the relatively strong plasma dispersion
electro-optic effect provided by Si, as well as taking advantage of the advanced
materials, designs, and fabrication techniques afforded by Si and the
complementary metal-oxide—semiconductor (CMOS) wafer industry.

[0013] Example devices provide various advantages, based in part on a
capacitor structure formed by sandwiching a dielectric layer between two
dissimilar semiconductor layers (e.g., between a IlI-V compound semiconductor
layer and a Si layer). The capacitor dielectric structure enables fast mechanics
regarding carrier concentration variation (accumulation, depletion, and/or
inversion) governed by the electrical field effect resulting in high speed
modulation capability, in contrast to a slower carrier injection approach.
Examples exhibit zero or very little leakage current through the capacitor
dielectric layer, resulting in zero or very little power consumption at low-speed
operation frequencies. There is flexibility in choice of materials, because the
capacitor dielectric can be made of a different material (dielectric, polymer, etc.)

and in a different method (oxidation, deposition, chemical reaction, etc.)
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compared to other device layers, providing flexibility for device processing
and/or fabrication, while leveraging of material and process knowledge from the
advanced CMOS industry. Materials, such as dissimilar first and second
semiconductor layers, can be integrated using bonding, monolithic growth, or
other methods. Such a process/fabrication approach may be used to make
hybrid lasers, modulators, phase shifters, waveguide intensity attenuators or
boosters, and other photonic components, resulting in efficiencies in
manufacturing devices for optical communications.

[0014] FIG. 1 is a block diagram of a device 100 including an optical
waveguide resonator 130 according to an example. The device 100 also
includes substrate 102, first semiconductor layer 104, dielectric layer 110,
second semiconductor layer 120, and optical modulator 140. The optical
waveguide resonator 130 includes capacitor 132 and active region 134.

[0015] Device 100 illustrates a hybrid MOS photonic device, whereby two
different semiconductor materials, first and second semiconductor layers 104,
120, sandwich a dielectric layer 110 to form a metal-oxide-semiconductor
(MOS) capacitor structure 132. A voltage may be applied across the MOS
capacitor structure 132, enabling electrical carriers to accumulate, deplete, or
invert around the dielectric layer 110. An optical mode associated with the
optical waveguide resonator 130 can overlap with the MOS capacitor structure
132, causing variation of modal index and modal loss of the optical waveguide
resonator 130, along with a corresponding change of electrical carrier
concentration, i.e., the change of applied voltage across the capacitor 132 (e.g.,
via electrodes/contacts, not shown in FIG. 1). The change of model index and
loss in the optical waveguide resonator 130 may be used for data modulation,
optical attenuation or boost (i.e., free carrier absorption reduction), phase
shifting (i.e., wavelength tuning), and other optical communication applications.
[0016] The first semiconductor layer 104 may be silicon, and may include a
buried oxide layer (BOX, not shown in FIG. 1). The first semiconductor layer
104 is disposed on a silicon substrate 102, thereby forming a silicon-on-insulator
(SOI) substrate, or other semiconductor structure upon which to form the device
100.
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[0017] The second semiconductor layer 120 may include various layers
(e.g., comprising a compound semiconductor), such as layers of negatively
doped indium phosphide (n-InP), positively doped indium phosphide (p-InP), or
other semiconductor materials that may form an active region 134 caused by an
interface between a negatively (n) and positively (p) doped semiconductor
material.

[0018] The dielectric layer 110 may be an interface oxide, formed at the
interface between the first semiconductor layer 104 and the second
semiconductor layer 120. The dielectric layer 110 may be formed blankly
across an entire surface, or may be applied locally at a targeted portion of the
surface. Layers may be formed based on deposition, oxidation, or other
formation techniques. The dielectric layer 110 is to be sandwiched between first
and second semiconductor layers 104, 120. Accordingly, the dielectric layer
110 may be disposed on at least one of the first and second semiconductor
layers 104, 120, and is not limited to being disposed on one or the other of the
first and second dielectric layers 104, 120 (e.g., during fabrication).

[0019] The optical waveguide resonator 130 is a hybrid waveguide, which
includes at least a portion of the first semiconductor layer 104, the dielectric
layer 110, and the second semiconductor layer 120, respectively. The optical
waveguide resonator 130 also includes an optical resonator active region 134,
e.g., at an interface between sub-layers (not shown separately in FIG. 1) within
the compound second semiconductor layer 120.

[0020] The capacitor 132 may be formed by the first semiconductor layer
104 (e.g., Si material), the dielectric layer 110, and a sub-layer (e.g., n-InP) of
the second semiconductor layer 120. Thus, the capacitor 132 is a MOS
capacitor, which may be used to quickly modulate a refractive index and loss of
the optical waveguide resonator 130. Manipulating free carrier concentration of
the waveguide enables corresponding change in the properties of the optical
waveguide resonator 130 (e.g., applying an electric field across the capacitor
132 to either accumulate, deplete, or invert carriers). An optical mode of the
optical waveguide resonator 130 (e.g., corresponding to active region 134) is to

overlap with the MOS capacitor 132, enabling tuning of the phase and loss of
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the optical modes of the optical waveguide resonator 130, by changing an
electric field of the capacitor 132.

[0021] The hybrid device platform of FIG. 1 illustrates a hybrid MOS
resonator 130 and modulator 140. In an example including a MOS laser as the
optical waveguide resonator 130, electrodes (not shown in FIG. 1) may be used
to inject carriers into a laser active region 134 to generate photons in the active
region 134, and form the optical mode that is to overlap with the dielectric layer
110.

