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(57) Abstract: A beam-steering device, such as a steerable electro-evanescent optical refractor, has a planar waveguide region between
an incoupler and an outcoupler. Each region has a substrate and a plurality of thin-film layers, such as a subcladding layer over the
substrate and a core layer over the subcladding. For at least one coupler, at least two of the thin-film layers have spatially varying optical
thicknesses due to, for example, the subcladding and the core being tapered with decreasing thicknesses from the waveguide region to
the corresponding facet of the 8 S device. Alternatively, spatially varying optical thickness can be achieved by spatially varying a layer's
refractive index. The coupler has a FWHM bandwidth and a FWHM coupling angle tolerance that greatly exceed those achievable
using corsventional Ulrich couplers.
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ORTICAL COUPLER HAVING MULTIPLE THIN-FILM LAYERS
WITH SPATIALLY VARYING OPTICAL THICKNESSES

[0001] This application claims the benefit of the filing dates of U.S. provisional application
no. 82/613,180, filed on 01/03/18; U.S. provisional application no. §2/613,185, filed on
ON0348; and U.S. provisional application 62/635,952, filed on 02/27/18, the teachings of all of
which are incarporated herein by reference in their entirety.

Statement of Government interest

{00027 Under paragraph 1{a) of Executive Order 10088, the conditions under which this
invention was made entitle the Government of the United States, as represented by the
Secretary of the Navy, to an undivided interest thersin on any patent granted thereon by the

United States. This and related patents are available for licensing to gualified licensees.

BACKGROUND

Field of the Invention

[0Q03] The present invention refates fo non-mechanical beam-steering devices and optical
systems using such devices and, more particularly but not exclusively, to steerable electro-
evanescent optical refractors (SEEQRSs) and optical systems using SEEORSs for non-
mechanical beam steering (NMBS) and other applications.

Description of the Related Add

[0004] This section introduces aspects that may help facilitate a betfter understanding of the
invention.  Accordingly, the statements of this section are to be read in this light and are notto
be understood as admissions about what is prior art or what is not prior art.

[0005T Thin-film slab waveguides are utiized for a variety of applications, including
refractive non-mechanical beam steering (NMBS). Typically, these systems are coupled
using either external prisms or faceted substrates having a tapered subcladding layer, referred
to herein as Ulrich couplers.  See R. Ulrich, "Optimum excitation of oplical surface waves”
Journal of the Optical Society of Americs 81{11), 14671477 {1871}, the teachings of which are
incorporated herein by reference.  In both cases, the fundamental method of operation is

-1-
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similar: & {apered region creates 3 spatially varying interaction between the waveguide core
gnd the prismisubsirate.  In prism-{ype optical couplers, a tapered air.gap is created using
gither spacers or pressure 10 bend the prism substrate, while Ulrich couplers have 3 tapered
subcladding. At a specific point along the tapered region, a phase-malching condition is
reached between a guided mode iy the coupler's waveguide and the incident light, and
coupling into the waveguide is achieved. In such devices, the phase-malching condition is
achieved around exirermely natrow poles in a calculated resonant tenm that is dependent on
several features of the coupler structure and the interaction of the incident beam with the
coupler,

[0006] FIG. 1Ais a cross-sectional side view of a conventional non-mechanical beam-
stearing {BS) device 100 of the prior art, and FIG. 1B is a perspective view of the top of the
conventional BS device 100 of FIG. 1A, and. The conventional BS device 100 has a planar
waveguide region 104 separating a fapered {i.s., faceled), Ulrich incoupler 102 and a tapersd,
Ulrich outcoupler 106, FIG. 1C is a magnified cross-sectional side view of the Ulrich incoupler
102 and part of the waveguide region 104 of the conventional BS device 100 of FiGs. 1A and
1B.

[0007] Asrepresented in FIGs. 1A and 10, each of the waveguide region 104 and the
couplers 102 and 108 has a substrate 120, a subcladding layer 122 over the substrate 120, 8
core layer 124 over the subcladding 122, a liguid crystal (LC) layer 128 functioning as a top
cladding layer over the core 124, and a cover glass layer 128 over the LU layer 126 that relains
and protects the LC layer 126, Ag shown in FiGs. 1A and 18, formed within the glass layer
128 ontop of the LG laver 126 are horizontabstearing electrodes 130 over the waveguide
ragion 104 and a verlical-steering electrode 132 over the otdcoupler 108,

[0008] As shownin FIGs. 1A and 1C, alt of the fayers within the waveguide region 104 have
uniform thicknesses. For the couplers 102 and 108, the substrate 120 and the subcladding
122 are both tapered with thicknesses that decrease from the side abulting the waveguide
region 104 to the input and output tips 108 and 110, respectively, of the conventional BS
device 100, while the core 124 has the same uniform thickness . throtughout the
conventional BS device 100

[0009] When deployed in an optical system, light {e.g., laser light) thatis incident at the
incoupler facet 112 is coupled into the core 124 within the incoupler 102 and traverses along
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the core 124 fhrough the waveguide region 104 to the outcoupler 108, where the light is
amitted from the cutcoupier facet 114,

{0010} FiGs. 2A and 2B are, respectively, a cross-sectional side view and a perspective top
view of the conventional BS device 100 of FiGs. 1A and 18, indicating vaniations in the path of
cutgoing light 204 emitled from the outcoupler 108 as functions of electric fields applied by the
horizontal-steering electrodes 130 and the vertical-steering slectrode 132, In particular, FIG.
A indicates the range of variation in the vertical angle 8,110, Tor the sutgoing light 204 for
different voltage levels applied by the vertical-stesring electrode 132, while FIG. 2B indicates
the range of variation in the horizontal angle Byurizenca OF the outgoing light 204 for different
voltage levels applied by the horizontabsiesring electrodes 130, Note that, for a static set of
vollages applied {o the slectrodes 130 and 132, incoming light 202 of a single wavelength that
successiully couples into the incoupler 102 will be emifted from the conventional BS device 100
at the outcoupler facet 114 as oulgoing light 204 in a particular oulgoing direction having a
vertical angle 8.ormeq 8nd 8 horizontal angle Gy that are dependent on those
volages. The outgoing light 204 can be steered by selectively varying those voltages to
change the vertical andfor horizontal angles of the oulgoing direction.

