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1
ERASABLE OPTICAL COUPLER

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to and is a continuation of
International Patent Application No. PCT/GB2018/050651,
filed Mar. 14, 2018; which claims priority from GB Patent
Application No. 1704690.5, filed Mar. 24, 2017, the entire
contents of which are hereby incorporated by reference in
their entirety for all purposes.

BACKGROUND OF THE INVENTION

Generally photonic integrated chips (PICs) can only be
tested at their inputs and outputs once fabrication is com-
plete. This leads to high failure rates and unnecessary
processing of failed chips, raising costs and lowering yield.
This limits the cost-effectiveness of PICs and their manu-
facture and therefore limits their uptake. It would be desir-
able to improve the yield and cost effectiveness of PIC
manufacture, and one way to do this is to facilitate improved
wafer-scale testing throughout the manufacturing process.

Wafer-scale autonomous testing is a crucial component of
any large scale semiconductor manufacturing line. Such
systems allow testing of photonic circuits at intermediate
points along waveguides formed in a substrate or wafer
between photonic components of the photonic device, pro-
vided e.g. as a PIC, under manufacture. This testing at
intermediate points allows the performance of individual
photonic components or groups of components to be evalu-
ated, hence allowing poor device performance or photonic
circuit failures to be detected at an early stage. Remedial
action can then be taken, either by repairing the photonic
circuit, or cessation of further processing to reduce fabrica-
tion costs.

One of the current market solutions is using conventional
directional couplers to couple light power out of conven-
tional waveguides for wafer scale-testing, for example using
a directional coupler. Such a directional coupler is perma-
nently fabricated within the photonic circuit, and cannot be
removed after testing. Therefore, the optical power that
transfers through the directional coupler for testing is a
permanent loss mechanism for the photonic circuit during
normal operation. As a result, a limited number of such
structures can be used in a circuit, and the optical power
available for testing at the directional coupler is limited.
Further, the optical power of the operational outputs of the
photonic integrated circuit is similarly limited by the direc-
tional couplers provided for testing.

It is in this context that the present invention has been
devised.

SUMMARY OF THE INVENTION

This present application relates to coupling light in pho-
tonic devices such as photonic integrated circuit (PIC) chips,
particularly into and out of waveguides formed in a wafer or
substrate material thereof, to facilitate wafer-scale autono-
mous testing or other applications. In particular, the appli-
cation is directed to couplers, photonic devices in particular
photonic integrated circuits including said couplers, or in
which the coupler is no longer coupled, apparatuses and
methods for forming and/or for erasing couplers on photonic
devices, and apparatuses and methods for testing the pho-
tonic devices using said couplers.
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The present disclosure provides, in examples, a method of
forming an erasable optical coupler in a photonic device
comprising a conventional optical waveguide formed in a
crystalline wafer. The method comprises selectively
implanting ions in a localized region of the wafer material
adjacent to the conventional waveguide of the photonic
device, to cause modification of the crystal lattice structure
of, and a change in refractive index in, the ion implanted
region of the wafer material to thereby form an ion
implanted waveguide optically coupled to the adjacent con-
ventional waveguide to couple light out therefrom, or in
thereto.

Some examples further comprise controlling, in the selec-
tive ion implantation, one or more of the size, shape, or
location of the localized region of the wafer material in
which ions are to be implanted, or the direction of implan-
tation, or the species, dosage or energy of the implanted ions,
to control the optical coupling between the conventional
waveguide and the ion implanted waveguide formed
thereby.

In some examples, the size, shape, or location of the
localized region, the direction of implantation, and the
species, dosage and energy of the implanted ions, are
selected to obtain a predetermined amount of optical cou-
pling between the conventional waveguide and the ion
implanted waveguide.

In some examples, the crystalline wafer material and ion
implanted waveguide are such that the crystal lattice struc-
ture or composition can be modified to adjust or remove the
optical coupling with the conventional waveguide by further
modification of the refractive index in the ion implanted
region.

In some examples, further modification of the refractive
index of the ion implanted region comprises the application
of heat, optionally by annealing.

In some examples, further modification of the refractive
index of the ion implanted region comprises additional ion
implantation.

In some examples, the method may further comprise
heating the implanted region to modify the crystal structure
of the wafer material in the implanted region to change the
refractive index thereof and adjust or remove the optical
coupling with the adjacent conventional waveguide. In some
examples, heating the implanted region may comprise heat-
ing by localized annealing. In some examples, the heating
may comprise optical absorption in the wafer material or
wherein the heating comprises passing an electrical current
through a resistive heating element arranged on the photonic
device so as to locally heat and anneal the ion implanted
region.

In some embodiments, the implanted ions are Si or Ge. In
some embodiments, the implanted ions modify the crystal
lattice structure of the device material from a more ordered
state to a less ordered state. The less ordered state may be an
amorphous state. In some embodiments, the heating the ion
implanted waveguide changes the crystal lattice structure
therein from a less ordered state to a more ordered state.

In some embodiments, selectively implanting the ions in
the localized region of the wafer material comprises: depos-
iting a mask material onto the device; processing the mask
material to form at least one opening adjacent to the con-
ventional waveguide of the photonic device; and implanting
ions in the wafer material through the opening of the mask
adjacent to the conventional waveguide of the photonic
device. In some embodiments, the mask comprises: a pho-
toresist layer; and/or a hardmask, optionally wherein the
hardmask is formed of SiO,. In some embodiments, pro-
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cessing the mask includes: patterning a mask material with
a photolithographic or e-beam lithographic process; and
etching the mask material to form the at least one opening
of the mask.

In some embodiments, the method further comprises
providing a further, test waveguide coupled to the ion
implanted waveguide to couple light into and out of the
conventional waveguide of the photonic device through the
ion implanted waveguide. In some embodiments, the cou-
pling of light among the conventional waveguide, the ion
implanted waveguide and the test waveguide is via evanes-
cent coupling or directly butt-coupling. In some embodi-
ments, the coupling of light from the waveguide to the
testing waveguide includes a butt joint.

In some embodiments, the conventional waveguide is
formed as a rib waveguide. In some embodiments, the
method further comprises: forming the conventional wave-
guide as a rib waveguide structure in the wafer material;
implanting the ions adjacent the rib structure of the conven-
tional waveguide.