[0022] The optical modulator 140 may be formed by at least a portion of the
layers that also were used to form the optical waveguide resonator 130. In an
example, the optical modulator 140 may omit or remove the upper layers that
were used in the optical waveguide resonator 130 (i.e., that would have formed
a laser active region 134), resulting in a hybrid modulator 140 formed from
corresponding lower layers of at least a portion of the second semiconductor
layer 120, the dielectric layer 110, and the first semiconductor layer 104.
Applying an electric field (via electrodes, not shown in FIG. 1) to an optical
mode of the optical modulator 140 causes a change of carrier concentration in
the optical modulator 140, shifting resonance and becoming more or less
optically lossy etc. In an example, a voltage may be applied through electrodes
(not shown) to change carrier concentration around the dielectric layer 110 of
the optical modulator 140, causing a subsequent change of modal index and
loss to enable direct modulation of phase and loss. Similar phase and loss
change can be realized in examples where an optical mode is launched into a
hybrid waveguide. The capacitance of capacitor 132, provided to the device
100, may be limited based on physically constraining a location of the capacitor
structure 132. Thus, capacitance may be located specifically to provide carrier
concentration variation in the optical mode region of the optical waveguide
resonator 130. For example, the MOS capacitor 132 may be formed only at the
optical waveguide resonator 130, e.g., by etching an isolation trench through to
at least a portion of the first semiconductor layer 104, to electrically isolate

capacitive behavior to a portion of the optical waveguide resonator 130.
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[0023] Fabrication of the optical waveguide resonator 130 (e.g., laser) and
the optical modulator 140 may use the same set of sub-layer(s) (e.g., lll-V
layer(s)) of the second semiconductor layer 120 below the active region 134.
For example, the optical modulator 140 may be formed based on the same
technigues as the optical waveguide resonator 130 from the same layers, but
also by selectively removing at least a portion thereof, e.g., removing a p-InP
active region of the second semiconductor layer 120. Thus, fabrication of the
hybrid device 100 is efficient and convenient, because it is possible to fabricate
both the laser device (optical waveguide resonator 130) and the optical
modulator 140 on the same chip, in very close proximity to each other on the
substrate 102. Accordingly, the device 100 may be fabricated based on a small
footprint chip area, conserving resources.

[0024] FIG. 2 is a block diagram of a device 200 including an optical
waveguide resonator 230 according to an example. The device 200 also
includes substrate 202, first semiconductor layer 204, dielectric layer 210,
second semiconductor layer 220, first contact 250, second contact 252, and
thermal shunt and/or third contact 254. The optical waveguide resonator 230
includes capacitor 232, active region 234, and isolation trench 236.

[0025] Device 200 illustrates a three-terminal configuration, including a MOS
structure (capacitor 232) in, e.g., a hybrid laser optical waveguide resonator
230. The first contact 250 and the second contact 252 may be used to
introduce carriers (electrons, holes) to recombine at the active region 234, and
emit photons (e.g., similar to the principle of operation of a diode laser).
However, the first contact 250 and the third contact 254 may be used to apply
an electric field across the hybrid MOS capacitor 232, to thereby modulate the
lasing of the optical waveguide resonator 230.

[0026] The third contact 254 also may function as a thermal shunt, in
addition to being an electrode (that may contact the substrate 202). The
thermal shunt 254 is positioned to not come in contact with the second
semiconductor layer 220 (e.g., the llI-V sub-layers) to thereby provide electrical
isolation. However, the thermal shunt 254 can conduct heat away from silicon

device layers to the substrate 202 (e.g., based on conducting heat from the
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silicon device layers/second semiconductor layer 220, through the first
semiconductor layer 204, to the thermal shunt 254). Thus, in an example, heat
from the IlI-V layers of the optical waveguide resonator 230 may be transferred
by the thermal shunt 254 to the silicon substrate 202.

[0027] The isolation trench 236 provides electrical isolation for various
components of device 200, e.g., by isolating an extent of the capacitor 232
forming a portion of device 200. Minimizing the resistance-capacitance (RC) of
the optical waveguide resonator enables faster switching speeds. The capacitor
232 may be confined to the optical waveguide resonator 230 by the isolation
trench 236. The isolation trench 236 thereby prevents an entire width of the first
semiconductor layer 204 underneath the second semiconductor layer 220 from
operating as a capacitor. The isolation trench 236 can cause the capacitor 232
to form only in the waveguide region, enabling better efficiency/switching
speeds. The isolation trench 236 may electrically isolate two sections of the first
semiconductor layer 204 from each other, whereby a first section forms at least
a part of the capacitor 232, and the second portion is electrically isolated from
changes in voltage/charge at the capacitor 232. The capacitor 232 is thereby
positioned/isolated to efficiently affect the optical mode of the optical waveguide
resonator 230.

[0028] FIGS. 3A-3H illustrate a method of forming a device 300 including an
optical waveguide resonator 330 according to an example. Device 300 may be
a hybrid MOS laser based on a standing-wave resonator structure. In FIG. 3A,
substrate 302 includes a buried oxide layer 306 and a first semiconductor layer
304. Isolation trench 336, waveguide trench 338, and thermal shunt trench 356
are disposed in the first semiconductor layer 304. The trenches may be formed
on a silicon-on-insulator (SOI) substrate, e.g., based on patterning/etching. As
illustrated, etching may penetrate through the BOX layer 306 to the silicon
substrate 302 (e.g., for the isolation trench 336). The isolation trench 336
thereby may electrically isolate the waveguide (to be formed later, using
remaining silicon). A rightmost portion of the isolation trench 336 (the shallow

portion) can provide optical confinement, and a leftmost portion penetrating
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down to the substrate layer 302 can provide electrical isolation. Thus, the
isolation trench 336 may provide multiple types of bengfits/isolation.