{00117 While effective and routinely used, this coupling process has two fundamental
fmitations. .  Firgt, the phase-matching conditions ¢reated are inherently narrow-band; and they
are exiremely sensitive 10 the external angle of the source as it Hluminates the incoupler facet
112 of conventional BS device 100.  Second, for mid-wave infrared {(MWIR) light (A = 3-5 umy),
typical full-width half max (FWHM) bandwidths for waveguides coupled in this manner are ~10-
50 nm, with angular acceptance FWHM on the order of 0.1%, depending on the taper angles of
the subdladding 122 within the couplers 102 and 106,  Generally, these FWHM values will
scate proporiional to the wavelength of ight, such that couplers designed o work with short-
wave infrared light (A = 1.5-3 pm} will have proportionally narrower bandwidths and angular
acceptances.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Embodiments of the invention will become more fully apparent from the following
detagiled description, the appended claims, and the accompanying drawings in which fike

reference numerals identify similar or identical elements.
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{0013} FiGs. 1A and 1B are, respectively, 2 cross-sectional side view and g perspective top

view of a conventional non-mechanicsl beam-sieering (BS) device of the pror art;

{G014] FIG 10 isa magnified cross-sectiona! side view of the incoupler and part of the

planar waveguide region of the conventional BS device of FIGs. 1A and 1B8;

[GO1B] FiGs. 24 and 2B are, respectively, a cross-sectiongl side view and a perspective top
view of the conventional BE device of FiGs. 1A and 1B, indicating variations in the path of
oufgoing light from the outcoupler as functions of elecinic fields applied by the device's steering

electrodes;

[0016]1 FIG. 3 s a magnified cross-sectional side view of the new incoupler and parf of the

planar waveguids region of a new BS device;

[G017] FIGs. 4A and 4B are graphical representations of the fayer thicknesses as funclions
of distance from the Hp for the subcladding and the core, respectively, for an example of the

new incoupter of FIG. 3;

{00187 FIG. A is a graphical representation of the guided power vs. wavelength for an
example of the conventional BS device of FIGs. 1A-1C, while FIG. 5B Is a graphical
representation of the guided power vs. wavelength for an example of the new BS device of

FIG. 3 having the example incoupler of FIGs. 4A and 4B;

[0018] FIG. 68 is a graphical representation of the guided power vs. wavelength for the
gxample conventional BS device of FIG. 5A and the example new BE device of FIG. §8;

[0020] FIG. 7 Is a cross-sectional side view of a BE device having a planar waveguide

region betweaen a tapered incotpler and 8 tapered outcoupler,

[0021] FIG. 8 presents graphical representations of the resulling relative guided power
through an example of the BE devige of FIG. 7 for different applied electric fields: and

[o022] FIG. 8is a schematic block diagram of an optical system that actively controls the
operations of the BE device of FIG. 7 by modifying the slectric field applied at the BS device's

incoupler.
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RETALED DESCRIPTION

[0023]1 Detlailed illustrative embodiments of the present invention are disclosed herein,
Haowever, specific structural and funclional detalls disclosed herein gre merely representative
for purposes of describing example embodiments of the present invention.  The present
invention may be embodied in many alternate forms and should not be construed as limited to
only the embodiments set forth herain,  Further, the ferminology used herein is for the purpose
of describing particular embodiments only and is nat intended to be limiting of example
embodiments of the invention.

[0024] As used herein, the singular forms "a," "an," and "the.” are intended o include the
plural forms as well, unless the context clearly indicates otherwise. I further will be
understood that the ferms “comprises,” "comprising,” “includes,” andfor "including,” specity the
presence of stated features, steps, or components, but do not preclude the presence or
addition of gne or more other features, steps, or components.

Broadband Optical Coupler Having Multiple Thin-Film Layers with Spatially Varying Optical

Thicknesses

bandwidth and angular acceptance FWHM by, in some embodiments, a factor greater than 10
In some embodiments, the new coupler relies upon spatially structuring multiple thin-film layers
of the coupler structure to greatly extend the phase-matching conditions for coupling. By
spatially structuring mutltiple thin-film layers, rather than {apering only the subcladding layer as
is done in the conventional BS device 100 of FiGs. 1A-1C, the effective index within a new
coupler can be held substantially constant across a broad band of wavelengths, allowing afl of
those wavelengths {o couple into the coupler simulfansously at a substantially identical externat
angle. Similarly, because the external coupling angle is a function of the effective index,
creating @ wide region with equal effective indices also greatly increases the coupling angle
tolerance (i.e., range of edermnal coupling angles) where the phase-matching condition s
satisfied and successiul coupling acours.

[C026] This innovation has a number of improvements over the current state-of-the-art.
First, the greatly expanded bandwidih makes the new couplers source-agnostic, that is, able to
simulfaneously accommodate multiple narrow-line sources, funable sources, or wideband

sources such as supercontinuum lasers.  Second, the increased angular acceplance greatly
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redaxes practical challenges in coupling, making the new couplers more robust with regards to
manufacturing and assembly tolerances and in-service handling and vibration. NMBS devices
fabricated using these new multiple-structured-laver couplers are able {o accommodate wide-
bandwidth/multi-line sources in a single refractive beam-steering device.  With a conventional
steerer, mulliple steering devices must be used, or the external coupling angle must be
changed to accommeodale a change in wavelength of the source, practical limiations that
impact the adoption of this technology.

[0027] FIG. 3 is a magnified cross-sectional side view of the new incoupler 302 and part of
the planar waveguide region 304 of a new beam-steering device 300,  Although not shown in
FU3. 3, the new BS device 300 has an oulcoupler on the other side of the waveguide region
304 that is analogous to the new incoupler 302 of FIG. 3. Note further thal, although not
represented in FIG. 3, the new BE device 300 may alse have glectrades, a liquid orystal iayer,
and a glass layer that are analogous to the corrgsponding elemenis in the conventional BS
device 100 of FIGs. 1A-1C.

