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(57) Abstract: According to embodiments of the present invention, a waveguide structure is provided. The waveguide structure in -
cludes a support substrate, a waveguide array disposed on the support substrate, a thermal extension layer disposed over the wave -
guide array, and a thermal heater disposed over the thermal extension layer, wherein the thermal extension layer has a high thermal
conductivity sufficient to uniformly distribute the generated heat from the thermal heater to the waveguide array, and wherein the
waveguide array, the thermal extension layer and the thermal heater are monolithically integrated on the support substrate. Accord -
ing to further embodiments of the present invention, an optical structure is also provided.
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WAVEGUIDE STRUCTURE AND OPTICAL STRUCTURE

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of Singapore patent application
No. 201206312-9, filed 24 August 2012, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a wavegﬁide structure and an optical structure.

Backgrqund

[0003] An optical phase array using on-chip waveguides is very important in various

applications, such as optical beam steering, arrayed waveguide grating (AWG), 1 x N or

N x N optical switches, optical multiplexer/demultiplexer, etc. In a waveguide phase
array, the waveguide length difference is ﬁxed between adjacent waveguides, which
promises high optical performances by the constructive and destmcti§e interference at the
output end. However, one major problem for such a phase array is the fabrication
imperfection induced phase difference, which signiﬁcantly changes the properties of the
destructive/constructive interference, thus the optical device performance.

[0004] In order to solve the above-mentioned problerﬁ, various thermally tunable phase
arrays have been proposed and demonstrated for dynamic adjusting of the phase

difference. However, the heat distributions in nearly all the existing approaches are not

 uniform, which'again induces phase difference.

[0005] Further, conventional devices may include LiNbO; based devices, may require
mechanical control or may include a resister strip array which leads to a non-uniform
temperature distribution. Conventional devices (e.g. AWG) may also provide a very large

gap between waveguides, with every waveguide having a heater strip, and then tuning

- every heater one by one, which may lead to a bigger size, and complete operating, which
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may require many DC power supplies for tuning every \wav'eguide of the plurélity of
waveguides of the conventional devices, one by one. \

[0006) AWG is a key building block for telecommunication a;ld computer |
communication applications. Current widely used planar lightwave circuit (PLC) AWGs |
lack the robustness in terms of footprint, fast dynamic tuning and large scale integrating
capability, as compared to silicon devices. On the other hand, silicon-on-insulator (SOD-
based AWGs tend to drift from the designed performance due to low fabrication
tolerance, and also are easier to be affected by environmental temperatures. Thus, SOI-
based AWGs require a dynamic control to satisfy the performance requirements.

[0007] There is therefore need for a high-performancé tunable waveguide array.

Summary

[0008] According to an embbdimelnt,' a waveguide structure is provided. The waveguide
structufe may include a support substrate, a waveguide. array disposed on the support
substrate, a thermal extension l'éyef disposed over the waveguide array, and a thermal
heater disposed over the thermal extension layer, wherein the thermal extension layer has
a high thermal conductivity sufficient to uni_formly distribute the generated heat from the
thermal heater to the waveguide array, and wherein the waveguide array, the thermal
extension layer and the thermal heater are mdnolithically integrated on the support
substrate. | ‘

[0009] According fo an embodiment, an optical structure is provided. The optical
structure may include a plurality of input waveguides configured to receive an inﬁut light,
a plurality of output waveguides configured to couple light out of the optical structure,
and a waveguide structure as described herein coupled between the plurality of input

waveguides and the plurality of output waveguides.

Brief Description of the Drawings

[0010] In the drawings, like reference characters generally refer to like parts throughout

the different views. The drawings are not necessarily to scale, emphasis instead generally
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being placed upon illustrating the principles of the invention. In the following
description, various embodiments of the invention are described with reference to the
following drawings, in which: ‘

[0011] FIG. 1A shows a schematic block diagram of a waveguide structure, according to
various embodiments.

[0012] FIG. 1B shows a cross-sectional representation of the waveguide structure of the
embodiment of FIG. 1A. '

[0013] FIG. 1C shows a schematic block dlagram of an optical structure, according to
various embodiments.

[0014] FIG. 2A shows a top view and a cross- sect1onal view of a wavegulde structure

- before thermal tuning, while FIG. 2B shows a top view and a cross-sectional view of the

waveguide structure after thermal tuning, according to various embodlments.

[0015] FIGS. 2C to 2E respectively show schematic cross-sectional views of waveguide
structures.

[0016] FIGS. 3A to 3E respectively show schematic top views of optical structures
incorporating the waveguide structure of various embodiments.

[0017] FIG. 4A shows a top view of an optical structure before thermal tuning, while '

FIG. 4B shows a top view of the optical structure after thermal tuning, according to

~ various embodiments.

[0018] FIG. SA shows a plot of simulated temperature distribution of a wavegu‘ide

\
structure without a thermal extension layer.

{0019] FIG. 5B shows a plot of simulated temperature distribution of a waveguide

structure with a thermal extension layer, according to various embodiments.

{0020} FIC. 6 shows a plot of simulated temperature distribution results for
aluminium (Al) thermal extension layers of different thicknesses, according to Qarious
embodiments. ' _ ’

[0021] FIG. 7 shows a plot of simulated light propagation through a waveguide structure
of various embodirﬁents. '

[0022] FIGS. 8A to 8L show respective plots of simuléted light propagation through a

waveguide structure of various embodiments.
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Detailed Description

[0023] The following detailed description refers to the accompanying drawings that

 show, by way of illustration, specific details and embodiments in which the invention

may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the inventjén. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the -invention. ‘The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
err'lbodiments.v | | ‘ ‘

[0024] Embodiments described in the context of one of the methods or devices are
analogously valid for the other method or device. Similarly, embodiments described in
the context of a method are analogously valid for a device, and vice versa.

[0025] Features that are described in the context df an embodiment may correspondingly
be applicable to the same or similar features in the other embodiments. Features that are

described in the context of an embodiment may correspondingly be applicable to the

other embodiments, even if not explicitly described in these other embodiments.

Furthermore, additions and/or combinations -and/or alternatives as described for a feature
in the context of an embodiment may correspondingly be applicable to the same or
similar feature in the other embodiments.

[IP%}] (13
a

[0026] In the context of various embodiments, the articles an” and “the” as used
with regard to a feature or element includes a reference to one or more of the features or
elements.

[0027] In the confext of various embodiments, the phrase “at least substantially” may
include “exactly” and a reasonable variance. '

[0028] In the context of various embodiments, the term “about” as applied to a numeric
value encompasses the exact value and a reasonable variance. A

[0029] As used herein, the term “and/or” includes any and all combinations. of one or
more of the associated listed items. .

[0030] As used herein, the phrase of the form of “at least one of A or B” may include A

or B or both A and B. Correspondingly, the phrase of the form of “at least one of A or B
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or C”, or including further listed items, may include any and all combinations of one or
more of the associated. listed items.

[0031] Various embodiments may relate to fields including silicon (Si) photonics and on-
chip optical interconnect.