[0029] In FIG. 3B, the p+ region 308 and the dielectric layer 310 are
disposed on the first semiconductor layer 304. The p+ Si region may be formed
in the first semiconductor layer 304 based on ion implantation, whereby
region(s) of the silicon of the first semiconductor layer 304 may be selectively
exposed to ion implantation and/or doping, e.g., to prepare the silicon for
receiving silicon metal contacts later. The capacitor dielectric layer 310 is
shown formed on the top of first semiconductor layer 304. However, in alternate
examples, the dielectric layer 310 may be formed on a bottom of the second
semiconductor layer 320, either instead of, or in conjunction with, formation on
top of the first semiconductor layer 304, to be sandwiched between the first and
second semiconductor layers 304, 320. The dielectric layer 310 may be formed
by oxidation (e.g., growing a layer of gate oxide), deposition, chemical reactions,
or other techniques.

[0030] In FIG. 3C, second semiconductor layer 320 is disposed on the
dielectric layer 310. The lll-V layers may be integrated onto the Si of the first
semiconductor layer 304, e.g., to sandwich the capacitor dielectric layer 310.
The llI-V layers of the second semiconductor layer 320 may be disposed on the
Si of the first semiconductor layer 304 by wafer bonding, epitaxial growth, and/or
other methods. A different dielectric layer also may be formed as the top of the
second semiconductor layer 320, based on deposition or other techniques.
[0031] In FIG. 3D, the mesa region 322 of the second semiconductor layer
320 is formed. In an example, lithography and etch processes may be
conducted to form the IlI-V mesa on top of the Si waveguide(s) underneath.
The mesa region 322 may be subsequently modified to serve as different types
of devices (e.g., a resonator).

[0032] In FIG. 3E, H+ regions 324 are disposed in the second
semiconductor layer 320. A proton implantation step may be used to define
carrier flow channels, e.g., based on selectively changing the resistance of
certain 1ll-V regions in the second semiconductor layer 320. Regions where

protons are implanted will have higher resistance, such that applied current will
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avoid passing through the high-resistance region(s), and instead pass through
the center/low resistance region. Accordingly, the H+ regions 324 are to confine
carriers and provide a better overlap with the optical mode of the optical
waveguide resonator to be formed from the mesa structure 322, to avoid carrier
waste.

[0033] In FIG. 3F, contact windows 326 are formed in the second
semiconductor layer 320. After disposing a passivation layer on the surface
(e.g., via surface passivation), exposure of the IlI-V contact layer, the top P
contact layer (second contact 352), the IlI-V N contact layers (first and third
contacts 350, 354), and the silicon P contact layer (thermal shunt contact) may
be achieved.

[0034] In FIG. 3G, first contact 350, second contact 352, third contact 354,
and thermal shunt 355 are disposed in the second semiconductor layer 320,
e.g., by metal deposition. The thermal shunt 355 metal may penetrate through
the BOX layer 306 and contact the silicon substrate 302.

[0035] In FIG. 3H, encapsulation 358 and contact probe pads 359 are
disposed on the second semiconductor layer 320. The contact probe pads 359
are formed to allow injecting carriers into the laser active region 334 for photon
generation, through the first and second contacts 350, 352.  Carrier
concentration may be varied around the capacitor dielectric layer inside the
waveguide 330 by applying a voltage across the thermal shunt contact 355 and
the third contact 354. The resulting optical waveguide resonator 330 includes
an active region 334.

[0036] The circle shown at reference numeral 334 is to indicate where an
optical mode of the optical waveguide resonator 330 may overlap with the active
region of the optical waveguide resonator 330. A portion of the dielectric layer
310 is also to overlap with the optical modes, as indicated by the thick black line
being included within the circle. Thus, device 300 forms a hybrid MOS laser
with a standing-wave resonator structure, e.g., a Fabry-Perot (FP) laser,
distributed feedback (DFB) laser, distributed Bragg reflector (DBR) laser, and so
on. However, the techniques/materials/structures etc. described above with

reference to FIG. 3 may be applied to other examples throughout the present
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application, such as by forming layers, trenches, features, coatings, thermal
shunts, waveguides, and other various features described herein and applied
throughout the description and drawings.

[0037] FIGS. 4A-4H illustrate a method of forming a device 400 including an
optical waveguide resonator 430 according to an example. The device 400
illustrates an example of a microring laser. In FIG. 4A, substrate 402 includes a
buried oxide layer 406 and a first semiconductor layer 404. Isolation trenches
436 and thermal shunt trench 456 are disposed in the first semiconductor layer
404. The techniques described above, such as those regarding FIG. 3A may be
applied here (as well as applying to, and/or from, other figures throughout), such
as forming the shunts/trenches/vias by patterning/etching (including forming the
thermal shunt trench through the BOX layer 406). In FIG. 4B, p+ region 408
and the dielectric layer 410 are similarly disposed on the first semiconductor
layer 404. In FIG. 4C, second semiconductor layer 420 is disposed on the
dielectric layer 410. The second semiconductor layer 420 includes a metal layer
451. The metal layer 451 may be formed by deposition, and covered by a
dielectric deposition layer on top of the metal layer 451, to form at least a portion
of the second semiconductor layer 420. In FIG. 4D, the mesa region 422 of the
second semiconductor layer 420 is formed. For example, a hybrid ring
resonator and bus waveguide may be formed through a self-aligned process,
after integrating the second semiconductor IlI-V layers with the first
semiconductor SOl substrate layer. The self-aligned process may be used to
pattern both the bus waveguide and the IlI-V disk, from a top of the dielectric
mask metal 451 of the IlI-V second semiconductor layer 420, down to the silicon
of the first semiconductor layer 404. The etching may be controlled to not
penetrate through the silicon, to leave a shallow pad for driving carriers to the
MOS interface. Surface passivation may be applied to the separately formed
portions of the second semiconductor layer 420 (e.g., to a ring resonator and a
bus waveguide).

[0038] In FIG. 4E, thermal shunt 455 is disposed on the first semiconductor
layer 404. The thermal shunt 455 may serve as an electrical contact. In FIG.