In some embodiments, the wafer material is silicon.

The present disclosure further provides, in examples, a
method, comprising implanting ions into a wafer material
adjacent to a conventional waveguide of a photonic device
provided thereby, the ion implanting being to form a wave-
guide in the wafer material configured as an optical coupler
to couple light into and out of the conventional waveguide.
The method may further comprise coupling light into and
out of the conventional waveguide via the adjacent coupler
waveguide to test the photonic device, and heating the
substrate to remove the adjacent coupler waveguide after the
testing.

The present disclosure further provides, in examples, an
apparatus, comprising a substrate formed of a wafer mate-
rial, a conventional optical waveguide formed by the wafer
material, an optical coupler waveguide formed temporarily
in the wafer material adjacent to the conventional optical
waveguide, the optical coupler being configured to couple
light in to, or out of, the conventional optical waveguide
during a test, and wherein the wafer material and optical
coupler waveguide are such that the optical coupling
between the optical coupler waveguide is removable by
heating the wafer material.

In some embodiments, the apparatus may further com-
prise a test system configured to test the apparatus by
coupling light in to, or out of, the conventional waveguide
through the optical coupler waveguide.

In some embodiments, the apparatus may further com-
prise an eraser system configured to heat a region including
the optical coupler waveguide to modify the crystal structure
of the wafer material in the region to change the refractive
index thereof and remove the optical coupling with the
adjacent conventional waveguide. In some embodiments,
the eraser system comprises or a resistive heating element
arranged to on the photonic device so as to locally heat and
anneal the ion implanted region when an electrical current
passes through the resistive heating element.

In some embodiments, the conventional optical wave-
guide is formed as a rib waveguide structure, optionally
wherein the optical coupler is formed adjacent to a rib
waveguide of the rib waveguide structure.

In some embodiments, the apparatus may further com-
prise a test waveguide coupled to the optical coupler wave-
guide to couple light into and out of the conventional
waveguide of the photonic device through the optical cou-
pler waveguide.

10

15

20

25

30

35

40

45

50

55

60

65

4

In some embodiments, the optical coupling between the
optical coupler waveguide and the conventional waveguide
has been removed by the refractive index of the optical
coupler waveguide having been changed.

The present disclosure further provides, in examples, an
apparatus for forming an erasable coupling region on a
photonic device, comprising implanting means for implant-
ing ions into a material of the photonic device, and computer
readable instructions to control one or more of the size,
shape, or location of a localized region of the material in
which ions are to be implanted, or the species, dosage or
energy of the implanted ions, to control coupling in the
photonic device.

The present disclosure further provides, in examples, an
apparatus for testing an erasable optical coupler in a wave-
guide device, comprising means for inputting and/or out-
putting optical signals into a conventional waveguide
through an erasable optical coupler.

The present disclosure further provides, in examples, an
apparatus for erasing an optical coupler comprising means
for localized annealing of a material of the waveguide
device, optionally wherein the means for localized annealing
comprises a light source.

Some examples provide a system for sequentially pro-
ducing a photonic device, comprising forming, using the
apparatus described above, an erasable optical coupler,
testing, with the apparatus described above, the erasable
optical coupler, and erasing, with the apparatus described
above, the coupling ability of the optical coupler.

An erasable optical coupler as described above can be
fabricated in a spatially efficient manner, preserving real
estate on a photonic integrated chip (PIC). Furthermore, the
erasable nature of the optical coupler allows removal after a
testing procedure, resulting in minimal signal loss in the PIC
during operation. Thus, the erasable optical coupler as
described above enables the identification of defective chips
during the fabrication process, reducing the processing wast-
age associated with PIC fabrication.

One method of testing photonic circuits is by using
diffractive gratings implanted in waveguides, which can be
removed after testing. An example of this is described in R.
Topley et al, “Locally erasable couplers for optical device
testing in silicon on insulator,” Journal of Lightwave Tech-
nology, vol. 32, issue no 12, pp. 2248-2253, 2014, which is
incorporated by reference in its entirety. However the pres-
ent inventors have discovered that, testing with implanted
diffractive gratings is not spatially efficient because the
waveguides need to be tapered up over a distance to a larger
waveguide size, at which the diffractive grating is implanted,
and then tapered back down over another distance, in order
to provide the light out for testing. As a result of this tapering
length, the gratings take up a large amount of space on the
PIC and cause the PICs to need to be large, or otherwise only
a small number of gratings can be implanted. In these
grating couplers, which may be removed after testing/use,
the tapers connecting grating couplers and photonic wave-
guides are normally over 100unu in length to obtain a good
coupling efficiency. Each testing point with a grating coupler
would require two tapers, which occupies additional space
(over 20unx200unL) within a photonic circuit. Further, the
coupling efficiency of these diffractive gratings is not as high
as for conventional gratings. These two factors limit their
practicality and usefulness. The erasable directional cou-
plers of the present disclosure do not suffer from these
drawbacks.



US 11,209,593 B2

5
BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are further described here-
inafter with reference to the accompanying drawings, in
which:

FIG. 1 is a diagram showing an optical coupler in accor-
dance with an embodiment of the present disclosure;

FIG. 2 is a diagram showing an optical coupler in accor-
dance with a second embodiment of the present disclosure;

FIG. 3 is a cross section of an erasable optical coupler in
accordance with an embodiment of the present disclosure;

FIG. 4 is a graph showing a layout of a directional coupler
in accordance with an embodiment of the present disclosure;

FIG. 5 is a graph showing optical transmission as a
function of coupling length of an implanted waveguide
coupler in accordance with an embodiment of the present
disclosure;

FIG. 6 is a graph showing refractive index change in
silicon as a function of the dose of various ion implantation
species;

FIG. 7 shows four plots, 701-704, of implant dose varia-
tions for 100 keV implant energy of Ge into Si;

FIG. 8 is a flow chart of a method of producing an optical
coupler according to an example of the disclosure;

FIG. 9 is a flow chart of a method of testing a photonic
device using an optical coupler and subsequently erasing the
coupler, according to an example of the disclosure;