[0032] Various embodiments may provide a thermo-optically tunable phase array, for
example a thermo-optically tunable phase array with uniform heat distribution.

[0033] Various embodiments may provide a waveguide structure with ’qmable phase. The

waveguide structure may be employed in or as part of an optical structure. Various

embodiments may be or may form part of a thermo-optical structure or device. In various

embodiments, a thermal extension layer may be incorporated to enable uniform heat
distribution, which mayb lead to improvemént in thermal-optical devices. Various
embodiments may also include a thermal expansion layer design.

[0034] Various embodiments of the waveguide structure and/or the optical structure may
incorporate on-chip components or elements, for example, a waveguide array, a thermal
extension layer, and -a thermal heater, thereby achieving integration. Various
embodiments may incorporate a thermal effect and/or electrical control for operation.
Various embodiments may have a compact footprint.

[0035] Various embodiments may provide a .waveguide structure having a set of arrayed
waveguides with a fixed delay line. A thermal heater may be integrated on the top of the
arrayed waveguides for phase tunability, for example of tuning of light propagating
through the arfayed waveguides. The thermal heafer may be specifically designed in

order to keep the tunable phase difference. A thermal extension layer (or thermal

distribution layer) may be designed and arranged between the thermal heater and the

arrayed waveguides, using a highly thermal conductive material in ordef_ to uniformly
distribute the heat generated by the thermal heater.

[0036] Various.embodiments may also provide an optical structure having multiple input
waveguides, multiple output waveguides, two star couplers, and a set of arrayed
waveguides with a fixed delay line. One end (e.g. iﬁput end) of the set of arrayed
waveguides may be coupled to the multiple input Waveguides via one of the star couplers
while the other end (e.g. output end) of the set of arrayed waveguides may be coupled to

the multiple output waveguides via a second star coupler. A thermal heater may be
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integrated on the top of the arrayed waveguides for phése tunability, for example tuning
of light propagating through the arrayed waveguides. The thermal heater may be
specifically designed in order to keep the tunable phase. difference. A thermal extension
layer (or thermal distribution layer) may be designed and arranged between the thermal
heater and the arrayed waveguides, using a highly thermal conductive material in order to
uniformly distribute the heat generated‘ by the thermal heater. Non-limiting examples of
the optical structure of various embodiments may be as shown in FIGS. 3A to 3E

[0037] Various embodiments may provide a monolithic integrated circuit or structure by
involving integration of many components on the same chip which may be fabricated
using complementary metal-oxide-semiconductor (CMOS) processes. This may enable
the distance of the thermal heater and the thermal extension layer of various embodiments
to be controllable and in micro-scale. Also, a monolithic integration system may be
provided with precise alignment to_the arrayed waveguide grating for heating in any local
area or whole area of the waveguide array by design choice or device/circuits
requirement. In this Way, a portion or a whole area of any one or more or all of the
waveguides of the waveguide array may be heated for thermal tuning. Furthermore, by
using monolithic integration, assembling of separate chips or pieces may be eliminated,
and cost may be reduced (e.g. the assemblingAcost may be eliminated).

[0038] Various embodiments may enable local heating to the arrayed waveguides for the
control of the arrayed waveguides phase change. In various embodiments, only local

heating is proVided to the arrayed waveguidesb for the control of only the arrayed

~waveguides phase change. In contrast, in conventional devices, the entire device

(e.g. AWG) assembly is heated up, including the input/output waveguides, the
input/output star couplers, and the arrayed waveguides, thus changing the refractive index
(phase) of all these components. |

[0039] The fon:n and weight factors of the structures of various embodiments may be less
as compared to conventional structures. For example, for various embodiments, the size
may be determined by the AWG, and not the heater. For conventional devices, the factor
determination is more complicated, since typically the external heater that is used is much

larger.
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[0040] Various embodiments may enable simplification of 1xN and NxN optical switch

structures. Various embodiments may also allow realization of tunable arrayed

~ waveguide gratings (AWGs).

[0041] Various embodiments may be employed in various applications, for example for
light beam direction control for 1XN and NxN optical switches. Various embodiments
may also be employed in or as a tunable AWG. Various embodiments may be applicable
in a variety of material platforms or technologies, including but not limited to silicon-on-
insulator (SOI), pllanar lightwave circuit (PLC), III-V materials, among others.

[0042] As a non-limiting example of application in an optical waveguide array, e.g. in an
optical switch, based on Fraunhofer diffraction, light may be inputted of provided from
one of the waveguides and which may separate into multi-waveguides with a fixed length
difference. Interference may then occur and the multiple lights may interfere in or at the
output facet with a fixed output light direction which may be determined by the phase
difference. In various embodimeﬁts, the control of the phase difference among the
multiple waveguideé may control the output light properties. The phase difference may be
controlled by thermo-optical effect.

[0043] FIG. 1A shows a schematic block diagram of a waveguide structure 100, while
FIG. 1B shows a cross-sectional representatidn of the waveguide structure 100, according
to various embodiments. The waveguide structure 100 includes a support substrate 102, a
waveguide array 104 disposed on the support substrate 102, a thermal extension layer 106
disposed over the waveguide array 104, and a thermal heater 108 disposed over the
thermal extension layer 106, wherein the thermal extension layer 106 has a high thermal
conductivity sufficient to uniformly distribute the generated heat from the thermal
heater 108 to the waveguide array 104, and wherein the waveguide array 104, the thermal
extension layer 106 and the thermal heater 108 are monolithically integrated on the
support substra{e‘ 102. The line represented as 110 is illustrated to show the relationship
between the support substrate 102, the waveguide array 104, the thermal extension
layér 106 and the thermal heater 108, which may include at least one of electrical
coupling, mechanical coupling or thermal coupling.

[0044] In other words, the waveguide structure 100 may include a éarriér or a support

substrate 102 where a waveguide array 104 may be monolithically integrated on the
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support substrate 102. The waveguide array 104 may be used for propagation of light,
where a light may be coupled into and propagate through the waveguide array 104 and
subsequently exit from the waveguide array 104. The Waveguide structure 100 may
further include a thermal heater 108 which may be monolithically integrated on the
support substrate 102. The waveguide structure 100 may further include a thermal
extension layer 106 which may be monolithically integrated on the support substrate 102,
where the thermal extension layer 106 may be arranged in between the waveguide
array 104 and the thermal heater 108. The thermal extension layer 106 may be arranged
over the waveguide array 104 or a portion thereof, and a thermal heater 108 may be
arranged over the thermal extension layer 106. In this way, heat or a-portion thereof
generated by the thermal heater 108 may be received by the thermal extension layer 106
which may tilen distribute the received heat to or onto the waveguide array 104. The heat
distributed onto the waveguide array 104 may allow tuning of light propagating in the
waveguide array 104. For examplé, the heat received by the waveguide array 104 may
change a property (e.g. optical property; refractive index) of the waveguide array 104,
which in turn may affect propagation of light propagating within the waveguide
array 104. Hence, the waveguide array 104 may be thermo-optically tunable.