[0028] Like the subsirate 120 of the conventional 8BS device 100, the substrate 320 of the
new BS device 300 is uniform within the waveguide region 304 and lapered (i.e., faceted)
within the incoupler 302 with a taper angle 8,.,; and a taperlength Ly, that corresponds

fa the length of the incoupler 302,

{00297 Similarly, ke the subdladding layer 122 of the conventional BS device 100, the
subcladding layer 322 of the new BS device 300 is uniform within the waveguide region 304
and tapered within the incoupler 302 with a taper angle 8. uqqq. @ 1aperlength L .0 and a
thickness typema 2t the input tip 308,

[0030] Significantly, however, unlike the core layer 124 of the conventional BS device 100,
which is uniform within both the waveguide region 104 and the incoupler 102, in the new BS
device 300 of FIG. 3, the core layer 324 is uniform within the waveguide region 304, bui
tapered within the incoupler 302 with a taper angle 8..,.. 8 taper length L., and a thickness

teore At the input tip 308

[0031] Note that the dimensions in FIG. 3 are not drawn o scale.  In typical
implementations, the substrate 320 is about a thousand fimes thicker than the combined
thickness of the subdcladding and core layers 322 and 324,  Furthermiore, although FIG, 3

&~
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shows the substrate 320 having zera thickness free at the input tip 308, in typicat

implementations, the substrate will have g non-zero thickness fu.. at the input tip 308,

{G032] Although not shown in FIG. 3, within the outcoupler of the new BS device 3006, the
subsirate 320, the subcladding 322, and the core 324 are also apered with one o more taper
angles, taper lengths, and/or tip thicknesses possibly, but not necessarily, being different from

the corresponding dimensions of the corresponding layers within the incoupler 302 of FIG. 3.

[0033] Inthe embodiment shown in FIG. 3, the subcladding 322 is formed with a linear {aper
profile directly on top of the substrate 320, and the core 324 is formed with g linear taper profile
directly on top of the subcladding 322,  In other embodiments, the subcladding 322 and/or the
pore 324 may have a nonlinear taper profile.  As shown in FIG. 3, the taper lengths Laess
Lawoiaa, a0 Lesre €N D, but do not have to be, different from each other.

(0034 Furthermore, one or more of the taper angles Sue, Gsebesd, 309 8o, the laper
lengths Licer. Loosoms, 8N4 Leoe, and the tip thicknesses fueer, fsussies, and foe can be different in
different instances of the new BS device 300 to achisve different coupling behavior and
waveguide properties.

[0035] In operation, collimated or near-collimated light is coupled info the new BS device
300 through the substrate facet 312 Oplimum parameters for the input coupling may be
determined by modelling the structure.  These parameters may include position along the
incoupler facet 312, beam diameter, radius of curvature of the beamfront, and coupling angle.
Light is coupled into the core 324 through the subcladding 322, and the higher refractive index
of the core 324 relative to the subcladding 322 results in waveguiding in the core 324, The
spatially varying thickness of the core 324 resulls in g spatially varying effective index for the
fundamental mode of the incoupler 302, thus permitting phase maiching to occur for a larger
range of wavelengths to satisfy the phase-matching condition for a fixed input coupling angle in
comparison with an Ulrich coupler without a tapered core, such as the Ulrich coupler 102 of
FiGs. 1A-1C.

[0036] Inexample implemeniations of the new BS device 300 of FIG. 3, a2 3mm-thick flat
silicon substrate 320 is (i} faceted on two ends, e.g., al a 39° taper angle B, by mechanical
grinding and {ii) polishing and cleaned by subsequent sonications in surfactant solution,

deionized water, acefone, and isopropanol.  The substrate 320 is placed in a vacuum oven fo
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completely dry.  The substrate's taper angle 8qee is not critical and is depentdent on the

wavelsngth and coupler structure.

[C037] The subcladding and core layvers 322 and 324 are then deposited by high-vacuum
theymal evaporation on top of the sflicon subsirate 320 to create the device structure of FIG. 3.
in one example implementation, the subcladding 322 is made of As:S;.  Within the incoupler
302, the taper is grown in the subcladding 322 having a taper angle Suwseies On the order of 250-
1500 yrad.  The taper is grown using an offset shadow mask with a suitable substrate-mask
separation of, for example, abowl 1 om. Within the non-coupling planar waveguide region
304, the subdladding 322 is grown sufficiently thick 1o ensure that that the optical mode Is
isolated from the silicon substrate 320

[0038] After subcladding deposition, the device is removed from the chamber, and a
different shadow mask is used o grow a {apered core 324 of a suitable material, for example,
As:Ses. The taper angle 8. v 0n the order of 50-800 yrad, and the substrate-mask
separation is about 1.5cm.  The incoupler 302 is defined by the overlap belween the tapered
regions of the core 324 and the subcladding 322, constraining the lateral placements of the
shadow masks relative {o the tip 308 of the faceted substrate 320,  In practice, the overlap
region is designed to be approximately the size of the laser beam spot.  The taper angles of
each fayer are not necessarily identical and can be independently adjusted to impact the
coupling behawvior, but, in practice, the {aper angle 8. 0f the core 324 will be less than the
taper angle Guuane Of the subcladding 322 due to the larger refractive index of the core.
Further, the laper angles are nol necessarily symmetrical at the incoupler and outcoupler of the
new BS device 300 and may be adiusted ¢ impact such parameters as dispersion of the
outcaupted beam, mode confinement in the core 324, and exit angle:

[0038] Inone example implementation of the new BS device 300, the taper angle Bapeisd of
the subcladding 322 is-about 500 yrad, and the taper angle fae. of the core 324 is about 160
urad, with subcladding and core thicknesses fuseas 8nd L of about 2 ym and about 1 ym,
respectively, at the tip 308 of the new BS device 300. Within a spot size of about 1.4 mm,
simulations of incoupling in this example new BS device 300 show a constant effective index
and constant coupling angle over an about 1 m bandwidth, with the oplimum coupling spot
{the spot at which phase matching occurs for a particular wavelength) shifting monolonically
with wavelength from the fip 308 fo the edge of the spot.  Therefore, within the entirety of the
spot, wavelengths with a bandwidth of about 1 um should be coupled.

-
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[C040] FiGs. 4A and 48 are graphical representations of the layer thicknesses as functions
of distance from the tip 308 for the subcladding 322 and the core 324, respectively, for an
exampie of the new incoupler 302 of FIG. 3. These figures demonsirate the substantial
fingarity of the taper profites of these layers for the example new incoupler 302.

[0041] After fabrication, the example new BS device 300 was removed from the chamber
and characterized using a broadband, mulli guantum cascade laser{QUL) source thatis
continuously funable between 3.6 pm and 4.7 ym, while guided power was measured using an
integrating sphere and MWIR detector positioned {o cateh the cutcoupled beam.  An example
gconventional BS device 100 of FIGs. 1A~1C, having a substrate 120 and subdladding 122
identical to the substrate 320 -and subcladding 322 of the example new BS device 300, but with
a non-tapered core 124, way also fabricated and characterized for comparisan.