FIG. 10 is a diagram showing an array of optical couplers
in accordance with an embodiment of the present invention;

FIGS. 11a-b shows optical microscope images of fabri-
cated directional couplers of a single-stage directional cou-
pler (FIG. 11a) as illustrated in FIG. 1 and a dual-stage
directional coupler (FIG. 115) as illustrated in FIG. 2;

FIG. 12a is a diagram showing a sequential annealing of
the coupling length of the directional coupler using repeated
passes of a localized laser annealing system in accordance
with an embodiment of the present disclosure;

FIG. 1256 shows an experimental setup used for sequen-
tially locally annealing parts of the ion implantation region
of the directional couplers of FIGS. 11a and 115 to reduce
the coupling length by scanning a laser along a scanning
path as shown in FIG. 12q;

FIG. 13 is a graph showing the coupled light intensity
through the single stage directional coupler of FIG. 11a for
reducing coupling lengths;

FIG. 14 is a graph showing the coupled light intensity
through the dual stage directional coupler of FIG. 115 for
reducing coupling lengths;

FIG. 15a shows optical microscope images of fabricated
photonic switching circuits of a 1x4 photonic switching
circuit;

FIG. 155 shows optical microscope images of fabricated
photonic switching circuits of a 2x2 photonic switching
circuit;

FIGS. 16a-d is a series of graphs showing the coupled
light intensity through the four different output ports of the
1x4 photonic switching circuit shown in FIG. 15 as direc-
tional couplers at different junctions of the circuit are
annealed and removed;

FIGS. 17a-b is a series of graphs showing the coupled
light intensity through different combinations of input and
output ports of the 2x2 photonic switching circuit shown in
FIG. 155 as directional couplers at different junctions of the
circuit are annealed and removed; and
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FIGS. 18a-b shows an arrangement of a photonic device
having a resistive heating element arranged on the photonic
device for locally heating and annealing the ion implanted
region.

DETAILED DESCRIPTION OF THE
INVENTION

In the examples of the present disclosure, space-efficient
erasable optical couplers for wafer-scale testing allow
increased wafer real estate for photonic circuit fabrication.
The optical couplers disclosed herein are directional cou-
plers, and operate to couple operational and/or test wave-
lengths of light into or out of a conventional waveguide in
a photonic circuit, for example provided as a PIC on an SOI
wafer. FIGS. 1 and 2 show, in detail, such example photonic
circuits 100, 200 including couplers.

An ion-implanted region in a PIC wafer material gener-
ally has a higher refractive index than the bulk material of
that wafer 105, 205, and thus the examples of the present
disclosure utilize this phenomenon to create an ion
implanted region 110, 210 that forms an implanted wave-
guide optical coupler 110, 210 to couple light into and/or out
of'a conventional waveguide. With this ion implanted wave-
guide region 110, 210 formed adjacent to a conventional
waveguide 130, 230, a directional coupling is formed. The
ion-implanted waveguide optical coupler 110, 210 is formed
in a region of the wafer material adjacent to and spaced apart
from the conventional waveguide 130, 230. In examples, the
ion-implanted waveguide optical coupler 110, 210 and the
conventional waveguide 130, 230 are spaced apart by a
distance, typically around 100 nm or greater, in examples, by
hundreds of nm. That is, the ion implanted region forming
the ion-implanted waveguide optical coupler 110, 210 is
spatially separated from, and does not form part of or
overlap spatially with the conventional waveguide 130, 230.
The ion-implanted waveguide optical coupler 110, 210 and
the conventional waveguide 130, 230 run alongside one
another over a distance over which light can be coupled
between the ion-implanted waveguide optical coupler 110,
210 and the conventional waveguide 130, 230. That is, light
travelling in one direction in one of the waveguides in
parallel to the other waveguide for a sufficient waveguide
length becomes coupled into the other waveguide through
mode coupling of the evanescent field. For parallel wave-
guides, which may be configured to couple light of a certain
wavelength between them, the amount of coupled light from
one waveguide to the other increases over the coupling
distance until it reaches a maximum, after which the amount
of coupled light again reduces for greater distances until it
reaches a minimum again. Indeed, the amount of coupled
light cyclically increases and decreases as the coupling
length increases. The spacing between the implanted wave-
guide optical coupler 110, 210 and the conventional wave-
guide 130, 230 may be such that evanescent coupling of
light, for example, light of a test wavelength or light source,
from one waveguide to the other is achieved. Similarly, the
length over which a section of the implanted waveguide
optical coupler 110, 210 and the conventional waveguide
130, 230 is substantially parallel and over which light is
coupled between them may be such that a desired amount of
light coupling (such as a percentage of transferred light
energy) is achieved. Forming the ion-implanted region 110,
210 by controlling, in selective ion implantation, one or
more of the size, shape, or location of the localized region
of the wafer material in which ions are to be implanted, or
the direction of implantation, or the species, dosage or
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energy of the implanted ions, the optical coupling between
the conventional waveguide 130, 230 and the ion implanted
waveguide 110, 210 can be controlled. Light can be coupled
out from the conventional waveguide 130, 230 into the
implanted waveguide coupler 110, 210 within a relatively
short distance of a few microns. Similarly, light can be
coupled in reverse, from the implanted waveguide coupler
110, 210 into the conventional waveguide 130, 230. Light
can therefore be coupled in to, or out of, a conventional
waveguide 130, 230 for testing by using one or more
implanted waveguide couplers 110, 210.

After testing, the ion implanted waveguide 110, 210 can
be erased or removed. An annealing process, or further
implantation, can change the refractive index of the bulk
material 105, 205 of the wafer in the ion implanted region
waveguide 110, 210, and can disengage or uncouple the
implanted waveguide coupler 110, 210 from the conven-
tional waveguide 130, 230. In an example, an annealing
process can be carried out for an entire wafer or photonic
device, or in a localized area surrounding an implanted
region, to anneal the implanted waveguide coupler.

There is no permanent change required to a conventional
waveguide 130, 230 or photonic circuit design to fabricate
the abovementioned implanted waveguide coupler 110, 210.
After testing and removal of the coupler, light in the con-
ventional waveguide 130, 230 is no longer coupled into the
implanted waveguide coupler 110, 210, and thus the con-
ventional waveguide 130, 230 is no longer significantly
affected by the coupler 110, 210 in terms of light transmis-
sion.