[0045] The thermal extension layer 106 may have a thermal conductivity that may be
sufficient to at least substantially uniformly disfribute the generated heat from the thermal
heater 108 to the waveguide array 104. This may mean that, by means of the thermal
extension layer‘ 106, the heat distribution or tempefature distribution on the Wavegﬁide
array 104 may be at least substantially uniform. In th.e context of various embodiments,
therefore, the thermal extension layer 106 may be a thermal distribution layer.

[0046] In varidus embodiments, the waveguide structure 100 may allow local heating of
the waveguide array 104, for controlling or tuning the refractive indéx (phase) of thc
waveguide arra-y 104. This may change the phase of the light propagating through the
waveguide array 104. ‘
[0047] In the context of various embodiments, the term “monolithically iﬁtegrated” may
mean that the waveguide array 104, the thermal extension layer 106 and the thermal
heater 108 may be integrally formed on the support substrate 102, in contrast to discrete

components being assembled to form a waveguide structure. In addition, the waveguide
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' array 104, the thermal extension layer 106 and the thermal heater 108 being

monolithically integrated on the support substrate 102 may mean that the waveguide
array 104, the thermal extension layer 106 and the thermal heater 108 are on-chip
components, in contrast to external components. Therefore, a monolithic integrated
waveguide structure >100 may be formed, involving integration of the waveguide
array 104, the thermal extension layer 106 and the thermal heater 108 on the same chip.
In this way, the manufacturability of the waveguide structure 100 may be improved and
simplified. The Waveguide array 104, the thermal extension layer 106 and the thermal
heater 108 may be monolithically integrally formed on the support substrate 102 using
complementary metal-oxide-semiconductor (CMOS) processes. This fnay enable the
distance between the thermal heater 108 and the thermal extension layer 106 to be
controllable and in micro-scale. Further, by monolithically integrating the waveguide
array 104, the thermal extension layer 106 and the thermal heater 108 on the support
substrate 102, the performance of the waveguide structure 100 may be improved, for

example having a lower heat coupling loss, lower optical coupling loss, etc.

| {0048] In the context of various embodiments, the waveguide array 104 may have a fixed

delay line. This may mean that light or light of each wavelength propagating through the
waveguide array 104 may undergo a constant change of phase. '
[0049] In the context of various embodiments, the thermal extension layer 106 may also
be known as a heat extension layer or a heater extension layer. ‘
[0050] In various embodiments, the thermal extension layer 106 may be a planar layer.
[0051] In various embodiments, the thermal extension layer 106 may have a shape or
form that may correspond to the shape of the thermal heater 108. In various
embodiments, the thermal extension layer 106 may at least substantially overlap with the
thermal heater 108. v

[0052] In the context of various embodiments, the thermal extension layer 106 may have
a thermal conductivity at least substantially equal to or more than about 100 W/mK
(e.g. > 100 W/mK). For example, the thermal extension layer 106 may have a thermal
conductivity in a range of between about 100 W/mK and about 1000 W/mK, e.g. between
about 100 W/mK and about 500 W/mK, between about 100 W/mK and about 200 W/mK,
between about 300 W/mK and about 1000 W/mK, between about 500 W/mK and about
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1000 W/mK, or-between about 200 W/mK and about 600 W/mK. However, it should be

appreciated that other values for the thermal conductivity of the thermal extension
layer 106 may be possible, for example a thermal conducﬁvity of more than 1000 W/mK.
[0053] In various embodiments, the higher the thermal conductivity of the thermal
extension layer 106, the faster the tuning speed of the waveguide structure 100 may be.
[0054] In the context of various embodiments, the support substrate 102 may be a
silicon (Si)-based substrate, for example a silicon substrate/wafer, or a silicon-on-
insulator (SOI).

[0055] In the context of various embodiments, the thermal heater 108 may be a heater
strip. ‘ o

[0056] In the context of various embodiments, the thermal heater 108 may be a single
structure, for example one heater element.

[0057] In the context of various embodiments, the thermal heater 108 may have a
continuous structure. |

[0058] In the context of Various embodiments, the thermél heater 108 may be arranged in
a meander or serpentine shape or pattern.

[0059] In the context of Vadoué embodiments, the thermal heater 108 may include or
may be made of a thermal conductive maten'él, e.g. a metal. The thermal heater 108 may
include a material including but not limited to titanium (Ti), titanium nitride (TiN),
tantalum nitride (TaN) or doped silicon (Si). | A

[0060] In various embodiments, the waveguide arfay 104 may include a plurality of

waveguides (for example, two, three, four, five or any higher number of waveguides).

‘The plurality of waveguides may extend substantially parallel and spaced apart from each -

other. The plurality of waveguides may be arranged along a same plane. The plurality of
waveguides may be arranged side by side.

[0061] In various embodiments, each of the plurality of waveguides may be spaced apart
from another of the plurality of waveguides at a fixed or equal interval. This may mean
that the respective spacings between successive adjacent waveguides may be at least
substantially same. |

[0062] In various embodiments, e.ach of the plurality of waveguides may be spaced apart

from another of the plurality of waveguides at a varying or unequal interval. This may

10
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mean that the respective spacings between successive adjacent waveguides may be

different.

- [0063] In various embodiments, the thermal heater 108 may include a plurality of heater

elements (for example, two, three, four, five or any higher number of heater elements).

The plurality of heater elements may extend substantially parallel and spaced apart from

~ each other. The plurality of heater elements may be arranged along a same plane. The

plurality of heater elements may be arranged side by side. In various embodiments, at
least one heater element of the plurality of heater elements may be a heater strip. In
various embodiments, the plurality of heater elements may be electrically coupled
together, for example via one or more common electrodes. -

[0064] In various embodiments, each of the plurality of heater elements may be spaced
apart from another of the plurality of heater elements at a fixed or equal interval. This
may mean that the respective spacings between successive adjacent heater elements may
be at least substantially same. » |

[0065] In various embodiments, each of the plurality of heater elements may‘ be spaced
apart from another of the plurality of heater elements at a varying or unequal interval.
This may mean that the respective spacings between successive adjacent heater elements
may be different. ‘

[0066] In various embodiments, the thermal extension layer 106 may have a shape or
form that may correspond to the shape or configuration of the arrangement of the
plurality of heater elements. In various embodiments, the thermal extension layer 106
may at least substantially overlap with the plurality of heater elements. |

[0067] In various embodiments, the waveguide array 104 may include a plurality of
waveguides, and the thermal heater 108 may include a plurality of heater elements. In
various erﬁbodiments, the number of the plurality of waveguides may be the same as the
number of the plurality of heater elements or may be different. In various embodiments, a
heater element may be associated with a respective waveguide.

[0068] In various embodiments, the thermal heater 108 may include a plurality of heater
elements extending substantially parallel and spaced apart from each other at a fixed
interval, and wherein the waveguide array 104 may include a plurality of waveguides

extending substantially parallel and spaced apart from each other at a varying interval.