4F, contact window 426 is formed in the second semiconductor layer 420. The
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bus waveguide 442 also may be etched. The etching opens an inner hole on
the 1ll-V disk mesa structure 422, to make room for a common contact (second
contact 452) by exposing an underlying layer, while also forming the Ill-V ring
resonator structure. In FIG. 4G, second contact 452 is disposed in the second
semiconductor layer 420, shown separated from a contact region of metal layer
451, which may serve as a first contact. A common contact 452 is placed inside
the etched inner hole on IlI-V disk mesa. Surface passivation may be applied.
In FIG. 4H, encapsulation 458 and contact probe pads 459 are disposed on the
second semiconductor layer 420. A bus waveguide 442 is formed, and the
optical waveguide resonator 430 results, includes an active region 434.

[0039] Device 400 illustrates an example hybrid microring laser. The
microring laser is to confine an optical mode tightly based on bending, in
contrast to the structure of FIG. 3 whose IlI-V mesa width is comparatively
larger than the silicon waveguide. However, similar techniques/structures as
those shown in FIG. 3 may be used to fabricate a travelling-wave resonator
structures/lasers, e.g., ring and disk resonator lasers, with appropriate
adjustments. As shown in FIG. 4, a hybrid MOS laser with travelling-wave
resonator structure is to modulate the laser resonator waveguide. Carriers
injected from first and second contacts 451, 452 are to recombine in a laser
active region 434 to emit photons, which are guided by the hybrid ring
resonator. Some photons are coupled to the bus waveguide 442 to provide
laser output. Applying voltage across thermal shunt contact 455 and second
contact 452 causes changes in carrier concentration in the hybrid ring
waveguide.  This causes variation in its modal index and loss, and
corresponding laser phase and loss modulation.

[0040] An in-plane coupling resonator/bus waveguide arrangement is
illustrated in FIG. 4 (and FIG. 5), whereby the bus waveguide 442 is arranged in
the same plane (i.e., horizontal) to the laser resonator 430. Device 400 may
use a straight bus waveguide 442, and the coupling length between the ring
resonator and bus waveguide may be relatively small to capture the refraction of

the light in view of the straight bus waveguide 442. In alternate examples, a
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curved bus waveguide may be used to allow for a relatively larger
separation/couple length.

[0041] FIGS. 5A-5H illustrate a method of forming a device 500 including an
optical waveguide resonator 530 according to an example. Device 500 is an
example hybrid MOS laser with a travelling-wave resonator structure to
modulate a bus waveguide, using a curved bus waveguide 542. In FIG. 5A,
substrate 502 includes a buried oxide layer 506 and a first semiconductor layer
504. The Si ring and bus waveguides may be patterned prior to the IlI-V-on-Si
integration shown in FIG. 5C. lIsolation trench 536 and waveguide trench 538
are disposed in the first semiconductor layer 504. In the example of FIG. 5, a
thermal shunt is not specifically shown (but may be included optionally). In
contrast to the deep penetration of a thermal shunt, the isolation trench 536 just
stops at the BOX layer 506, and does not penetrate through it. In FIG. 5B, the
p+ region 508 and the dielectric layer 510 are disposed on the first
semiconductor layer 504. In FIG. 5C, second semiconductor layer 520 is
disposed on the dielectric layer 510. A top of the second semiconductor layer
520 may receive a dielectric deposition. In FIG. 5D, the mesa region 522 of the
second semiconductor layer 520 is formed. A top of the second semiconductor
layer 520 may receive surface passivation.

[0042] In FIG. 5E, contact windows 526 are formed in the first and second
semiconductor layers 504, 520. H+ regions 524 are disposed in the first and
second semiconductor layers 504, 520. A proton process may be used to
define a current channel in the Ill-V disk mesa 522. In contrast to the approach
used in FIG. 4F where a hole was etched inside the IlI-V disk/mesa 422, proton
implantation is used in FIG. 5E without a need to physically remove the center
[lI-V. Rather, the proton implantation causes the center part to have a high
electrical resistance, so the carriers will pass through the regions close to the
edge of the mesa 522, to recombine and overlap with the optical mode 534. In
FIG. 5F, first contact 550, second contact 552, and third contact 554 are
disposed in the first and second semiconductor layers 504, 520. Common
metal contact 554 is placed outside the laser mesa structure 522. The first

contact 550 is shown touching the silicon 504, and the first and third contacts
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550, 554 are to apply an electric field across the MOS region (i.e., capacitor
formed by sandwiching the dielectric 510). In FIG. 5G, encapsulation 558 and
contact probe pads 559 are disposed on the first and second semiconductor
layers 504, 520. The resulting optical waveguide resonator 530 includes active
region(s) 534. FIG. 5H illustrates a cross-sectional overhead view of device 500
taken along the dashed line extending across FIG. 5G, showing first contact
550, second contact 552, and third contact 554, along with curved bus
waveguide 542.

[0043] Thus, FIG. 5 illustrates yet another process(es) to realize another
travelling-wave resonator laser, for a hybrid MOS laser with a travelling-wave
resonator structure to modulate the bus waveguide. In contrast to applying
voltage to the hybrid laser resonator waveguide (as shown in Fig. 4), voltage is
applied in FIG. 5 to the bus waveguide (through the first and third contacts 550,
554). By varying the bus waveguide modal index and loss as shown in FIG. 5,
outcoupling of the laser signal from the laser to the bus waveguide is varied to
realize laser output modulation.