Thus, in an exemplary embodiment, a structure is dis-
closed which can couple light out from a photonic chip to
facilitate wafer-scale autonomous testing or other applica-
tions. The structure does not require any permanent modi-
fication of the original photonic circuit. It can be erased after
testing is complete, and will leave the original photonic
circuit unperturbed.

Wafer-scale autonomous testing is a crucial component of
any large scale semiconductor manufacturing line. There-
fore such a system allows the testing of photonic circuits at
intermediate points in order to evaluate the performance of
individual photonic components, hence allowing poor
device performance or photonic circuit failures to be
detected at an early stage and to be either repaired, or for
further processing to cease to reduce fabrication costs.

Turning now to FIG. 1 in particular, this illustrates an
exemplary embodiment of an erasable implanted waveguide
in a photonic circuit 100 in accordance with the present
disclosure. In an example, the photonic circuit 100 com-
prises one or more conventional waveguides in a rib wave-
guide structure on a Si wafer 105. The erasable waveguide
of FIG. 1 uses a section of implanted waveguide 110, which
is typically a few microns in length, to couple light signals
120 out from a conventional waveguide 130 of photonic
circuit 100. The light signals 120 in the implanted wave-
guide 110 can be coupled to another waveguide via
implanted waveguide coupler 110, for wafer-scale testing.
This is illustrated by light signal 140. It will be understood
that this process could be carried out in reverse, and light
signal 140 could be an input signal, via implanted wave-
guide 110, into conventional waveguide 130. After testing or
other photonic circuit evaluation, the implanted waveguide
110 can be erased. This erasing can be carried out by
annealing: either of the entire photonic circuit 100, or by a
localized process surrounding implanted waveguide 110; or
by further ion implantation to implanted waveguide 110.
Therefore the original photonic circuit 100, including con-
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ventional waveguide 130, would not be affected optically by
the implanted waveguide testing structure 110. Compared to
alternative methods, this approach has a reduced photonic
circuit footprint, and can offer high coupling efficiency.
Furthermore, it requires no permanent change to the pho-
tonic circuit.

FIG. 2 illustrates a second exemplary embodiment of an
erasable implanted waveguide in a photonic circuit 200 in
accordance with the present disclosure. In an example, the
photonic circuit 200 comprises one or more conventional
waveguides in a rib waveguide structure on a Si wafer 205.
FIG. 2 illustrates a two-stage directional coupler. An
implanted waveguide coupler 210 is fabricated between two
conventional waveguides, 230 and 240. In this exemplary
embodiment, light signals 220 in conventional waveguide
230 can couple to the second conventional waveguide 240
through the implanted waveguide coupler 210 between
them. This enables wafer scale testing via the extraction of
light from conventional waveguide 230 to conventional
waveguide 240, which may be a test node waveguide. It will
be understood that this process can be reversible, and light
output 245 from conventional waveguide 240 could be an
input of light, and implanted waveguide coupler 210 can
couple this light to conventional waveguide 230 for testing.
After a testing process, the implanted waveguide coupler
210 can be removed, either by annealing of the entire
photonic circuit 200, or localized annealing surrounding
implanted waveguide coupler 210. The coupling of
implanted waveguide coupler 210 can also be halted by
further ion implantation. After disengaging implanted wave-
guide coupler 210, any light power in conventional wave-
guide 230 will continue through this waveguide, and not be
coupled to conventional waveguide 240 via implanted wave-
guide 210.

FIG. 3 illustrates a cross sectional view of an implanted
waveguide coupler in a photonic circuit structure 300 in
accordance with an exemplary embodiment of the present
disclosure. In an example, the photonic circuit structure 300
is embodied in a silicon on insulator (SOI) water which may
include a bulk silicon layer (not shown) and Si02 buried
insulating layer 310, and a top silicon layer 320 provided on
the insulating layer 310. In an example, the top silicon layer
320 may be approximately 220 nm thick, and the buried
oxide insulating layer 310 may be 2000 nm thick. A con-
ventional waveguide 330 is formed by etching, however it
will be understood that the conventional waveguide 330 may
be formed by other fabrication methods. In an example, the
conventional waveguide 330 is formed by an approximately
70 nm etch 325 to the top silicon layer 320. In one example,
the width of the conventional waveguide is 500 nm.

The conventional waveguide 330 is said to have a ‘rib’
structure, in which the top silicon layer 320 is only etched
partially down towards the buried insulating layer 310 to
leave the conventional waveguide 330 projecting from a slab
of silicon remaining on the insulator 310 (as opposed to a
‘strip’ waveguide in which the top silicon layer is completely
etched down to the buried insulating layer 310). An
implanted waveguide 340 is then formed on the slab region
of'the top silicon layer 320 adjacent to the rib structure of the
conventional waveguide 330. In an example, the implanted
waveguide 340 is formed by implanting Ge ions to a target
depth of 140 nm. In an example, the width of the implanted
waveguide is approximately 500 nm. The implantation of
ions into the silicon top layer 320 changes the refractive
index of the implanted region by modifying the crystal
lattice of the silicon in that region, allowing coupling to
occur between the implanted region forming the implanted
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waveguide 340, and the conventional waveguide 330. The
implanted waveguide coupler 340 can therefore couple light
out from, or in to, the conventional waveguide 330, for
example during testing of the photonic circuit structure 300
and conventional waveguide 330. An example is provided
here, however it will be understood that the depth, width,
and other parameters such as ion implant dosage, ion spe-
cies, etc. will define the effective refractive index of the
optical mode in the implanted waveguide 340. The differ-
ence between this index and the effective refractive index in
the conventional waveguide 330 will affect how much light
power can couple between the implanted waveguide 340 and
conventional waveguide 330.

In an example embodiment, the implanted waveguide 340
can be formed in a different layer of the structure. For
example, the implanted waveguide 340 could be formed
above or below the conventional waveguide 330. If the
implanted waveguide is formed above or below the conven-
tional waveguide 330 so there is an overlap horizontally, the
implanted waveguide 340 could be separated from the
conventional waveguide 330 by, for example, a cladding
material, such as a cladding material with a lower refractive
index.