11
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This may mean- that there may be an offset between a respective heater element and a
particular waveguide associated with the respective heater element.

[0069] In the context of various embodiments, the thermal extension layer 106 may have
a thickness in a range of about 100 nm to about several microns (micrometers), for
example between about 100 nm and about 10 pm, between about 100 nm and about
5 pm, between about 100 nm and about 1 um, between about 1 um and about 10 pm,
between about 1 um and about 5 um, between about 5 um and about 10 pm, or between
about 500 nm and about 5 pm, e.g. about 100 nm, about 200 nm or about 250 nm.
Nevertheless, it should be appreciated that other thicknesses may'be provided. In various
embodiments, the thicker the thermal extension layer 106, the more uniform the heat
distribution resulting from the thermal extension layer 106. Howevef, a thicker thermal
extension layer 106 may lower the tuning speed.

[00701 In the context of various embodiments, the thermal extension layer 106 may
include or may be made of a thermal conductive material, e.g. a metal. The thermal
extension layer 106 may include a material including but not limited to aluminium (Al),
copper (Cu), or silicon (Si). However, it should be appreciated that other materials with a
relatively high thermal conductivity may be used for the thermal extension layer 106 for
thermal or heat distribution.

[0071] In the context of various embodiments, an insulating layer or a passivation layer
may be provided over the waveguide array 104, the thermal extension layer 106 and thev
thermal heater 108. In various embodiments, the waveguide array 104, the thermal
extension layer 106 and the thermal heater 108 may be embedded within the passivation
layer. |

[0072] While FIG. 1B shows that adjacent components may be in direct contact, it should

'be appreciated that the waveguide array 104 may be arranged spaced apart from the

support substrate 102, and/or the thermal extension layer 106 may be arranged spaced
apart from the waveguide array 104, and/or the thermal heater 108 may be arranged
spaced apart from the thermal extension layer 106.

[0073] FIG. 1C shows a schematic block diagram of an optical structure 150, according

to various embodiments. The optical structure 150 includes a plurality of input

waveguides 152 configured to receive an input light, a plurality of output waveguides 154

12
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configured to couple light out of the optical structure 150,‘ and a waveguide structure 156
coupled between the plurality of input waveguides 152 and the plurality of output
waveguides 154. The waveguide structure 156 may be similar to the embodiments as
described in the context of the waveguide structure 100 of FIGS. 1A and 1B. In FIG. 1C,
the line represented as 158 is illustrated to show the relationship between the plurality of
input waveguides 152, the plurality of output waveguides 154 and the waveguide
structure 156, which may include at least one of optical coupling or mechanical coupling.
[0074] In other Words; the optical - structure 150 may include a plurality of input
waveguides 152, a plurality of output waveguides 154, and a waveguide structure 156
arranged therebetween, which may be optically coupled to each other. An input light may
be received by the plurality of input wavéguidés 152, which may propagate through the
plurality of input waveguides 152 and subsequently optically coupled into the waveguide
structure 156. The light received by the waveguide structure 156 may be tuned
(e.g. thermo-optically tuned) within the waveguide structure 156. Thereafter, the light
from the waveguide structure 156 may be coupled to the plurality of output
waveguides 154, which may subsequently exit the optical structure 150 as an output light.
[0075] In various embodiments, the waveguide structure 156 may be configured to be
thermally controlled to compensate for a phaée error between the input light and the light -
out of the optical structure 150. | v
[0076] In various embodiments, the optical structure 150 may further include a first
coupler (e.g. a first optical coupler) arranged. between thé plurality of input -
waveguides 152 and an input end of the waveguide structure 156, and a second coupler
(e.g. a second optical coupler) arranged between an output end of the waveguide
structure 156 and the plurality of output waveguides 154. In this way, light may be
coupled from the plurality of input waveguides 152 into the waveguide structure 156 by
means of the first coupler, and light may be coupled from the waveguide structure 156
into the plurality of output waveguides 154 by means of the second coupler.

[0077] In various embodiments, at least one of the first coupler or the second coupler
may be a star coupler.

[0078] Schematics of applications of various embodiments in a tunable phase array are

illustrated in FIGS. 2A and 2B.
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[0079] FIG. 2A shows a tép view and a cross-sectional view (taken along line A-A’) of a
waveguide structure 200 before thermal tuning, while FIG. 2B shows a top view and a
cross-sectional view (taken along line B-B’) of the waveguide structure 200 after thermal
tuning. The waveguide structure 200 may be a thermélly tunable phase array with a
uniform heating distribution. '
[0080] The wavéguide structure 200 includes a waveguide array 202 monolithically
integrated on a support substrate (not Shown). The waveguide array 202 may include a
piurality of waveguides. As an example as shown in FIGS. 2A and 2B, the waveguide
array 202 may include six optical waveguides, for example as represented by 204 for a
first waveguide and 206 for a second- waveguide. The waveguide structure 200 may
further include a thermal heater 212 monolithically integrated on the suppoit substrate
(not shown). The thermal heater 212 may be arranged over a portion of the waveguide
array 202. The thermal heater 212 may include an array or plurality of heater elements.
As an example as shown in FIGS.A 2A and 2B, the thermal heater 212 may include five
heater elements, for example as represented by 214 for a first heater element and 216 for
a second heater element. A

[0081] The plurality of waveguides, e.g. 204, 206, may be arranged at least substantially
parallel to each other. The plurality of wavegﬁides, e.g. 204, 206, may be arranged spaced
apart from each other by a spacing. The plurality of waveguides, e.g. 204, 206, may be
arranged with a non-uniform or un-equal spacing between adjacent waveguides. '
[0082] The plurality of heater elements, e.g. 214, 216, may be arranged at least
substantially parallel to each other. The plurality of heater elements, e.g. 214, 216, may
be arranged spaced apart from each ofher by a spacing. The plurality of heater elements,
e.g. 214, 216, may be arranged with a uniform or equal spacing between adjacent heater
elements. The plurality of heater elements, e.g.' 214, 216, may have different sizes,
e.g. different lengths. v

[0083] In various embodiments, in addition to the parallel heater elements, e.g. 214, 216,
a heat extension layer or thermal extension layer 220 may be designed and arranged
between the plurality ‘of heater elements, e.g. 214, 216, and the plurality of waveguides,
e.g. 204, 206, such that the thermal extension layer 220 may be disposed over the

waveguide array 202, and the thermal heater 212 may be disposed over the thermal
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extension layer 220. .The thermal extension layer 220 may be monolithieally integrated on
the support substrate (not shown). The therm:ﬂ extension layer 220 may be arranged over
at least the portion of the waveguide array 202 corresponding to the thermal heater 212.

[0084] FIG. 2A shows the waveguide structure 200 before thermal tuning or before
application of heat to the wavegnide arnay 202 to illustrate the phase change of light
propagating in fhe waveguide array 202. The solid line 230 represents the input phase
plane, while the solid line 232 represents the output phase plane. As a result of; for
example, fabrication imperfection, a phase difference may be induced between the outpuit
phase plane 232 and the input phase plane 230, and therefore the relationship between the
outpilt phase plane 232 and the input phase plane 230, as well as the phese between the
respective lights propagating fhrough the different waveguides, e.g. 204, 206, may
deviate from a fixed delay intended (;r initially introduced for the waveguide array 202.