[QO42] FIG. BAs a graphical representation of the guided power vs. wavelength for an
axample of the conventional BS device 100 of FiGs. 1A1C, while FIG. 58 is a graphical
representation of the guided power vs, wavelength for the example of the new BS device 300
of FIG, 3 having the example incoupler 302 of FIGs. 4A and 4B.  Each curve represents the
guided power (Y axis} as a function of the wavelength of the incoming light {X axis; for the
optimal coupling angle that corresponds to a different wavelength.  For example, the curve
tabeled 4.0 pm in FIG. BA represents the amount of ight that is measured coming out of the
outcoupler 106 of the example conventional BS device 100 for different wavelengths of
incoming hight that is applied at the conventional Ulrich incoupler 102 at the optimal angle of
incidence for light having a wavelength of 4.0 um.  Similarly, the curve labeled 4.0 ym in FIG.
5B represents the amount of light that is measured coming aut of the outcoupler of the example
new BS device 300 for different wavelengths of incoming light that is applied at the new
incoupler 302 at the optimal angle of incidence for light having a wavelength of 4.0 um.  As
shown in FIG. 3A, in the example conventional BS device 100 having a non-tapered core 124
within the conventional Ulrich incoupler 102, oplimization of coupling at different wavelengths
results in shifting of the fransmitted spectrum to a narrow band around the optimized
wavelength. On the other hand, as shown in FIG. 58, in the exampie new BS device 300
having a tapered core 324 within the new incoupler 302, optimization at different wavelengths
resulis in essentially no change in the guided spectrum.  The broadband, broad-angle
coupling behavior of the new incoupler 302 shows that there is little difference in throughput as
the coupling angle is varied as compared {o the narfowband, narrow-angle coupling behavior

of the conventional Ulrich incoupler 102.
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{00437 FiG. 6 is a graphical reprasentation of the guided power vs. wavelength for the
example conventional BS device 100 of FIG. 5A and the example new BS device 300 of FIG. 3.
FIG. 8 presents a comparison of the two guided spectra, where the coupling angle was fixed for
oplimized throughput at 4.0 pm, and the data was normalized to the guided power at 4.0 pm.
Al that fixed coupling angle, coupling is observed to occur over a significantly broader wavelength
region in the tapered core 324 of the example new incoupler 302 compared to the non-tapered
core 124 of the example conventional Ulrich coupler 102.  In parlicular, the sxample
conventional Ulrich coupler 102 had a fulb-width, halfmaximum (FWHM) bandwidth of 30 nmrand
a FWHM coupling angle folerance of 0.2 degrees, while the example new coupler 302 had a
FWHM bandwidth of 800 nm and a FWHM coupling angle tolerance of 3.8 degrees or about 20-
told increases in performance.

[0044] The new and conventional BS devices 300 and 100 with and withowt tapered cores,
respactively, were fabricated using techniques described in Frantz, el. & "Chalcogenide Glass
Waveguides for Refractive Non-Mechanical Beam Steerer,” U.5. Patent Application Serial No.
15/846,011 {"the "0 11 application”), filed 04/05/18, the teachings of which are incorporated herein
by reference. The waveguide core was brushed to serve as g liquid orystal glignment surface,
and a liquid crystal cell was fabricated on top of the waveguide using g liguid crystal with low
MWIR absorption.  The top of the liquid crystal cell was formed by a piece of quartz coated with
indium tin oxide {(T0). The ITO was palterned with a prismatic electrode pattern o create the
steering slements. The BE devices with tapered and non-tapersd cores exhibited the same
coupling behaviors as the corresponding bare incouplers {i.e., thin-film couplers without the LT
fayers, cover glass layers, and slectrodes) while simuliansousily undergoing active steering.

[0045] Embodiments of the new optical coupler 302 may provide one or more of the following
advaniages:

¢ The new couplers may have a significantly increased bandwidth compared fo
conventional Ulrich couplers, making them suitable for a wide range of laser sources that
da net have narrow iinewidths, such as supercontinuim-and multi-ine sources.

« The new couplers may have a sighificantly increased angular acceptance range
compared {o conventional Uirich couplers, allowing them to support a more-tobust method
for coupling that is insensiive o in-service vibration and manufacturing error in system
assembly.

~1{-
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s The new couplers may allow for simultanecus coupling, at either identical or different

angles, of multiple narrow-line or broadband laser sources.

[C046] Although the subcladding layer 322 and the core layer 324 are tapered in both the
incoupler and the outcoupler of the new BS device 300 of FIG. 3, in atlermative embodiments,
the subcladding layer and/or the core layer might be tapered inonly one of those couplers.

[6047] The idea of having the tapered core 324 in the new optical coupler 302 of FIG. 3 can
also be applied in prism-coupled waveguides, where the guiding core is tapered in the coupling
region o achieve the same effect, with a tapered air gap providing the second taper nstead of
the tapered subcladding layer 322.

{00481 Inthe smbodiments of the new BS device described above, broadband coupling is
achieved via spatial control of the effective index within the incoupler by tapering the core.  iIn
alternative embodiments, spatial conirol of the effective index can be achieved by techniques
other than tapering the core.  For example, other lavers may be tapered, such as the top
cladding, the substrate, or other incoupling {ayers that exist only within the incoupler (e.g., an
incoupling layer between the subcladding and the core), sither in addition {o or instead of the
core.  Ingeneral, the tapering of any given laysr may be lingar or non-iinear, independent of

the fapering of any other layers, 1o spatially control the effective index of the incoupler.

[0049] Additional methods of providing a spatially confrolled effective index may be used,
including but not limited o spatially varying the composition and refractive index of the core
and/or the subcladding {e.g.. As:{S:Se,} deposited via gradient techniques or through selective
diffusion, where x and y vary across the incoupler), sub-wavelength effective medium
structures, thermal gradients, and slectro-optic effects (e.g., liguid orystal with fine-spaced
tuning slectrodes that have different voliages applied to them).