The implanted waveguide coupler 340 is formed to be
erasable, and may be removed or decoupled from the
conventional waveguide 330, for example by modification
of the crystal lattice structure of the silicone, such as to
repair damage thereto caused by the ion implantation and
reverse the change in the refractive index. In an example, an
annealing process can erase the implanted waveguide cou-
pler 340 by repairing at least some of the damage to the
crystal lattice structure. The annealing process may be a
whole wafer process across wafer 310, or a localized process
surrounding the ion implanted region forming the implanted
wavelength coupler 340. In a second example, the implanted
waveguide coupler 340 may be removed by further implan-
tation of ions to the implanted region 340, for example, to
cause further damage to the crystal lattice structure and to
further change the refractive index.

The mechanism of coupling between the implanted wave-
guide coupler 340 and conventional waveguide 330 is via
evanescent coupling, or butt-coupling (when the conven-
tional waveguide 330 is touching or overlapping with
implanted waveguide 340). The implantation of ions into the
top silicon layer 320 causes a change in refractive index of
the implantation region, allowing coupling of photons from
the conventional waveguide to the ion implanted waveguide
coupler (as illustrated in FIGS. 1 and 3), or thereon into a
second conventional waveguide (as illustrated in FIG. 2). As
outlined above, the coupling can be via evanescent coupling,
where two waveguides may be spatially separated, however
their optical modes extended out from the waveguides
(termed an evanescent field) and have an overlap with each
other. Light power will transfer from one optical mode in
one waveguide to the other through the overlapped evanes-
cent field region. The coupling can also be via butt-coupling,
where two waveguides are totally or partially overlapped,
and the light power can be coupled from one waveguide
directly to the other via the physical overlap.

FIG. 4 shows a figurative illustration of a layout 400 of an
implanted waveguide coupler (such as coupler 140 of FIG.
1), and a conventional waveguide (such as waveguide 130 of
FIG. 1) in accordance with exemplary embodiments of the
present disclosure. FIG. 4 includes a through port 410,
which provides an output to a conventional waveguide 430
(corresponding to the conventional waveguide 130 of FIG.
1 or 330 of FIG. 3). FIG. 4 also includes a drop port 420,
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which provides an output to an implanted waveguide 440
(corresponding to the implanted waveguide coupler 140 of
FIG. 1 or 340 of FIG. 3). In an example, a light signal is
injected at the left end 405 of the conventional waveguide
430. A portion of the light signal may then be coupled to the
implanted waveguide 440. Subsequently, the portion of the
light signal coupled to the implanted waveguide 440 is
transmitted out from the drop port 420, for example to
another conventional waveguide (not shown), for testing
purposes. The remaining light signal will stay within the
conventional waveguide 430 and be transmitted out via the
through port 410. If, for example after a testing process, the
implanted waveguide 440 is partially or completely erased,
the ratio of the power of the light signal transmitting through
the drop port 420 and through port 410 will change. For
example, if the implanted waveguide 440 is erased, nearly
all of the light signal will stay in the conventional waveguide
430 and be transmitted out via the through port 410.

FIG. 5 shows a graph 500 of coupling length and light
transmission percentage for an implanted waveguide cou-
pler adjacent to a conventional waveguide in accordance
with exemplary embodiments of the present disclosure. The
Y-axis 520 shows the transmission of light as a percentage
of'the input power. FIG. 5 illustrates that, in accordance with
embodiments of this disclosure, a change in coupling length
510, corresponding to the length of an implanted waveguide
coupler (such as implanted waveguide coupler 340 in FIG.
3) adjacent to a conventional waveguide (such as conven-
tional waveguide 330 in FIG. 3), affects the transmission 530
of light of the through port (such as through port 410 in FIG.
4) associated with the conventional waveguide. Similarly
the transmission of light 540 from a drop port (such as drop
port 420 in FIG. 4) associated with the implanted waveguide
also varies accordingly. The graph of FIG. 5 illustrates that
a short coupling length, equating to an adjacent approxi-
mately 3 um long implanted waveguide coupler in this
example, allows almost 70% of light to couple from a
conventional waveguide to the adjacent implanted wave-
guide coupler. This light transmission efficiency reduces as
the coupling length of the implanted waveguide coupler
increases to approximately 9 um, and begins to increase
again above this length to a value of approximately 45%
light transmission at a coupling length of 13 pm.

FIG. 6 shows a graph 600 of change in refractive index
610 as a function of ion implant dosage 620 for several
implant species 630 implanted into silicon. The graph of
FIG. 6 illustrates that refractive index 610 may vary based
on ion implantation dose 620, and based on a variety of ion
implant species 630. In exemplary embodiments of the
present disclosure, the ion implant species forming the
implanted waveguide coupler may include, but is not limited
to, Si, Ge, C, Sn, Ne, Ar, Kr, Xe, B, Ga, P, As, Sb or any
suitable ion that can be implanted into a material to change
the refractive index of said material.

FIG. 7 shows four plots, 701-704, of implant dose varia-
tions for 100 keV implant energy of Ge into Si. The plots
show depth of implant species 710 and width 720. The scale
730 represents the damage fraction, in which 80% crystal
lattice disorder corresponds with a damage fraction of 0.8.
The refractive index change is dominated by the percentage
of lattice damage in this case.

The mechanism of change in refractive index is linked to
crystal lattice change, composition, and additional charge,
all of which may result from ion implantation. Therefore any
suitable ion implant species that causes one or more of these
changes may be suitable for creating an implanted wave-
guide coupler. In an example, ion implantation causes a
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disordering of the crystal lattice structure of a material, for
example the implantation of Si or Ge ions into a silicon
photonic circuit material. This disordering is from a more
crystalline state to a more amorphous state.

As described above in relation to FIGS. 5, 6 and 7,
coupling intensity between an implanted waveguide coupler
and a conventional waveguide can be varied by changing the
length of the implanted waveguide coupler, or the ion
implant species or ion implant dose. Other mechanisms to
vary coupling intensity may include the size, shape, loca-
tion, and direction of the implanted waveguide coupler. The
ion implant species, dosage, implant energy, and direction of
ion implantation may also influence the coupling intensity of
the implanted waveguide coupler. In this way, the coupling,
and the amount of light coupled, can be controlled by
controlling one or more of the above variables.