[0085] FIG. 2B shows the waveguide structure 200 after thermal tuning or
afterapplication of heat to the waveguide array 202 to illustrate the phase change of light
propagating in the waveguide afray 202. As shown in the cross-sectional view of the
waveguide structure 200 of FIG. 2B, the thermal extension layer 220 may be arranged
between the thermal heater 212 and the waveguide array 202. The thermal heater 212
including the plurality of heater elements, e.g. 214, 216, may generate heat, for example '
as represented by 222 for heat generated by the first heater element 214, which may first
be radiated towards and onto the thermal extension layer 220. The thermal extension
layer 220 may have a high thermal conductivity sufficient to uniformly distribute the heat
generated from the thermal heater 212 to the waveguide array 202. This may mean that
the heat from the thermal extension layer 220 may become at least substantially
uniformly distributed and then ﬂpw onto the waveguide array 202, such that the
waveguide array 202 may receive at least substantially uniform heat distribution, as

represented by 224.

[0086] As shown in the top view of the waveguide structure 200 of FIG. 2B, as a result of

the thermal tuning, the output phase plane 232, which may have deviated as a result of
additional induced phase difference, may be shifted back to a plane, for example as
represented by the dashed line 234, which may be the expected (or intended) output phase

plane in operations without the additional induced phase difference. The double-headed

15



10

15

20

25

30

WO 2014/031081 PCT/SG2013/000361

arrow represented as 236 illustrates the phase shift as a result of thermal effect.
Therefore, in various embodiments, the heat generated by the thermal heater 212 and
subsequently at least substantially uniformly distributed by the thermal extension

layer 220 onto- the waveguide array 202 may compensate for deviation caused by

‘additional induced phase difference. In this way, phase change upon thermal tuning may

be at least substantially uniform.

[0087] FIGS. 2C to 2E respectively show schematic cross-sectional views of waveguide
structures, illustréting different thermal heater designs for comparison of temperature
distributions in the respective waveguide arrays.

[0088] FIG. 2C shows a schematic cross-sectional view of a waveguidle structure 240.
The waveguide structure 240 includes a waveguide array 202 including a plurality of -
waveguides, for example including a first waveguide 204, a second waveguide 206 and

so on, which are spaced apart unequally between adjacent waveguides. The waveguide

structure 240 further includes a thermal heater 212 arranged over the waveguide

array 202. The thermal heater 212 includes a plurality of heater elements, for example -
including a ﬁrsf heater element 214, a second heater element 216 and so on, which are

spaced apart equally between adjacent heater elements. The waveguide array 202 and the

thermal heater 212 may be embedded within a passivation layer or an insulating
layer 250. ‘ _

.[0089] As a non-limiting example, the first heater element 214 may generate and radiafé
heat, as represented by 222a onto the first waveguide 204, while the second heater
clement 216 may generate and radiate heat, as represented by 222b onto the second
waveguide 206. As illustrated in FIG. 2C, the respective heat distributions received by
the first waveguide 204 and the second waveguide 206 may be non-uniform, leading to
non-uniform temperature distributién onto the waveguide array 202, which may lead to
non-uniform thermal tuning.

[0090] FIG. 2D shows a schematic cross-sectional view of a waveguide structure 242,
The waveguide structure 242 includes a wavegﬁide‘ array 202 including a plurality of
waveguides, for example including a first waveguide 204, a second waveguide 206, a
third waveguide 208 and so on;, which are spaced apart unequally between adjacent

waveguides. The waveguide structure 242 further includes a thermal heater 212 arranged
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over the waveguide array 202. The thermal heater 212 includes a plurality of heater

elements, for example a’ first heater element 214, a second heater element 216, a third

heater element 218 and so on, which are spaced apart unequally between adjacent heater

elements. The waveguide array 202 and the thermal heater 212 may be embedded within

a passivation layer 250.

[0091] As a non-limiting example, the first heater element 214 may generate and radiate

heat, as represented by 222a onto the first waveguide 204, while the third heatef

element 218 may generate and radiate heat, as represented by 222c onto the third

waveguide 208. As illustrated in FIG. 2D, the respective heat distributions received by

the first waveguide 204 aﬁd the third waveguide 208 may be non-uniform, leading to

non-uniform temperature distribution onto the waveguide array 202, which may lead to

noﬁ-uniform thermal tuning. _ |
[0092] FIG. 2E shows a schematic cross-sectional view of a waveguide structure 244.

The waveguide structure 244 includes a waveguide array 202 including a plurality of

waveguides, for example including a first waveguide 204, a second waveguide 206 and

so on, which are spaced apart unequally between adjacent waveguides. The waveguide

structure 242 further includes a thermal heater 212 arranged over the waveguide

array 202. The thermal heater 212 includes a plurality of heater elements, for example a
first heater element 214, a second heater element 216 and so on, which are spaced apart
equally between adjacent heater elements. The waveguide stméture 242 further includes a
thermal extension layer 220 between the waveguide array 202 and the thermal heater 212.
The waveguide array 202, the thermal heater 212 and the thermal extension layer 220
may be embedded within a passivation layer 250.

[0093] As a non-limiting example, the first heater element 214 may generate and radiate
heat, as represented by 222a onto the thermal extension layer 220, while the second
heater element 216 may generate and radiate heat, as represented by 222b onto the
thermal extension layer 220. The thermal extension layer 220 may distribute the heat
received at least substantially uniformly onto the waveguide array 202. As illustrated in
FIG. 2E, the reépective heat distributions received by the first waveguide 204 and the

second waveguide 206 may be at least substantially uniform, leading to at least
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substantially uniform temperature distribution, as represented by 224, onto the waveguide
array 202, which may lead to at least substantially uniform thermal tuning.
[0094] As shown in FIGS. 2C and 2D, the temperature distributions on the waveguide

array 202 may be non-uniform for the respective waveguide structures 240, 242 without a

~ thermal extension layer. In contrast, as illustrated in FIG. 2E, with a thermal extension

layer 220 between the thermal heater 212 and the waveguide array 202, the temperature
may bé distributed at least substantially uniformly in the waveguide layer or the arrayed
optical waveguides, e.g. 204, 206. |

[0095] Optical strﬁctures incorporating the waveguide structure of various embodiments
will now be described by way of the following non-limiting examples, with reference to
FIGS. 3A to 3E. ’

[0096]) FIG. 3A shows a schematic top view of an optical structure 300, in the form of a
1xN optical switch, incorporating a waveguide structure 302, according to various
embodiments. The waveguide structure 302 may be coupled between a plurality of input
waveguides 304 and a plurality of output waveguides 306. The optical structure 300 may
receive an input signal and provide N output signals.