[0044] A curved conformal bus waveguide 542 is shown as an example bus
waveguide design. Compared to a straight bus waveguide, the curved
conformal bus waveguide 542 has a longer interaction length (i.e., coupling
length) with the resonator, for more efficient light capture and output power
modulation. Additionally, the curved conformal bus waveguide 542 enables a
relaxed tolerance for device positions, e.g., the separation distance (between
the curved bus waveguide 542 and resonator) can be relatively larger. A
portion of the bus waveguide 542 that is conformal with the resonator disk also
is variable according to design choice. The conformal portion is not limited to
the 180 degree sweep as shown in FIG. 5, and may sweep other angles such
as 30 degrees, 40 degrees etc. (including angles of greater than or less than
180 degrees). FIG. 5 also illustrates an example of an in-plane coupling
scheme, where the bus waveguide 542 is in the same plane (i.e., horizontal) as
the laser resonator.

[0045] FIGS. 6A-6H illustrate a method of forming a device 600 including an

optical waveguide resonator 630 according to an example. In FIG. 6A,
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substrate 602 includes a buried oxide layer 606 and a first semiconductor layer
604. Isolation trench 636, waveguide trench 638, bus waveguide 642, and
thermal shunt trench 656 are disposed in the first semiconductor layer 604. In
contrast to FIG. 5, instead of having a thermal shunt formed outside the
resonator ring, device 600 includes a thermal shunt structure/contact 652
located inside the ring. Thus, the thermal shunt trench 656 etches a hole
through the BOX layer 606 inside the ring. In FIG. 6B, p+ regions 608 and the
dielectric layer 610 are disposed on the first semiconductor layer 604. In FIG.
6C, second semiconductor layer 620 is disposed on the dielectric layer 610,
including metal layer 651. The metal layer 651 may be formed by deposition,
and dielectric deposition may be applied on top of the metal layer 651. In FIG.
6D, the mesa region 622 of the second semiconductor layer 620 is formed. A
top of the second semiconductor layer 620 may receive surface passivation.

[0046] In FIG. 6E, contact windows 626 are formed in the first and second
semiconductor layers 604, 620. The p+ Si region may be exposed, and the IlI-V
ring structure may be formed, based on etching a hole inside the IlI-V, to
contiguously remove the IlI-V layer(s) of the second semiconductor layer 620.
In FIG. 6F, first contact 650, second contact 652, and third contact 654 are
disposed in the first and second semiconductor layers 604, 620. The second
contact 652 contacts both the silicon device layer 604, and also the silicon
substrate 602. Thus, the second contact 652 may serve two purposes: 1) a
thermal shunt, and 2) a contact to apply an electric field between the IlI-V and
the silicon layers. In FIG. 6G, encapsulation 658 and contact probe pads 659
are disposed on the first and second semiconductor layers 604, 620, resulting in
the optical waveguide resonator 630. Bus waveguide 642 is also indicated.
Two active regions are indicated by small circles in FIG. 6G, under the device
630 above the BOX 602. The active region to the right is contained in the IlI-V
layers of the second semiconductor layer 620, and there is no silicon
underneath due to an isolation trench 636 under that active region. The lack of
silicon due to the isolation trench 636 enables most of the light of the
corresponding active region to be confined to overlap with the active region,

confined in the IlI-V layers of the second semiconductor layer 620. In contrast,
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the active region of the left circle is positioned above the bus waveguide 642
that is positioned under the overlying region of the IlI-V layers, resulting in more
of a vertical coupling arrangement. Light from the active region on the left ‘sees’
the silicon waveguide 642 underneath it, coupling to that silicon waveguide 642,
enabling extraction of the light out of that active region. FIG. 6H illustrates a
cross-sectional overhead view of device 600 taken along the dashed line
extending across FIG. 6G, showing first contact 650, second contact 652, metal
layer contact 651, and third contact 654, along with curved bus waveguide 642
positioned in a vertical coupling arrangement.

[0047] Thus, FIG. 6 illustrates a hybrid MOS laser with travelling-wave
resonator structure, and vertically coupling laser resonator and bus waveguide.
The bus waveguide 642 can be above or underneath the laser resonator for
vertical coupling. The common contact 650, 654 is still outside the laser
resonator, as in the example of FIG. 5, but the p+ Si region 608 for the second
contact 652 is inside the laser resonator. Voltage may be applied across the
second contact 652 and the first/third contacts 650/654, to change modal index
and loss of the bus waveguide and also the laser resonator, so a simultaneous
phase and loss modulation may be realized.

[0048] The foregoing examples illustrate hybrid MOS lasers, and similar
principles may be applied to a hybrid modulator, which may easily be integrated
with lasers to form, e.g., a transmitter as shown in FIG. 7.

[0049] FIGS. 7A-7H illustrate a method of forming a device 700 including an
optical waveguide resonator 730 according to an example. Device 700 can
integrate the laser 730 and the modulator 740 together, including the MOS
structure within them. The structures may use the same second semiconductor
layer from the laser 730 to form the modulator 740, avoiding a need to bond
another layer/piece to form both devices. In FIG. 7A, substrate 702 includes a
buried oxide layer 706 and a first semiconductor layer 704. Isolation trench 736,
waveguide trench 738, bus waveguide 742, and second bus waveguide 743 are
disposed in the first semiconductor layer 704. In FIG. 7B, p+ region 708 and the
dielectric layer 710 are disposed on the first semiconductor layer 704. In FIG.

7C, second semiconductor layer 720 is disposed on the dielectric layer 710,
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including metal layer 751. The second semiconductor layer 720 may receive
the metal layer 751 based on metal deposition, and may receive, on top of the
metal layer 751, a layer of dielectric deposition.

[0050] In FIG. 7D, the mesa region 722 of the second semiconductor layer
720 is formed. In FIG. 7E, contact windows 726 are formed in the first and
second semiconductor layers 704, 720. The modulator ring is also formed, to
the right of the mesa region 722 of the laser modulator ring. Bus waveguide
742 for the optical modulator 740 is also shown, which may be formed based on
etching an isolation trench between the laser and the modulator. In FIG. 7F,
first contact 750, second contact 752, first modulator contact 753, and second
modulator contact 757 are disposed in the first and second semiconductor
layers 704, 720.