As described above, the coupling mechanism is via eva-
nescent coupling, or butt-coupling, as a result of a change in
refractive index of the material into which the ion implanted
waveguide coupler is formed. The ion implanted waveguide
coupler is formed to be erasable, and may be erased by a
heating or annealing process, or by further ion implantation.
Heating of the implanted region may cause a change in
crystal lattice structure, composition, and charge, which may
in turn cause a change in refractive index of this region.
Similarly, a further implantation of ions into this region may
also change the refractive index of this region. In an
example, the ion implantation to form the implanted wave-
guide coupler causes the refractive index to increase, allow-
ing coupling to an adjacent conventional waveguide. Upon
heating of the structure, either by annealing the entire
structure, or localized annealing of the implant region, the
refractive index of the implanted region can reduce, thereby
stopping the coupling of photons from, or to, the conven-
tional waveguide. Similarly, further implantation may cause
the refractive index to increase further, thereby stopping the
coupling to the conventional waveguide.

In an annealing example, the mechanism of erasing the
implanted waveguide coupler is through a re-ordering of the
crystal lattice structure of a material, for example a silicon
photonic circuit material. In this example, the annealing
process causes ordering of the crystal lattice from a more
amorphous state to a more crystalline state, which acts to
change the refractive index and reduce or stop coupling
between an implanted waveguide coupler and conventional
waveguide.

In an implantation example, further ion implantation into
the implant region of an implanted waveguide coupler
causes further disorder of the crystal lattice structure,
thereby causing the structure to become more amorphous,
and changes the refractive index further. This acts to reduce
or stop coupling between an implanted waveguide coupler
and conventional waveguide.

Taking a mechanical analogy, the formation of the
implanted optical coupler may be thought of as engaging the
coupler to a conventional waveguide, allowing light to be
extracted from (or inserted into) the conventional wave-
guide. The implanted optical coupler may then be disen-
gaged from the conventional waveguide, for example by
annealing or further implantation, to stop the extraction of
light from the conventional waveguide (or input of light to
the conventional waveguide).

FIG. 8 illustrates a flow chart 800 of the fabrication steps
of forming an implanted waveguide coupler according to an
exemplary embodiment of the present disclosure. The
implanted waveguide coupler may be fabricated on a buried
oxide wafer as described above in relation to FIG. 3. In an
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example, at step 810, a mask is deposited onto a wafer
forming the photonic circuit structure including at least one
conventional waveguide. The mask may be a hard mask,
such as Si02, or may be a photoresist mask. At a second step
820, the mask is processed to form at least one opening
adjacent to the at least one conventional waveguide. In an
example, the mask is processed using photolithography or
e-beam lithography to pattern the mask, and dry or wet
chemical etching to form the opening in the mask. At a third
step 830, ions are implanted through the at least one open-
ing, into the wafer forming the photonic circuit structure,
adjacent to the at least one waveguide. In an optional step,
the mask may be removed.

In an exemplary embodiment of the present disclosure, a
test waveguide may be formed. The test waveguide may be
coupled to the conventional waveguide via the implanted
waveguide coupler and evanescent coupling, as illustrated
by waveguide 240 of FIG. 2, or may be directly butt-coupled
to the implanted waveguide coupler, for example as with the
coupler 140 of FIG. 1. Test signals may be transmitted in to,
or out from, the test waveguide, via the implanted wave-
guide coupler, into the conventional waveguide for testing a
photonic circuit. After testing, the implanted waveguide
coupler may be erased, as outlined above, by an annealing
or further implantation process. Therefore during operation
of the photonic circuit, light can transmit through the con-
ventional waveguide, without loss due to coupling to the
now erased implanted waveguide coupler.

FIG. 9 shows a flow chart of a method 900 of testing the
photonic circuit using the implanted coupler and then eras-
ing the coupler.

First, in 910, light is transmitted or coupled into and/or out
of the conventional waveguide via the adjacent coupler
waveguide to test the photonic device.

Then, in 920, once the test has been complete, the
coupling between the conventional waveguide is erased or
removed, in this case by heating the substrate locally in the
implanted region, or by further implanting ions, to remove
the coupling to the adjacent implanted waveguide region.

FIG. 10 illustrates an exemplary embodiment 1000 of the
present disclosure comprising an array of implanted wave-
guide couplers, such as one or more of the implanted
waveguide couplers 110 of FIG. 1, and/or 210 of FIG. 2 of
the present disclosure. FIG. 10 illustrates a series of
implanted waveguide couplers 1010, 1012, 1014 which can
be fabricated alongside one or more conventional wave-
guides 1030 for example by ion implantation, as described
above. The design of each implanted waveguide coupler
1010, 1012, 1014 can be similar to the designs shown in
FIG. 1 and/or FIG. 2. Each implanted waveguide coupler
can couple a percentage of the light power from the con-
ventional waveguide 1030. This is illustrated by arrow 1020,
showing the light in the conventional waveguide 1030, and
arrows 1040, 1045 and 1050, showing the coupling of a
portion of light 1020 by each of implanted waveguide
couplers 1010, 1020, 1030 to an output. As described above,
one or more of the implanted waveguide couplers 1010,
1012, 1014 can be erased, by localized annealing or further
ion implantation. Additionally, the portion of light coupled
by each implanted waveguide coupler 1010, 1012, 1014 may
be changed by annealing or by further ion implantation. For
example, implanted waveguide coupler 1010 and 1014 may
be erased, resulting in more light power 1020 coupling from
the conventional waveguide 1030 through implanted wave-
guide coupler 1012 and to an output or another waveguide
or photonic device as light 1045. In a second example, the
portion of light coupled by implanted waveguide coupler
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1010 may be halved, by annealing or further ion implanta-
tion but without completely erasing the implanted wave-
guide coupler, thereby allowing more light to couple via
implanted waveguides 1012 and 1014.