[0097] The waveguide structure 302 may include a waveguide array 310, a thermal
extension layer 312 disposed over the waveguide array 310 or a portion thereof, and a
thermal heater 314 disposed over the theﬁnal extension layer 312. The waveguide
array 310, the thermal extension layer 312 and the theﬁnal heater 314 may be
monolithically integrated on a support substrate (not shbwn). The waveguide array 310
may include a plurality of waveguides with a pre-determined phase relationship defined
for light propagating through the plurality of waveguides. The plurality of waveguides
may be ‘a'rrange.d at least substantially parallel relative to each other. The plurality of
waveguides may be arranged spaced apart from each other. The thermal heater 314 may
be or may include a heater element. The thermal heater 314 may be arranged in a
meander péttem, overlapping with the thermal extension layer 312 and the waveguide
array 310. The thermal heater 314 may be arranged in a trapezoidal shapé. The thermal
extension layer 312 may have a trapezoidal shape.

{0098] The waveguide array 310 may be coupled (e.’g. mechanically and/or optically -
coupled) to the plﬁrality of input waveguides 304 and the plurality of output
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Waveguides 306 such that light may propagate through the plurality of input
waveguides 304, the waveguide array 310 and the plurality of output waveguides 306. In

. various embodiments, the plurality of input waveguides 304, the waveguide array 310

and the plurality of output waveguides 306 may be a continuous waveguide structure.
The plurality of output waveguides 306 may subsequently be coupled to optical channels
or optical devices or further waveguides, by means of a coupler 308.

[0099] The optical structure 300 may further include a first conductive interconnect 316a
and a second conductive interconnect 316b coupled to the thermal heater 314 for the
supply of an electrical signal to the thermal heater 314 to operate the thermal heater 314
to generate heat for thermal tuning of the waveguide structure 302.

[0100] FIG. 3B shows a schematic top view, in a partial expanded view, of an optical
structure 320, in the form of a 1xN optical switch, incorporating a waveguide
structure 302, according to various embodiments. The waveguide structure 302 may be
coupled between a plurality of input waveguides 304 and a plurality of output
waveguides 306. The optical structure 320 may be as described in the context of the
embodiment of the optical structure 300 of FIG. 3A.

[0101] FIG. 3C shows a séhematié top view of an optical structure 330, in the form of a
NXN optical switch, incorporating a waveguide structure 302, according to various
embodiments. The wavéguide structure 302 may be coupled between a plurality of input
waveguides 304 and a plurality of output waveguides 306. The optical structure 330 may
receive N input signals and provide N output signals.

[0102] The waveguide structure 302 may include a waveguide array 310, a thermal
extension layer 312 disposed over the waveguide array 310 or a portion thereof, and a
thermal heater 314 disposed over the thermal extension layer 312. The waveguide
array 310, the thermal extension | layer 312 and the thermal heater 314 may be
monolithically integrated on a support substrate (not shown). The waveguide array 310
may include a plurality of wavegﬁides with a pre-determined phase relationship defined
for light propagating through the plurality of wavelguides. The plurality of waveguides
may be arranged at least substantially parallel relative to each other. The plurality of

waveguides may be arranged spaced apart from each other. The thermal heater 314 may

. include a plurality of heater elements overlapping with the thermal extension layer 312
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and the waveguide array 310. The plurality of heater elements may be arranged at least
substantially parallel relative to each other. The plurality of heater elements may be
arranged spaced apart from each other. The plurality of heater eléments may have
different lengths such that the thermal heater 314 may bé arranged in a trapezoidal shape.
The thermal extension layer 312 may have a trapezoidal shape.

[0103] The waveguide array 310 may be coupled (e.g. mechanically and/or optically
coupled) to the plurality of input waveguides 304 and the plurality of output
waveguides 306 such that light may propagate through the plurality of input
waveguides 304, the waveguide array 310 and the plurality of output waveguides 306. In
various embodiments, the plurality of input waveguides 304 may be coupled to the
waveguide array 310 via a first coupler (e.g. stér coupler) 332, while the plurality of
output waveguides 306 may be coupled to the waveguide array 310 via a second coupler
(e.g. star coupler) 334, |
[0104] The optical structure 330 rﬁay further include a first conductive interconnect 316a

and a second conductive interconnect 316b coupled to the thermal heater 314 for the

_supply of an electrical signal to the thermal heater 314 to operate the thermal heater 314

to generate heat for thermal tuning of the waveguide structure 302.
[0105] FIG. 3D shows a schematic top view of an optical structure 350, in the form of a
tunable arrayed waveguide grating (AWG), vincorporating a waveguide structure 302,
according to various embodiments. The waveguide structﬁre 302 may be coupled
between a plurality of input waveguides 304 and a plurality of output waveguides 306.
The optical structure 350 may receive a plurality of input signals and provide a plurality
of output signals. _ v

[0106] The waveguide structure 302 may include a waveguide array 310, a thermal
extension layer 312 disposed over the waveguide array 310 or a portion thereof, and a
thermal heater'314 disposed over the_ thermal extension layer 312. The waveguide
array 310, the thermal extension layer 312 and the thermal heater 314 may be
monolithically integrated on a support substrate (not>shown.). The waveguide array 310
may include a plurality of waveguides with a pre-determined phése relationship defined
for light propagating through the plurality of waveguides. The plurality of waveguides

may be arranged at least substantially parallel relative to each other. The plurality of
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- waveguides may be arranged spaced apart from each other. The thermal heater 314 may

include a plurality of heater elements overlapping with the thermal extension layer 312
and the waveguide array 310. The plurality of heater elements may be arranged at least
substantially parallel relative to each. other. The plurality of heater elements hmay be

arranged spaced apart from each other. The plurality of heater elements may have

| different lengths such that the thermal heater 314 may be arranged in a trapezoidal shape.

The thermal extension layer 312 may have a trapezoidal shape. ‘
[0107] The waveguide array 310 may be coupled (e.g. mechanically and/or optically
coupiedj to the plurality of input waveguides 304 and the plurality of output
waveguides 306 such that light may propagate through the plurality of input
waveguides 304, the waveguide array 310 and the plurality of output waveguides 306. In
various embodiments, the plurality of input waveguides 304 may be coupled to the
waveguide array 310 via a first coupler (e.g. star coupler) 352, while the plurality of
output waveguides 306 may be coﬁpled to the waveguide array 310 via a second éoupler
(e.g. star coupler) 354.

[0108] The optical structure 350 may further include a first conductive interconnect 316a
and a second conductive interconnect 316b coupled to the thermal heater 314 for the
supply of an electrical signal to the thermal heater 314 to operate the thermal heater 314
to generate heat for thermal tuning of the waveguide structure 302.

[0109] FIG. 3E shows a schematic top view of an optical stnicture 360, in the form of a
tunable arrayed waveguide grating (AWG), incorporating a waveguide structure 302,
according to various embodiments. The waveguide structure 302 may be coupled
between a plurality of input waveguides 304 and a plurality of output waveguides 306.
The optical structure 360 may receive a plurality of input signals and provide a plurality
of output signals. |

[0110] The waveguide structure 302 may include a waveguide array 310, a first thermal
extension layer 312a disposed ow}er a first portion of the waveguide array 310, a first
thermal heater 314a disposed over the first thermal extension layer 312a, a second
thermal extension layer 312b disposed over a second portion of the waveguide array 310,
and a second thermal heater 314b disposed over fhe second thermal extension layer 312b.