[0051] In FIG. 7G, encapsulation 758 and contact probe pads 759 are
disposed on the first and second semiconductor layers 704, 720, resulting in the
optical waveguide resonator 730 and optical modulator 740. FIG. 7H illustrates
a cross-sectional overhead view of device 700 including the optical waveguide
resonator 730 and optical modulator 740, showing first contact 750, second
contact 752, first modulator contact 753, and second modulator contact 757,
along with bus waveguide 742.

[0052] Thus, an integrated hybrid laser and travelling-wave resonator
structure (similar to FIG. 6) and a hybrid MOS modulator with travelling-wave
resonator structure are realized in device 700. Two bus waveguides are shown
in the cross-sectional example of FIGS. 7A-7G, one for the laser 730 and one
for the modulator 740. However, one bus waveguide may be used for both the
laser 730 and the modulator 740, as shown in the top-view of FIG. 7H. A
continuous-wave (cw) laser signal thus may be coupled out to the bus
waveguide 742, and modulated by changing the modal index and loss of the
hybrid MOS modulator 740.

[0053] Features of the various examples may be interchanged with each
other. For example, the illustrated laser structure of device 700 may be
replaced with any kind of laser structure, to share the bus waveguide 742 with

the MOS modulator 740, because the modulator 740 is to modulate the signal.
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The laser may have its own MOS control electrode, which may optionally not be
used for the modulation, and instead may be used to tune the laser to a
resonance wavelength of the modulator 740. Many lasers may be integrated,
along with many modulators, to form a multiple-channel transmitter. A laser-
modulator pair may be integrated together to modulate a channel of the signal.
[0054] The various illustrated examples include a waveguide structure that
can be formed before or after forming a dielectric layer between dissimilar first
and second semiconductor material layers. Other features included in some
examples, e.g., proton implantation to define carrier transportation paths,
thermal shunt formation, etc., may be added or removed in various examples,
without altering the MOS capacitor effects applied to the optical mode of the
corresponding devices.

[0055] Referring to Figures 8-10, flow diagrams are illustrated in accordance
with various examples of the present disclosure. The flow diagrams represent
processes that may be utilized in conjunction with various systems and devices
as discussed with reference to the preceding figures. While illustrated in a
particular order, the disclosure is not intended to be so limited. Rather, it is
expressly contemplated that various processes may occur in different orders
and/or simultaneously with other processes than those illustrated.

[0056] Generally, forming the various example devices described herein
may be accomplished based on some common techniques. For example,
techniques such as patterning the waveguide, patterning the isolation or thermal
trench, forming the capacitor dielectric on one or both dissimilar materials of the
first and second semiconductor layers, bonding these layers together, forming a
MOS capacitor with a dielectric in between, forming a waveguide structure with
a laser modulator such that the optical mode region overlaps with the capacitor
region, forming contacts on the two semiconductor layers, and applying an
electric field across the MOS capacitor structure to affect optical modes.

[0057] FIG. 8 is a flow chart 800 based on forming an optical waveguide
resonator according to an example. In block 810, a waveguide, isolation trench,
and/or thermal trench are formed on at least one of the first and second

semiconductor layers. For example, a waveguide may be formed between
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etched trenches. In block 820, a capacitor dielectric is formed on at least one of
the first and second semiconductor layers. For example, the dielectric may be
formed on an underside of the second semiconductor layer that is to face the
first semiconductor layer. In block 830, the first and second semiconductor
layers are integrated together to sandwich the dielectric to form the MOS
capacitor. For example, the layers are sandwiched together using wafer
bonding. In block 840, the optical waveguide resonator is formed, placed such
that the capacitor dielectric is inside an optical mode region of the optical
resonator. For example, a mesa structure may be formed and a center portion
may be etched away to create a ring structure. In block 850, metal contacts are
formed on the first and second semiconductor layers, to apply voltage across
the MOS capacitor. For example, the contacts may be formed into contact
windows, based on metal deposition.

[0058] FIG. 9 is a flow chart 900 based on forming an optical waveguide
resonator according to an example. In block 910, a first semiconductor layer is
formed, disposed on a substrate. For example, the substrate may be a SOI
including a silicon layer and a BOX layer. In block 920, a dielectric layer is
formed between the first semiconductor layer and a second semiconductor
layer. For example, the dielectric layer may be formed by oxidizing a portion of
the first semiconductor layer, or a dielectric material may be deposited on top of
the first semiconductor layer based on a dielectric deposition process. The
second semiconductor layer is dissimilar from the first semiconductor layer. For
example, a Ill-V semiconductor material second layer may be wafer bonded with
the silicon first semiconductor layer, to sandwich the dielectric layer between the
first and second layers. In an alternate example, the dielectric may be formed
on at least one of the first or second semiconductor layers, prior to being
sandwiched between them. In block 930, a capacitor is formed in at least a
portion of the first semiconductor layer, the dielectric layer, and the second
semiconductor layer. For example, sandwiching the dielectric with dissimilar
semiconductors creates a capacitor structure, which may be electrically isolated
using an isolation trench. In block 940, an optical waveguide resonator is

formed in at least one of the first and second semiconductor layers, including an
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active region in at least one of the first and second semiconductor layers. For
example, the optical waveguide resonator may include the capacitor that is
electrically confined within the optical waveguide resonator based on an
isolation trench. In block 950, a first contact, a second contact, and a third
contact of the optical waveguide resonator are formed, wherein the first and
second contacts are usable to generate an optical signal at the active region,
and wherein the third contact is usable to modulate a bias voltage to modulate
the optical signal. For example, the first, second, and third contacts may be
formed by etching contact windows, and filling the windows based on metal
deposition. A contact also may function as a thermal shunt.