An array design such as that described above can allow
varying of the percentage of light power distributed to
different parts of a photonic circuit. This could be used to
balance the performance of the whole circuit, or to ensure all
of the light power input into a circuit is transmitted to the
part or the circuit under test. Regarding wafer-scale testing,
this could also enable multiple tests of a photonic circuit to
be performed simultaneously.

The exemplary embodiment of FIG. 10 may be scaled to
form a programmable optical circuit. This can be achieved
by making a generic circuit containing a number of conven-
tional waveguides 1030 and implanted waveguide couplers
1010, 1012, 1014, and erasing selected ones of the implanted
waveguide couplers 1010, 1012, 1014 to obtain any required
functionality. This could be particularly useful in switching
arrays for example, where only certain switching configu-
rations are allowed. In an example, this could enable a
programmable connection between N inputs and M outputs.
The example of FIG. 10 shows a 1x4 photonic switching
circuit. Persons of skill in the art will envisage the use of
such an embodiment for programming more complex cir-
cuits.

Referring now to FIGS. 11a to 154, the results of fabri-
cating and testing two directional couplers in accordance
with the embodiments of the disclosure shown in FIGS. 1
and 2 will now be described.

FIG. 11a shows an optical microscope image of a fabri-
cated single-stage directional coupler in accordance with the
embodiment described above in relation to FIG. 1. FIG. 115
shows an optical microscope image of a fabricated a dual-
stage directional coupler in accordance with the embodiment
described above in relation to FIG. 2.

The degree of transmitted non-coupled light intensity out
of the through port and of coupled light out of the drop port
were measured following a sequential annealing of the
coupling length of the directional coupler using repeated
passes of a localized laser annealing system as shown in
FIG. 12a. Here, as can be seen in FIG. 125, an Ar+ laser or
another suitable laser is focused onto the surface of the wafer
using a microscope objective to locally heat the surface. The
stage on which the wafer is placed is then operated so as to
move the focused annealing laser beam sequentially across
the end of the ion implanted waveguide to sequentially
anneal and erase sections of the ion implanted waveguide to
reduce the coupling length Lc of the single and dual stage
directional couplers.

At each stage of reducing coupling length Lc, a measure-
ment was taken of the proportion of the input light that was
transmitted to the through port, and the proportion of the
input light that was coupled through the directional coupler
and transmitted to the drop port.

The results are plotted as points in FIG. 13, for the single
stage coupler, and in FIG. 14, for the dual stage coupler, with
the dotted lines showing the simulated results. Here it can be
seen that the behavior of the fabricated directional couplers
is as expected from the simulations.

Similarly, FIG. 15a shows an optical microscope image of
a fabricated 1x4 photonic switching circuit and FIG. 155
shows an optical microscope image of a fabricated 2x2
photonic switching circuit.
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The usability and effectiveness of these devices as con-
trollable switching circuits was tested by selectively com-
pletely annealing the directional couplers to switch between
the inputs and outputs.

Initially, the 1x4 photonic switching circuit is initially
configured to couple a maximum amount of the input light
travelling through each coupler to each of the output ports
P1, P2, P3 and P4. Measurements of the transmitted light
intensity were taken at each of the output ports with the
switching circuit in its initial state, and then after its first,
second, and third sequential couplers are annealed and
erased. The results are shown in FIGS. 164, b, ¢ and d,
respectively.

In FIG. 164, it can be seen that in the initial state, with all
couplers remaining, the majority of input light is coupled to
the first port P1 with the signal strength being 14.4 dB
greater that the output at P2 at 1550 nm. Then, in FIG. 165,
it can be seen that with the first coupler erased, the majority
of input light is no longer coupled to the first port P1, but
rather it is coupled to the second port P2, with the signal
strength being 12.9 dB greater that the output at P1 and P3
at 1550 nm. Then, in FIG. 16c, it can be seen that with the
second coupler erased, the majority of input light is no
longer coupled to the second port P2, but rather it is coupled
to the third port P3, with the signal strength being 11.6 dB
greater that the output at the other ports at 1550 nm. Finally,
in FIG. 164, it can be seen that with the third coupler erased,
the majority of input light is no longer coupled to the third
port P3, but rather it is coupled to the fourth port P4, with
the signal strength being 13.1 dB greater that the output at
the other ports at 1550 nm.

Referring again to FIG. 155, the 2x2 photonic switching
circuit was initially configured with directional couplers so
that it operates in cross coupling mode, such that the light
input at terminal T1 is coupled across to be output at port P2,
and such that the light input at terminal T2 is coupled across
to be output at port P1. A measurement of operation in this
cross coupling mode this can be seen in FIG. 174, which
shows that the input light at T1 and T2 is indeed coupled
across to the opposing port, P2 and P1 respectively, with the
signal difference to the through coupled ports being 18.3 dB
at 1550 nm.

Then, to switch the 2x2 photonic switching circuit in
through coupling mode, the directional couplers of the
device were annealed to remove them and remove the cross
coupling. A measurement of operation in this through cou-
pling mode this can be seen in FIG. 175, which shows that
the input light at T1 and T2 is indeed coupled across to the
respective through ports P1 and P2, with the signal differ-
ence with the cross coupled ports being 23.1 dB at 1550 nm.

While in the embodiments described above, an external
laser source is used to locally heat and anneal the wafer to
erase, e.g. selectively, the directional couplers, other local
annealing methods may be suitable. For example, the pho-
tonic device may be provided with an eraser system con-
figured to heat a region including the ion implanted region
to modify the crystal structure of the wafer material in the
region to change the refractive index thereof and remove the
optical coupling with the adjacent conventional waveguide.
The eraser system may be provided on the photonic device
by a resistive heating element, as shown in FIG. 18. In the
embodiment shown, the resistive heating element com-
prises, as shown in the view from the top seen in FIG. 18a,
a resistive metal heater deposited on the surface of the wafer
having metal contacts on each side of the conventional
waveguides of the dual stage directional coupler, and a
narrowed heating element aligned bridging the conventional
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waveguides and extending along the surface of the wafer
aligned with the ion implanted region providing the coupling
waveguide. FIG. 185 shows in a cross section through the
ion implanted region and the neighboring conventional rib
waveguides, the layer of metal on top of the wafer providing
the resistive metal heating element. The resistive heater may
be arranged on the photonic device so as to locally heat and
anneal the ion implanted region when an electrical current
passes through the resistive heating element. In this way, the
photonic device may be fabricated with a switching mecha-
nism, for example, using a CMOS compatible metal depo-
sition process, to provide a directional coupler erasing
system which may be operated in use following testing of
the device.