{00507 ingeneral the new couplers have hwo of more thin-fim lavers {e.g., subdadding,
gore, and/or top cladding) with spatially varying optical thicknesses, where optical thickness
refers o the product of the thickness of a layer and the layer’s refractive index.  In the new BS
device 300 of FIG. 3, the subcladding layer 322 and the core layer 324 have spatially varying
aptics! thicknesseas dus to thelr respactive tapered layer thicknesses:  Those skilled in the art
will understand that a layer having spatially varying optical thickness ¢an be achieved by
spatially varying the refractive index of the layer (with or without spatially varying the layer

thickness)using one or more of the techniques suggested in the previous paragraph.  Further,
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those skilled in the art will understand that effective index of 3 conventional planar waveguide

is related to the optical thicknesses of its constituent layers.,

{0G051] As described previougly, the new couplers have fullwidth, halfarapimum (FWHM)
pandwidths and FWHM coupling angle {olerances that exceed those of conventional Ulrich
couplers.  In some embodiments of the new couplers, the FWHM bandwidths are greater than
80 nm and the FWHM coupling angle lolerances are greater than 0.4 degrees.  Insome
embodiments of the new couplars, the FWHM bandwidihs are greater than 150 nm and the
FWHM coupling angle tclerances are grester than 1 degree.  In some embodiments of the
new couplers, the FWHM bandwidths are greater than 300 nm and the FWHM coupling angle
folerances are greater than 2 degrees.  In some embodiments of the new couplers, the FWHM
bandwidths are about 800 nm and the FWHM coupling angle tolerances are about 4 degrees.

Technigue for Actively Controliing the Incouple of an Optical Coupler

[0052] A new coupling technique relies on active tuning of the effective index within the
incoupler of 8 beam-steering device using the variable index of liquid crystal and a fesdback
foop to maximize guided power. Because the effective index within the incoupler is based on
the refractive indices of all layers (g.¢., the core, the subcladiding, and the liquid crystal top
cladding), the phase-malching condition for coupling, which depends strongly on effective
index, can be tuned by applying an electric fisld to adjust the refractive index of the LC layer
taking advantage of the birefringence of the liquid crystal.  This change in the refractive index
of the LC layer changes the effective index of the incoupler as & whele,  Typically, the
refractive index of liquid crystal can be varied fraom about 1.5 to about 1.7, though these values
are dependent upon the exact composition of the liquid crystal mixiure. Al a fixed wavelength
in a typical incoupler structure that is parnt of an MWIR SEEOR, this variation translates into a
change in the effective index (Onex) of about .01, While small in absolute magnitude, this
change in sffective index can have a very large impact on the coupling behavior due to the
sensitivity of coupling to the resonant phase-matching condition.

{00531 The change in effective index can be used for g variety of effects when coupling Hght
info the incoupler of a BS device. The change can compensate for vibration or manufacturing
errors, by dynamically tuning the effective index to compensate for variations in coupling angle.
The change can also accommodate wavelength instability of a source laser by changing the
sffective index o reestablish the phase-matching condition at a different wavelength. The

sconcept of active effective index tuning addresses a number of issues with conventional
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SEEOR technology {(e.g., its sensitivity 1o coupling angle and narrow-line sources) as well as

enabling new capabilities that will be important for different applications.

[C0B4] FIG. 7is a cross-sectional side view of a BS device 700 having a planar waveguide
region 704 between a tapered incoupler 702 and a tapered sutcoupler 708, All thres regiong
have a substrate 720, a number of thin-filry waveguide layers 722 {e.q., a subcladding layer
and a core layer) over the substrate 720, a liquid crystal (LC) layer 728 over the waveguide
tayers 722, and a cover glass layer 728 over the LU layer 726.  Formed within the glass layer
728 ontop of the LC layer 728 is an incoupler slectrode 734 corresponding to the incoupler
702, Although not shown in FIG. 7, there may also be (i) horizontal-sisering electrodes
formed within the glass layer 728 on top of the LC layer 728 corresponding to the wavequide
region 704 andfor (it} a vertical-steering electrode formed within the glass layer 728 on fop of
the LC fayer 726 corresponding o the outcoupler 706 that are analogous to the elecirodes in
the conventional BS device 100 of FIGs. 1A-1C.  Depending on the implementation, the B3
device 700 may be a conventional BS device similar to the conventional BS device 100 of
FiGs. 1A-1C, 2 new BS device similar to the new BES device 300 of FIG. 3, or any other suitable
type of BS device.

[0085] Using the techniques described in the 011 application, the BS device 700 may be
fabricated on a faceted silicon substrale 720 with a subclad layer of As:5; and 8 core of Ag:Bes
{collectively labeled 722 in FIG. 7). Both layers are grown via high-vacuum thermal
evaporation, for exampie. After waveguide fabrication, a fquid crystal cell is construcied on
top of the core and filled with an MWIR-transparent liguid crystal mixture to form the LC layer
726. Thecell gapis & um and, dus o the {aper of the subclad layer, the cell gap varies
across the incoupler 702, The tapered cell gap is a function of the cell geometry and is not
critical to the funchion of the effective index funing mechanism.

{00587 Theilopofthecell (i.e, glass layer 728} is composed of quartz with g patterned
indium-tin oxide (ITO} layer forming the incoupler slectrode 734, There is an ITO confact pad
above the incoupler 702, This conlact pad serves fo tune the effective index in the incoupler
702. The Sisubstrate 720 serves as the bottom contact for the liquid crystal cell.  Inthis
gxample, the incoupler electrode 734 over the incoupler 702 is g solid rectanguiar bar, but the
elactrode is not required {0 be this shape. The quariz 728 and ITO slectrode 734 cover the
entire incoupler 702, from the tip of the incoupler facet to beyond the faceted portion of the
substrate 720.
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{0G057] Asshownin FIG. 7, the incoupler 702 is connected {0 g voltage supply 740 that is
configured o apply a voltage 1o the incoupler slectrode 734 to generate an electric field across
the incoupler 702.  Due o the field-dependent optical birefringence in the LC layer 728, the
magnitude of the electric field applied across the incoupler 702 affects the wavelength andlor
the angle of incidence at which incoming light aptimally couples into the incoupler 702, For
example, modifying the magnitude of the applied electric field changes the wavelength of
incoming ight that can be optimally coupled info the incoupler 702 af a given angle of
incidence, Alternatively, modifving the magnitude of the applied slectric field changes the
aptimal coupling angle for incoming light of a given wavelength into the incoupler 702.
Alternatively stifl, for incoming light of a given wavelength and a given angle of incidence into
the incoupler 702, modifying the magnitude of the applied electric field changes the intensity of
the oulgoing light emitted from the outcoupler 706 of the BS device 700.