[0059] FIG. 10 is a flow chart 1000 based on forming an optical waveguide
resonator according to an example. In block 1010, a first semiconductor layer is
formed on a substrate. For example, the substrate may be a SOI that isolates
the first semiconductor layer from the remainder of the substrate based on a
BOX layer. In block 1020, a dielectric layer is formed between the first
semiconductor layer, and a second semiconductor layer, wherein the second
semiconductor layer is dissimilar from the first semiconductor layer. For
example, the first and second semiconductor layers are to sandwich the
dielectric layer, which may be formed on the first and/or second semiconductor
layer(s) based on dielectric deposition. In block 1030, an optical waveguide
resonator is formed in at least one of the first and second semiconductor layers,
including an active region disposed in at least one of the first and second
semiconductor layers, and including a capacitor formed of at least a portion of
the first semiconductor layer, the dielectric layer, and the second semiconductor
layer. For example, portions of the first and/or second semiconductor layers
may be etched or subjected to ion implantation to form the various structural
elements of the optical waveguide resonator, having a corresponding
arrangement relative to the various features described above. In block 1040, an
optical modulator is formed in the first and second semiconductor layers,
wherein the optical modulator is to modulate output of the waveguide. For
example, the optical modulator may be formed from a subset of the layers used

in the optical waveguide resonator, thereby providing enhanced efficiency of
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manufacture and reduced device area footprint, by enabling the same layer(s) to

be used to form both the optical waveguide resonator and optical modulator.
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WHAT IS CLAIMED IS:

1. A device comprising:

a first semiconductor layer disposed on a substrate;

a dielectric layer disposed between the first semiconductor layer and a
second semiconductor layer disposed on the dielectric layer, wherein the
second semiconductor layer is dissimilar from the first semiconductor layer;

an optical waveguide resonator disposed in at least one of the first and
second semiconductor layers, including an active region disposed in at least
one of the first and second semiconductor layers, and including a capacitor
formed of at least a portion of the first semiconductor layer, the dielectric layer,
and the second semiconductor layer; and

an optical modulator disposed in the first and second semiconductor

layers, wherein the optical modulator is to modulate an output of the waveguide.

2. The device of claim 1, further comprising an isolation trench
disposed in at least one of the first and second semiconductor layers, to
electrically isolate the capacitor from a corresponding one of the first and
second semiconductor layers, in which layer an optical signal of the optical

waveguide resonator does not exist.

3. The device of claim 1, wherein at least one of the optical
waveguide resonator and the optical modulator is to be optically coupled to an

output waveguide.

4, The device of claim 1, wherein at least one of i) the optical

resonator and ii) the optical modulator comprises a ring resonator.

5. The device of claim 1, wherein the optical waveguide resonator
and the optical modulator are formed of a same set of IlI-V semiconductors of

the second semiconductor layer, wherein the optical waveguide resonator and
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the optical modulator share a similar Ill-V layer structure below the active region

of the optical waveguide resonator.

6. A method, comprising:

forming a dielectric layer between a first semiconductor layer disposed on
a substrate and a second semiconductor layer, wherein the second
semiconductor layer is dissimilar from the first semiconductor layer;

forming a capacitor in at least a portion of the first semiconductor layer,
the dielectric layer, and the second semiconductor layer;

forming an optical waveguide resonator in at least one of the first and
second semiconductor layers, including an active region in at least one of the
first and second semiconductor layers; and

forming a first contact, a second contact, and a third contact of the optical
waveguide resonator, wherein the first and second contacts are to generate an
optical signal at the active region, and wherein the third contact is usable to

modulate a bias voltage to modulate the optical signal.

7. The device of claim 6, wherein at least one of the first, second,
and third contacts comprises a thermal shunt disposed in a thermal trench,
wherein the thermal shunt serves as an electrode in contact with the first
semiconductor layer, and wherein the thermal shunt is not in contact with the

second semiconductor layer.

8. The method of claim 6, further comprising forming a doped region
of the first semiconductor layer prior to forming the dielectric layer, wherein the

doped region is to correspond to the third contact.
9. The method of claim 6, further comprising forming a thermal
trench prior to forming the dielectric layer, and forming a thermal shunt in the

thermal trench.

10. A method, comprising:



WO 2016/018285 PCT/US2014/048818

-23-

forming a first semiconductor layer on a substrate;

forming a dielectric layer between the first semiconductor layer and a
second semiconductor layer, wherein the second semiconductor layer is
dissimilar from the first semiconductor layer;

forming an optical waveguide resonator in at least one of the first and
second semiconductor layers, including an active region disposed in at least
one of the first and second semiconductor layers, and including a capacitor
formed of at least a portion of the first semiconductor layer, the dielectric layer,
and the second semiconductor layer; and

forming an optical modulator in the first and second semiconductor

layers, wherein the optical modulator is to modulate an output of the waveguide.

11. The method of claim 10, further comprising forming an output
waveguide to be optically coupled to at least one of the optical waveguide

resonator and the optical modulator.

12. The method of claim 10, further comprising forming the optical
waveguide resonator and the optical modulator based on a same set of Ill-V
semiconductors of the second semiconductor layer, wherein the optical
waveguide resonator and the optical modulator share a similar IlI-V layer

structure below the active region of the optical waveguide resonator.

13.  The method of claim 10, wherein the second semiconductor layer
is comprised of a Ill-V compound semiconductor material, and wherein forming
the second semiconductor layer comprises wafer bonding the second

semiconductor layer to the dielectric.

14. The method of claim 10, further comprising forming a doped
region of the first semiconductor layer prior to forming the dielectric layer,

wherein the doped region is to correspond to the third contact.
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15. The method of claim 10, further comprising forming a thermal
trench prior to forming the dielectric layer, and forming a thermal shunt in the

thermal trench.