The waveguide array 310, the first thermal extension layer 312a, the first thermal
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heater 314a, the second thermal extension layer 312b and the second thermal heater 314b
may be monolithically integrated on a support substrate (nbt shown). |

[0111) The first portion and the second portion of the waveguide array 310 may be

‘adeacent t6 each other, in close proximity or spaced apart by a pre-determined distance.

The first thermal extension layer 312a and the second thermal extension layer 312b may
be arranged complementary to each other.

[0112] The waveguide array 310 may include a plurality of waveguides with a pre-
determined phase relationship defined for light propagating through the plurality of
waveguides. The plurality of waveguides may be arranged at least substantially parallel
relative to each other. The plurality of waveguides may be arranged spaced apart from
each other. ' ' ‘

[0113] The first thermal heater 314a may include a plurality of first heater elements
overlapping with the first thermal extension layer 312a and the first portion of the
waveguide array 310. The plurality of first heater elements may be arranged at least
substantially parallel relative to each other. The plurality of first heater elements may be
arranged spaced apart from each other. The pluralify of first heater elements may have
different I'engths such that the ﬁrsf thermal heater 314a may be arranged in a triangular
shape. The first thermal extension layer 312a may have a triangular shape.

[0114] The secbnd thermal heater 314b may include a plurality of second heater elements
overlapping with the second thermal extension layer 312b a‘nd the second portion of the
waveguide array 310. The plurality of second heater elements may be arranged at least
subétantially parallel relative to each other. The plurality of second heater elements may
be arranged spaced apart from each other. The plurality of secbnd heater elements may
have different lengths such fhat the second thermal heater 314b may be arranged in a
triangular shape. The second thermal extension layer 312b may have a triangular shape.
[0115] The waveguide array 310 may be coupled (e.g. mechanically and/or optically
coupled) to the plurality of iﬁput waveguides- 304 and the plurality of output
waveguides 306 such that light may propagate through the plurélity of input
waveguides 304, the waveguide array 310 and the plurality of output waveguides 306. In
various embodiments, the plurality-.oAf input wa\}eguides 304 may be coupled to the

waveguide array 310 via a first coupler (e.g. star coupler) 352, while the plurality of
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output waveguides 306 may be coupled to the waveguide array 310 via a second coupler
(e.g. star coupler) 354. | ‘ '
[0116] The optical structure 360 may further include a first conductive interconnect 3 1‘6a
and a second conductive interconnect 316b coupled to the first thermal heater 314a for
the supply of an electrical signal to the first thermal heater 314a to operate the first
thermal heater 314a to generate heat for thermal tuning of the waveguide structure 302.
[0117] The optical structure 360 may further include a third conductive interconnect 316¢
and a fourth conductive interconnecf 316d coupled to the second thermal heater 314b for
the supply of an electrical signal to the second thermal heater 314b to operate the second
thermal heater 314b to generate heat for thermal tuning of the waveguide structure 302.
[0118] By having separate and independent first thermal heater 314a and second thermal
heater 314b, different portions of the waveguide structure 302 may be thermally tuned.
Therefore, light propagating through the first portion and the second portion of the
waveguide array 310 may be indi{/idually tuned by means of the heat generated by the
first thermal heater 314a and/or the second thermal heater 314b, thereby providing a
higher degree of thermal tuning.

[0119] In various embodiments, during operation of the respective optical structures 300,
320, 330, 350, 360, the waveguide structure 302 may be thermally controlled or thermally
tuned to compensate for a phase errbr that may be induced between the input light
received by the plurality of input waveguides 304 and the lighf coupled out of the optical
structure 300 by the plurality of output waveguides 306.

[0120] It should be appreciated that in any one of the optical structures 300, 320, 330,
350, 360, the thermal heater 314 may be a single heater element arranged in a meander
pattern or may include a plurality of heater elements, which may be arranged at least
substantially parallel to each other énd/or spaced apart from each other. In addition, the
thermal heater may have any shape, including for example trapezoidal or triangular.
[0121] FIG. 4A shows a top view of an optical structure 400 before thermal tuning, while
FIG. 4B showé a top view of the optical structure 400 after thermal runing, according to
various embodiments. FIGS. 4A and 4B illustrate the application of the Waveguide

structure of various embodiments in an optical waveguide array, for fine tuning in an

AWG.
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[0122] The optical structure (e.g. AWG) 400 may include a waveguide strucﬁlre 4'01. The |
waveguide struéture 401 may include a waveguide array 402 monolithically integrated on
a support substrate (not shown). The waveguide array 402 may include a plurality of
waveguides. As an example as shown in FIGS. 4A and 4B, the waveguide array 402 may
include six optical waveguides. The waveguide structure 401 may include a thermal
extension layer 412 mbnblithically integrated on the support substrate (not shown). The
thermal extension layer 412 may be arranged over a portion of the waveguide array 402.
The waveguide structure 401 may further include a thermal heater (omitted for ease of
understanding of FIGS. 4A and 4B) monolithically integrated on the support substrate
(not shown). The thermal heater may be arranged over the thermal extension layer 412.
[0123] The waveguide array 402 may be coupled (e.g. mechanically and/or optically
coupled) to a plurality of output waveguides 406 via a coupler (e.g. star coupler) 432. The
plurality of output waveguides 406 may include a first outpufwaveguide 452, a second
output waveguide 454, a third outpﬁt waveguide 456 and a fourth output waveguide 458.
[0124] In a general silicon-on-insulator (SOI) AWG, the output wavelengths may be

mismatch with request, which for example may be caused by fabrication mismatching

tolerance, and/or stress influence and/or temperature fluctuation. As illustrated in

FIG. 4A, there may be deviation in the prdpagation of light of different wavelengths
caused by phase error. For example, light of blue wavelength as represented by 442 may
not be optimally directed to the first waveguide 452 for coupling out of the optical

structure 400. Similarly, light of green wavelength as represented by 444 may not be

optimally directed to the second waveguide 454, light of yellow wavelength as

represented by 446 may not be optimally directed to the third waveguide 456, and light of
red wavelength as represented by 448 may not be optimally directed to the fourth
waveguide 458. |

[0125] FIG.. 4B shows the opticgl structure 400 after thermal control or tuning of the
waveguide array 402 to compensate for the phase error. Heat generated by the thermal
heater (not shown) may be at least substantially uniformly distributed By the thermal
extension layer 412 onto the waveguide array 402. This may allow tuning of the
propagation of light of different wavelengths through the optical structure 400. As a non-

limiting example, therefore, thermal tuning may enable light of blue wavelength 442 to
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ge optimally directed to the first waveguide 452 for coupling out of the optical
structure 400. Similarly, light of green wavelength 444 may be optimally directed to the '
second waveguide 454, light of yellow wavelength 446 may be optimally directed to the
third waveguide 456, and light of red wavelength 448 may be optimally directed to the
fourth waveguide 458. ' v