[0058]1 To demonstrate wavslength agility, an example of the BS device 700 was mounted
on a rotational stage with the incoupler facet mounted at the center of rofation.  Light from a
tunable, fiber-coupled quantum cascade laser (QCL) was used {o Hluminate the incoupler facet
with a spot size of about 1 mm.  The guided power through the BS device 700 was measured
using an integrating sphers with an MWIR photodetector mounted ahowd Bom from the
outcoupler facel. The BS device 700 was aligned such that efficient coupling was achieved at
4.5 um, and a wavelength sweep was performed, The voltage on the incoupler elecirode 734
was then increased, and another wavelength sweep was performed, and so on.

[0059] FIG. 8 presents graphical representations of the resulling relative guided power
through an example of the BS device 700 of FIG. 7 for different applied electric fislds. Each
curve represents the relative guided powsr through the BS device 700 for a given electric field
as the wavelength of the incoming light was swept between about 4 45 microns and 4.83
microns. Each increase in vollage applied 1o the incoupler electrode 734 resulted in a shift in
the peal-power wavelength A with a total shift in Alges: of about B0 nm over the different
voltage levels. As demonsirated in FIG. 8, for a given angle of incidence, the frequency of the
incoming light for optimal coupling varies with the magnitude of the applied electric figld.
Remaving the voltage and adjusting the coupling angle to correspond fo maximum power at
4.578 um (Apea @ 100V driving voltage) required an adjustment of about 0.5° in the external
coupling angle, indicating that this method of incoupling adjustment also compensates for
varigtions in coupling angle.
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{0080} The slechric-fisld-dependent incoupling characteristics of the BS device 7R of FIG. 7
can be explofted in a number of different applications.

[0061] FIG. 8is a schematic block diagram of an optical system HA that actively controls
the operations of the BS device 700 of FIG. 7 by modifying the slectric field applied at the
incoupler 702, In addition to the BS device 700 and the voltage supply 740, the optlical
system HA includes a photodetector 908, a controfier 810, and an LC driver 814,

{00621 In operation, incoming light 902 from g light source {not shiown) is coupled into the
BS device 700 at the incoupler 702 and corresponding outgoing tight 904 is emitted from the
B8 device 700 at the outcoupler 708, The photodetector 806 converts the received outgoing
fight 804 into an electrical detector signal 808 that is monitored by the controller 810, The
controller 910 ransmits a driver-control signal 912 to instruct the LC driver 914 o generate &
voltage-control signal 916 that drives the voltage supply 740 o apply a corresponding voltage
to the incoupler electrode 734 to apply a corresponding electric field across the incoupler 702
that affects the incoupling characteristics of the BS device 700.

[Q063] Inone implementation, the optical system HA is operated to encode data into the
auigoing fight 804.  In particular, for incoming light 802 of a suitable wavelength and a suitable
angle of incidence, by selectively varying the slectric field applied across the incoupler 702, the
controlfer 910 is able o modulate the intensity of the ouigoing light 804, where, for example, a
togic 1 is represenied by outgoing light 904 above a specilied intensity and a logic O is
represented by otdgoing light 804 below that spedified Infensify.  In this implementation, the
optical system HA can funclion as a transmifter in an oplical communication system
tfransmitling the modulated oulgoing light 804 encoding data to a remote recsiver.

[00864] Furthermors, the optical system HA can be used to actively compensate for errors
{e.g., due to mechanical misalignment) and/or tempaoral variations {e.g.. due to source drift or
vibration) in the wavelength and/or the angle of incidence of the ingcoming fight 802, In
particular, ¥ the current wavelength of the incoming light 802 i not sufficiently matched for the
current angle of incidence of the incoming light 902, then the magnitude of the applied electric
field can be adjusted to improve that matching.  Such improved matching can be achieved by
modifying the magnitude of the electiic fisld applied scross the incoupler 702 10 increass the
magnitude of the detected outgoing light 804 at the photodetector 906. By monitoring the
detector signal 908, the controller 810 can perform an appropriate search algorithm to find the

voltage level that tunes the optical system HA as nesded.
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{0G085] The optical system HA can also be used {o achigve sowce muftiplexing. The fast
respanse of the liquid corystal input tuning allows for time-division multiplexing of muitiple
sources through a common BS device 700, operating sither at a commen input angle or
different input angles.  For example, two or more lasers operated at different wavelengths
could simultaneousty shine their light beams on the incoupler facet of the 8BS device 700, either
at the same input angle or different input angles, depending on the lasers and the design of the
BS device 700. The confrolier 810 can control the electric field applied by the incoupler
electrode 734 to selectively tune the coupling behavior of the incoupler 702 1o allow only one of
the wavelengths to couple into the BS device 700.  Conventional time-division optical
multiplexing requires either twrning on and off the light sources or providing additional aptical
glements (e.g., madulators, beam blanks, shutters, efc.) to selectively block fight from all but
the desired source.  Inthe optical system HA, the multiplexing funclion is performed by the BS
device 700 itself.

[0068] As described above, the optical system HA can address two major issues with
conventional SEEORs: {1} they operate at a fixed wavelength and (it} they are extremely

sensitive fo errors in coupling.

[0067] Although the BS device 700 has been described as having a single, monolithic
incoupler electrode 734 above the incoupler 702, in other embuodiments, the incoupler
slectrode 734 can be subdivided into smaller individual electrodes for greater spatial control of
the tuning effecl. The voltage to each of these electrodes may be controlled independently.

[00687 Although, in system HA, the controlier 8310 controls the electric field applied across
the incoupler 702, in allernative embodiments, the conirolier 810 can control the source of the
incoming ight 902 to vary the wavelength and/or the angle of incidence of the incoming light

202 instead of or in addition to controlling the electric field.

[R068] Incertain embodiments, an ardicle of manufacture comprises an optical coupler, the
coupler comprising a substrate and a plurality of thin-filoy layers over the substrate and forming
an optical waveguide, wherein ai least twe of the thin-film favers have spalially varying optical
thicknesses.

[Q070] Incertain embodiments of the foregoing, the plurality of thin-Bim layers comptises (i)
a subcladding layer over the substrate and having a spatially varying optical thickness and (i) a

core layer over the subcladding laver and having a spatially varying oplical thickness.
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{00711 In certain embadiments of the foregoing, the spatially varying optical thickness of at

least one of the subcladding layer and the core fayer is due to the layer being tapered.

[CO072] Incertain embadiments of the foregoing, the spalially varying optical thickness of at
least one of the subcladding layer and the core layer is due o the layer baving spatially varying
tefractive index.

[G073] In certain embodiments of the foregoing, the arlicle further comprises a top tladding
layer comprising a material having a refractive index that varies with an applied fisld.