WO 2016/018285 PCT/US2014/048818

1710

Optical

=




888888888888888888888888888888




WO 2016/018285 PCT/US2014/048818

320

FiG. 3C
FIG. 3G

FiG. 3F

324

300 e



WO 2016/018285 PCT/US2014/048818

4/10

430

FIG. 4H

\&\\

FIG. 4G

FIG. 4F

% 5 @a 4




PCT/US2014/048818

WO 2016/018285

/

44

i

0

Z

G

P (0G



PCT/US2014/048818

WO 2016/018285

H m §9/]

o
7

610

el




PCT/US2014/048818

WO 2016/018285

710




WO 2016/018285 PCT/US2014/048818

8/10

SOON

Form waveguide, isolation trench, andfor thermal L——810
french on at least one of the first and second
semiconductor layers

¥

. . . 2
Form capacitor dislectric on at least one of the ¥ 820
first and second semiconductor fayers

v

Integrate the first and second semiconductor 830
layers together {o sandwich the dislectric to form
the MOS capacitor

¥

Form the optical waveguide rescnator placed 840
such that the capacitor disleclric is inside an
optical mode region of the oplical resonalor

X

Form metal contacts on the first and second 850
semiconductor layers, to apply vollage across
the MOS capacitor




WO 2016/018285 PCT/US2014/048818

8/10
900“\

Form a first semiconductor layer disposed on a 7 910
substrate

¥

Form a dielectric layer between the first 920

semiconductor layer and a second
semiconductor layer, wherein the second
semiconductor layer is dissimilar from the first
sermiconductor layer

¥

e . . G350
Form a capacitor in at least a portion of the first
semiconductor laver, the dielectric layer, and the
second semiconductor layer

¥

Form an optical waveguide resonator in atleast | 0840
one of the first and second semiconductor layers,
including an actlive region in at least one of the
first and second semiconductor fayers

¥

Form a first contact, a second contact, and a
third contact of the oplical waveguide resonator,
wherain the first and second contacts are to
generate an optlical signal at the active region,
and wherein the third contact is usable to
modulate g bias voltage to modulate the oplical

signal




WO 2016/018285 PCT/US2014/048818

1610
‘iOOOm«m\

Form a first semiconductor layer on a substrate

!

Form a dielectric layer between the first oy
semiconductor fayer and a second
semiconductor layer, wherein the second
semiconductor layer is dissimilar from the first

semiconductor fayer

¥

Form an optical waveguide resonator in at least 1030
one of the first and second semiconductor layers,
including an active region disposed in at least
one of the first and second semiconductor layers,
and including a capacilor formed of at least a
portion of the first semiconductor layer, the
diglectric layer, and the second semiconductor
iayer

A
Form an oplical modulator in the first and second

semiconductor layers, wherein the oplical
modulator is to modulate output of the

wavequide




ATIONAL SEARC 0) International application No.
INTERNATIONAL SEARCH REPORT PCT/US2014/048818

A. CLASSIFICATION OF SUBJECT MATTER
G02B 6/12(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
G02B 6/12; GO2F 1/025; HOIL 29/94; HO1L 21/30; GO2F 1/035; HO1L 29/06; G02B 6/132; HOLS 5/10; HO1S 5/062

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models

Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & Keywords: optical waveguide, semiconductor layers, capacitor, modulator

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 2013-165376 A1 (HEWLETT-PACKARD DEVELOPMENT COMPANY, L.P.) 1-6,8-15
07 November 2013
See paragraphs [016]-[023], claims 1-6 and figures 1-6.

Y WO 2013-066318 A1 (HEWLETT-PACKARD DEVELOPMENT COMPANY, L.P.) 7
10 May 2013
See abstract, claim 6 and figures 1-5.

A US 2011-0293216 A1 (LIPSON et al.) 01 December 2011 1-15
See abstract, claims 1-5 and figures la-5.

A US 2011-0073989 Al (RONG et al.) 31 March 2011 1-15
See abstract, claims 1-8 and figures 1-6.

A US 2010-0215309 A1 (SHUBIN et al.) 26 August 2010 1-15
See abstract, claims 1-4 and figures 1-13.

. . . . N7 :
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the applicationbut cited to understand
to be of particular relevance the principle or theory underlying the invention
"E"  earlier application or patent but published on or after the international "X" document of particular relevance; the ¢laimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
21 April 2015 (21.04.2015) 22 April 2015 (22.04.2015)
Name and mailing address of the ISA/KR Authorized officer

International Application Division

Korean Intellectual Property Office

189 Cheongsa-1o, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Féi:;irhile No. ++8242472 7140 Telephone No. +82-42-481-8405
Form PCT/ISA/210 (second sheet) (January 2015)

S

KANG, Sung Chul




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2014/048818
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2015-165376 Al 07/11/2013 KR 10-2015-0006419 A 16/01/2015
TW 201346379 A 16/11/2013
US 2015-0055910 Al 26/02/2015
WO 20153-066318 Al 10/05/2013 CN 103891067 A 25/06/2014
EP 2774229 Al 10/09/2014
KR 10-2014-0069341 A 09/06/2014
TW 201324994 A 16/06/2013
US 2014-0314109 Al 23/10/2014
US 8937981 B2 20/01/2015
US 2011-0293216 Al 01/12/2011 US 8805130 B2 12/08/2014
US 2011-0073989 Al 31/03/2011 CN 102033332 A 27/04/2011
EP 2481085 Al 01/08/2012
JP 2013-505485 A 14/02/2013
TW 201133579 A 01/10/2011
US 8450186 B2 28/05/2013
WO 2011-037686 Al 31/03/2011
US 2010-0215309 Al 26/08/2010 US 8014636 B2 06/09/2011

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - wo-search-report
	Page 38 - wo-search-report