[0126] Results relating to the waveguide structures of various embodiments will now be

- described by way of the folldwing non-limiting examples. In the examples, titanium

nitride (TiN) is used as the thermal heater and aluminiumA(Al) is used as the thermal or
heat extension layer. Simulation of results may be carried out based on numerical
analysis. ' _ » '

[0127] FIG. 5A shows a plot 500 of simulated temperature distribution of a waveguide
structure without a thermal extension layer, while FIG. 5B shows a plot 502 of simulated
temperature distribution of a waveguide structure with a thermal extension layer,
according to various embodiments. In FIGS. 5A and 5B, the thermal heater is indicated as
dashed lines in the vicinity of Y = 0. In FIG. 5B, the thermal extension layer is indicated
as a thick solid line just below the .thermal heater, in the vicinity of Y = 0. Comparison of
the results illustrated in FIGS. 5A snd 5B show that for a waveguide structure without a
thermal extension layer, temperature fluctuation may be larger than that of a waveguide

structure with an Al thermal extension layer. Furthermore, as shown in FIG. 5B, at least

- substantially uniform temperature distribution may be achieved by using a heat extension

layer. Therefore, without a thermal expansion layer, temperature may fluctuate in the
arrayed waveguide layer, which may cause varied phase change to every arrayed
waveguide. With a thermal expansion layer, temperature may be distributed very
smoothly in the waveguide layer, which may cause at least substantially identical phase
change to every arrayed waveguide.A

[0128] FIG. 6 shows a plot 600 of simulated temperature distribution results for
aluminium (Al) thermal exténsioﬁ layers of different thickﬁesses, according to various
embodiments. The results shown in FIG. 6 are for a waveguide strucfure where the
spacing or gap between the thermal extension layer and the thermal heater is about
200 nm. Plot 600 shows result 602 where tﬁere is no thermal extension layer, result 604

where the Al thermal extension layer has a thickness of about 100 nm, result 606 where
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the Al thermal extension.layer has a thickness of about 200 nm, and result 608 where the
Al thermal extension layer has a thickness of about 250 nm. As may be observed from
plot 600, the thicker the thermal extension layer is, the more uniform the temperature
distribution is in the waveguide layer, which is arranged beneath the thermal extension
layer. |

[0129] FIG. 7 shows a plot 700 of simulated light propagation through a waveguide
structure of various emboaiments. In plot 700, the output light 702 may be in a direction
at least substantialiy parallel to the propagation direction of the input light 704, v
[0130] FIGS. 8A to 8L show respective plots of simulated light propagation through a
waveguide structure of various embodiments, illustrating the phase érray of various
embodiments for light wave direction controlling. The direction may be changed by
changing the phase of the light as a result of thermo-optical tuning. As shown in FIGS.8A
to 8L, the propagation direction of the output light wave 802 may be controlled to deviate
relative to a central axis of the wax}eguide structure or to the propagation direction of the
input light 804. Results are‘shown in FIGS. 8A to 8L for deviation of the output light
wave 802 of between 0° and 110°, at an interval of 10°. |
[0131] As described above, various embodiments may provide thermally tunable optical
devices or phase arrays with uniform temperéture distributions. Such optical phase arrays
may be used for tunable arrayed waveguide grating (AWG), and reconfigurable optical
switches for wavelength division multiplexing (WDM) applications. Such optical devices
may be directly used for telecommunication and coniputer communication.

[0132] Various embodiments may include one or more of the following : (1) a silicon-on-
insulator (SOI) based device or structure which may provide a lower cost (cost effective),
a smaller size and higher integration of components; (2) electrical control of the
waveguide structure and/or optical structure; b(3) a heater array with a thermal extension
layer, which rrlay provide at least substantially uniform temperature distribution; (4)
heater strips that may be equal-different, where the heater lengths may be of an arithmetic
sequence, and which may be arranged with equal spacings between adjacent heater strips;
(5) a planar thermal expansion layer under the heater strips; (6) planar integration with

CMOS compatible fabrication processes for implementation or realisation.
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[0133] It should be appreciated that modifications to the waveguide structure and/or the
optical structure of various embodiments may be carried out to realise a compact

footprint. In addition, multiple function integration may also be incorporated.

‘Furthermore, various embodiments may be émployed in a bio/chemical sensor.

[0134] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A waveguide structure comprising:

a support substrate;

a waveguide afray disposed on the support substrate;

a thermal extension’ layexf disposed over the waveguide array; and

a thermal heater disposed over the thermal extension layer;

wherein the thermal extension layer has a high thermal conductivity sufficient to
uniformly distribute the generated heat from the thermal heater to thé waveguide array;
and ‘

wherein the waveguide array, the thermal extension layer and the thermal heater

are monolithically integrated on the support substrate.

2. The waveguide structure of claim 1, wherein the waveguide array comprises a

plurality of waveguides extending substantially parallel and spaced apart from each other.

3. The waveguide structure of claim 2, wherein each of the plurality of waveguides

is spaced apart from another of the plurality of waveguides ata fixed interval.

4, The Waveguide structure of claim 2, wherein each of the plurality of waveguides

is spaced apart from another of the plurality of waveguides at a varying interval.

5. The waveguide structure of claim 1, wherein the thermal heater comprises a
plurality of heater elements extending substantially parallel and spaced apart from each

other.
6. The waveguide structure of claim 5, wherein each of the plurality of heater

elements is spaced apart from another of the plurality of heater eleménts at a fixed

interval.
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7. The waveguide structure of claim 5, wherein each of the plurality -of heater-
elements is spaced apart from another of the plurality of heater elements at a varying

interval.

8. The waveguide structure of claim 1, wherein the thermal heater comprises a
plurality of heater elements 'extending substahtially parallel and spaced apart from each
other at a fixed interval, and wherein the waveguide array comprises a plurality of
waveguides extending substantially pa_rallel and spaced apart from each other at a varying

interval. -

9. The waveguide structure of claim 1, wherein the thermal extension layer

comprises a thickness in a range of about 100 nm to about several microns.

10.  The waveguide structure of claim 1, wherein the thermal extension layer

comprises aluminium, copper, or silicon.

11.  An optical structure comprising:
a plurality of input waveguides cohﬁgﬁred to receive an input light;
a plurality of output waveguides configured to couple light out of the optical
structure; and | ‘ '
a wa\)eguide structure of claim 1 coupléd between the plurality of input

waveguidés and the plurality of output waveguides.

12.  The optical structure of claim 11, wherein the waveguide structure is configured
to be thermally controlled to compensate for a phase error between the input light and the

light out of the optical structure.
13.  The optical structure of claim 12, further comprising;

a first coupler arranged between the plurality of input waveguides and an input

end of the waveguide strﬁcture; and
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~a second coupler arranged between an output end of the waveguide structure and

the plurality of output waveguides.
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