[G074] In certain embodiments of the foregoing, the fop cladding layer comprises 2 liquwd
crysial material,

[GO75] In certain embadiments of the foregoing, the applied field is an electric field.

[0076] Incertain embodiments of the foregoing, the coupler has a full-width, half-maximum
{FUWHM) bandwidth greater than 80 nm and an FWHM coupling angle tolerance greater than
.4 degrees.

{0077} Incertain embodiments of the foregoing, the coupler has an FWHM bandwidth
greater than 150 nm and an FWHM coupling angle tolerance greater than 1 degree.

[0078] In certain embadiments of the foregoing, the coupler has an FWHM bandwidth
greater than 300 nm and an FWHM coupling angle {olerance greater than 2 degrees.

[0078] Incertain embodiments of the foregoing, the coupler has an FWHM bandwidth of
ahout 800 nm and an FWHM coupling angle tolerance of about 4 degrees.

[6080] Incertain embodiments of the foregeing, the coupler is one of an incoupler and an
outcoupler of a beam-steering (BB device comprising & planar waveguitle region between the
incoupler and the outcoupler that respeclively define opposing incoupler and oufcoupler facels
of the BS device, wherein sach of the waveguide region, the incoupler, and the outcoupler
conmprises a substrate and a plurality of thin-film layers over the subsirate and forming an

oplical wavequide.

[0081] In cerain embodiments of the foregoing, for each of the incoupler and the
outcoupler, (i) the subdladding layer is tapered with a decreasing thickness from the waveguide
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region to the corrasponding facet of the BS device and (i) the core layer is {apered with a

decreasing thickness from the waveguide region to the corresponding facet of the BS devics.

[C0B2] Incertain embadiments of the foregoing, the tapered core layer of the incoupler has
an incoupler core taper angle, and the tapered core layer of the cutcoupler has an culcouplsr

core taper angle that is the same as the incoupler core taper angle.

[0083] In certain embadiments of the foregoing, the faperad core tayer of the incoupler has
an incoupler core taper angle, and the tapered core layer of the cutcoupler has an oulcoupler
core tapsr angle that is different from as the incoupler core taper angle.

[0084] In certain embodiments of the foregoing, the substrate and the thin-film layers sl
have uniform thicknesses in the waveguide region between the incoupler and the cutcoupler.

[00B5] In certain embadiments of the foregoing, air forms a top cladding laver of the BS
device.

[00B6] Different implementations of the BS devices described herein, such as the
conventional BS davice 100 of FIGs. 1A and 18.the new BS device 300 of FIG. 3, and the B8
device 700 of FIG. 7, can be designed to operate al different wavelengths of light including
{without limitation} ultraviolet, visible, near-infrared, short-wave infrared, mid-wave infrared,

andior long-wave infrared wavelsngths.

[oa87] Although the aptical couplers described herein have a liquid crystal top cladding
tayer, in alternalive embodiments, the top cladding layer may be made of a different suitable
material including air.

[00881 Depending on the wavelength region of interest and other requirements of the
coupler, other material sels may be used, including but not imited to oxides {&.g., SIC.),
oxynitrides {e.g., SIOWN;), nitrides {e.g., SiN;}, fluorides {(8.g., MgFz), Group-tV semiconductors
{e.g., Ge), 11V compounds (e.g., GaAs), H-Vi compounds {e.g., CdS}, and other chalcogenide
compounds {e.g., GeAsSeTe glasses).

[Q0BO] In addition to or instead of shadow mask {apering, alternative tapering methods may
be used, such as mechanical polishing, grayscale lithography, or a mask that is translated
during deposition.
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{00301 In addition to tapering the core andior the subciadding, multiple ofher layers may be
tapeared, including the {op cladding, substrate, or other incoupling layers that-exist only within
the coupling region, such as an incoupling layer between the subcladding and core.  The
taper profiles on these layers may be linear or nonlinear and may differ for different instances
of the couplers o control the effective index within the incoupling region.

[0091] Additional methods of providing a spatially controlied effective index may be used,
including but not limited to spatially varving the composition and refractive index of the core
{e.g., Asx(S8,5e,) deposited via gradient techniques or through selective diffusion, where x and
y vary across the coupling region), sub-wavelength effective medium struciures, thermal
gradients, and electro-optic effects.

{00921 Although techniques have been described for controlling optical couplers by applying
fields {o either the incouple or the outcouple, those skilled in the art will understand that optical
couplers can also be controlied by applying fields to both the incouple and the outcouple.

[0083] Although techniques have been described for controlling the characteristics of optical
couplers by modifying the magnitudes of applied electric fields fo take advaniage of the
voltage-dependent optical birefringence of liquid crystal, in other embodiments, other methods
to dynamically adjust the waveguide effective index may be used, including but not Iimited 1o
thermo-optic effects, solid-state elscltro-oplic effects such as ferroelectric birefringence,
amorphous-to-crystalline phase change, and semiconductor field effect induced index changes,
or other methods including acousto-optic or magnedic fieid-driven effects.

{00841 Although the oplical couplers described herein have'a top cladding layer that has
pptical properties that are dependent on an applied {e.q., alectrical) field, iy alternative
embodiments, in addition 1o or instead of the top cadding layer, optical couplers may have one
or more other layers, such as a subcladding layer or a core layer, that have such optical
properlies.

[0085] As used herein, a teaching thal a device shown in g figure has a second layer that is
“over” a first layer implies that the second layer is above the first layer when the device is
ariented as shown in that figure.  The term "over” applies when the second layer physically
abuis the first layer as well as when there are one or more infervening layers between the first
and second layers.  if the second layer physically abuts the first layer, then the second layer

may be said {o be "directly above” the first layer.

~19.



WO 2019/136114 PCT/US2019/012130

[C0386] Unless explicitly stated otherwise, each numerical value and range should be
intarpreted as being approximate as if the word "abowt” or "approximately” preceded the value

or range.

{0087 Kwill be further understood that various changes in the details, materials, and
arrangements of the parts which have been described and illustrated in order {o explain
embodiments of this invention may be made by those skilled in the art without departing from
embodiments of the invention encompassed by the following claims.

[00287 Inthis specification including any claims, the term "each” may be used {o refer to one
or more specified characteristics of a pluralily of previously recited elements or steps.  When
used with the open-ended term "comprising,” the recitation of the ferm "each” does not exclude
additional, unrecited elements or steps.  Thus, it will be understood that an apparatus may
have additional, unrecited elements and a method may have additional, unrecifed steps, where
the additional, unrecited elements or steps do not have the one or more specified

characieristics.

[0089] The use of figure numbers andfor figure reference labels in the claims is intended to
identify one or more possible embodiments of the claimed subject matter in order {o facilitate
the interpretation of the claims.  Such use is not 1o be consirued as necessarily limiting the

scope of those claims {o the embodiments shown in the corresponding figures.

[00100] i should be understood that the steps of the exemplary methods set forth hersip
are not necessarily required to be parformed in the order described, and the order of the steps
of such methods should be understood fo be merely-exemplary:  Likewise, additional steps
may beincluded i such methods, and certaln sleps may be omilted or combined, in methods
consistent with various embodiments of the invention.

[00101]  Although the elements in the following method claims, f any, arerecited in a
particular sequence with correspanding labeling, unless the claim recitations atherwise imply &
particular seguence for implementing some or all of those elements, those slements are not
necessarily intended fo be limited to being implemented in that particular sequence.

(001027 Al documents rmentioned herein are hereby incorporated by reference in their

entirety or alternatively to provide the disclosure for which they were specifically relied upon.
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1601031 Referance herein {o "one embodiment” or "an embodiment” means thata
particular feature, structure, or characteristic described in conneclion with the embodiment can
be included in at least one embodiment of the invention.  The appearances of the phrase "in
one embodiment” in varicus places in the specification are nol necessarily all referring fo the
same embodiment, nor are separate or altemative embodiments necessarily mutually exclusive
of other embodiments.  The same applies to the term "implementation.”

[00104] Unless otherwise specified harein, the use of the ordinal adjectives “first,”
“second,” “third,” etc., {o refer {o an object of a plurality of like objects merely indicates that
different instances of such like objects are being referred to, and is not intended to imply that
the like objects so referred-to have to be iy a corresponding order or sequence, sither

temporally, spatially, in ranking, of in any other manner.
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GLAIMS
What is claimed is:
1. An article of manufacture comprising an optical coupler, the coupler comprising:
a substrate; and
a plurality of thin-film lavers over the subsirate and forming an optical waveguide, wherein at
least two of the thin-film layers have spatially varying oplical thicknesses.

2. The article of claim 1, whersin the plurality of thin-film lavers comprises:
a subcladding layer over the substrate and having a spatially varying optical thickness; and

a core layer over the subcladding layer and having a spatially varying optical thickness.

3. The article of claim 2, wherein the spatially varying optical thickness of at least one of the
subcladding layer and the core layer is due o the layer being tapered.

4. The article of claim 2, wherein the spatially varving optical thickness of at least ane of the
subcladding layer and the core layer is due to the layer having spatially varying refractive index.

5. The article of claim 1, further comprising a top cladding layvey comprising a material
having a refractive index that varies with an applied field.

8. The article of claim 5, wherein the top cladding layer comprises a liquid crystal material.

7. The article of claim 5, wherein the applied field is an slectric field.

8. The aricle of claim 1, wherein the coupler has a full-width, halt-maximum (FWHM)
bandwidth greater than 80 nm and an FWHM coupling angle tolerance greater than 0.4

degrees.

8. The article of claim 8, wherein the coupler has an FWHM bandwidth greater than 150 nm
and an FWHM coupling angle tolerance greater than 1 degree.

10. The article of claim 8, wherein the coupler has an FWHM bandwidih greater than 300 nm
and an FWHM coupling angle tolerance greater than 2 degrees.
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11. The ardicle of claim 10, wherein the coupler has an FWHM bandwidth of about 600 nm
and an FWHM coupling angle olerance of about 4 degrees.

12. The article of claim 1, wherein the coupler is one of an incoupler and an cutcoupter of a
heam-slearing (BS) device comurising a planar waveguide region between the incoupler and
the outcoupler that respectively define opposing incoupler and oulcoupler facets of the BS
device, wherein each of the waveguide region, the incoupler, and the oulcoupler comprises a

13, The article of claim 12 wherein, for sach of the incoupler and the culcaupler:

the subcladding layer is tlapered with 3 decreasing thickness from the waveguide region 1o
the corresponding facet of the BS device; and

the core layer is tapered with a decreasing thickness front the waveguide region {o the

corresponding facel of the BS device.

14. The article of claim 13, wherein:

the tapered core layer of the incoupler has an incoupler core taper angle; and

the tapered core layer of the cutcoupler has an ocutcoupler core taper angle that is the same
as the incoupler core taper angle.

15, The article of clainm 13, wherein:
the tapered core {ayer of the incoupler has an incoupler core {aper angle; and
the tapered core layer of the outcoupler has an outcoupler core taper angle that is different

from as the incoupler core taper angle.

16. The article of claim 12, wherein the substrate and the thin-fiiny lavers all have uniform
thicknesses in the waveguide region belween the incoupler and the outcoupler,

17. The article of claim 12, wherein air forms a {op cladding laver of the BS device.

the plurality of thin-film layers comprises:
a subcladding layer over the subslrate and having a spatially varying optical thickness;
and
a core layer over the subcladding layer and having a spalially varying optical thickness;

fo 2]
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the spatially varying optical thickness of at least one of the subcladding layer and the core
fayer is due {0 gt least one of the laver being {apered and the laver having spatially varying
refractive index;

the article further comprises a top cladding layer comprising & material having a refractive
index that varies with anapplied field;

the top cladding layer comprises a lquid crystal material;

the applied fisld is an slectric fisld; and

the coupler has a full-width, half-maximum (FWHM) bandwidth greater than 60 nm and an
FWHM coupling angle tolerance greater than 0.4 degrees;

18. The article of claim 18, whersin:
the coupler is one of an incoupler and an ocutcoupler of a beam-steering (BS) device
comprising a planar waveguide region between the incoupler and the outooupler that
respectively define opposing incoupler and culcoupler facets of the BS device;
gach of the waveguide region, the incoupler, and the oculcoupler comprises a substrale and
a plurality of thin-film layers over the substrate and forming an optical waveguids;
for each of the incoupler and the oulcoupler:
the subcladding layer is tapered with a decreasing thickness from the waveguide region
o the corresponding facet of the BS device; and
the core layer is tapered with a decreasing thickness from the waveguide region to the
corresponding facet of the BS device; and
the substrate and the thindfilm Iayers gl have uniform thicknasses in the waveguide region

between the incoupler and the outcoupler.
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