Throughout the description and claims of this specifica-
tion, the words “comprise” and “contain” and variations of
them mean “including but not limited to”, and they are not
intended to (and do not) exclude other components, integers
or steps. Throughout the description and claims of this
specification, the singular encompasses the plural unless the
context otherwise requires. In particular, where the indefi-
nite article is used, the specification is to be understood as
contemplating plurality as well as singularity, unless the
context requires otherwise.

Features, integers or characteristics described in conjunc-
tion with a particular aspect, embodiment or example of the
invention are to be understood to be applicable to any other
aspect, embodiment or example described herein unless
incompatible therewith. All of the features disclosed in this
specification (including any accompanying claims, abstract
and drawings), and/or all of the steps of any method or
process so disclosed, may be combined in any combination,
except combinations where at least some of such features
and/or steps are mutually exclusive. The invention is not
restricted to the details of any foregoing embodiments. The
invention extends to any novel one, or any novel combina-
tion, of the features disclosed in this specification (including
any accompanying claims, abstract and drawings), or to any
novel one, or any novel combination, of the steps of any
method or process so disclosed.

What is claimed is:

1. A method of forming an erasable optical coupler in a
photonic device comprising a conventional optical wave-
guide formed in a crystalline wafer having a crystal lattice
structure, the method comprising:

selectively implanting ions in a localized region of the

crystalline wafer alongside and adjacent to the conven-
tional optical waveguide of the photonic device, to
cause modification of the crystal lattice structure of,
and a change in refractive index in, the localized region
of the crystalline wafer to thereby form an ion
implanted waveguide alongside the conventional opti-
cal waveguide and optically coupled to the conven-
tional optical waveguide to couple light out therefrom,
or in thereto, wherein the crystalline wafer and the ion
implanted waveguide are such that the crystal lattice
structure or composition can be modified to adjust or
remove the optical coupling with the conventional
optical waveguide by further modification of the refrac-
tive index in the localized region.

2. The method of claim 1, further comprising controlling,
in the selective ion implantation, one or more of the size,
shape, or location of the localized region of the crystalline
wafer in which ions are to be implanted, or the direction of
implantation, or the species, dosage or energy of the
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implanted ions, to control the optical coupling between the
conventional optical waveguide and the ion implanted wave-
guide formed thereby.

3. The method of claim 1, wherein the size, shape, or
location of the localized region, the direction of implanta-
tion, and the species, dosage, or energy of the implanted
ions, are selected to obtain a predetermined amount of
optical coupling between the conventional optical wave-
guide and the ion implanted waveguide.

4. The method of claim 1, wherein the further modifica-
tion of the refractive index in the localized region comprises
the application of heat by annealing.

5. The method of claim 1, wherein the further modifica-
tion of the refractive index in the localized region comprises
additional ion implantation.

6. The method of claim 1, further comprising performing
a test of the photonic device by coupling light into, or out of,
the conventional optical waveguide through the ion
implanted waveguide.

7. The method of claim 1, further comprising heating the
localized region to modify the crystal lattice structure of the
crystalline wafer in the localized region to change the
refractive index thereof and adjust or remove the optical
coupling with the conventional optical waveguide.

8. The method of claim 7, wherein heating the localized
region comprises heating by localized annealing.

9. The method of claim 1, wherein the implanted ions
comprise Si or Ge.

10. The method of claim 1, wherein the implanted ions
modify the crystal lattice structure of the crystalline wafer
from a more ordered state to a less ordered state.

11. The method of claim 1, wherein heating the ion
implanted waveguide changes the crystal lattice structure
therein from a less ordered state to a more ordered state.

12. The method of claim 1, wherein selectively implant-
ing the ions in the localized region of the crystalline wafer
comprises:

depositing a mask material onto the photonic device;

processing the mask material to form at least one opening

adjacent to the conventional optical waveguide of the
photonic device; and

implanting ions in the crystalline wafer through the open-

ing of the mask material adjacent to the conventional
optical waveguide of the photonic device.

13. The method of claim 12, wherein the mask material
comprises a photoresist layer or a hardmask.

14. The method of claim 12, wherein processing the mask
material includes:

patterning the mask material with a photolithographic or

e-beam lithographic process; and

etching the mask material to form the at least one opening

of the mask material.

15. A method comprising:

implanting ions into a wafer material adjacent to a con-

ventional waveguide of a photonic device provided
thereby, the ion implanting forming a waveguide in the
wafer material alongside the conventional waveguide
and configured as an optical coupler waveguide to
couple light into and out of the conventional wave-
guide, wherein the wafer material and the optical
coupler waveguide are such that a crystal lattice struc-
ture or composition can be modified to adjust or
remove the optical coupling with the conventional
waveguide by further modification of the refractive
index in the wafer material adjacent to the conventional
waveguide;
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coupling light into and out of the conventional waveguide
via the optical coupler waveguide to test the photonic
device; and

heating the wafer material to remove the optical coupler
waveguide.

16. An apparatus comprising:

a substrate formed of a wafer material;

a conventional optical waveguide formed in the wafer
material;

an optical coupler waveguide formed temporarily in the
wafer material alongside and adjacent to the conven-
tional optical waveguide, the optical coupler wave-
guide being configured to couple light into, or out of,
the conventional optical waveguide during a test; and

wherein the wafer material and the optical coupler wave-
guide are such that a crystal lattice structure or com-
position can be modified to remove the optical coupling
with the optical coupler waveguide by heating the
wafer material to modify the refractive index of the
optical coupler waveguide.
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17. The apparatus of claim 16, further comprising an
eraser system configured to heat a region including the
optical coupler waveguide to modify a crystal structure of
the wafer material in the region to change the refractive
index thereof and remove the optical coupling with the
conventional optical waveguide.

18. The apparatus of claim 17, wherein the eraser system
comprises a resistive heating element arranged on the sub-
strate so as to locally heat and anneal the optical coupler
waveguide when an electrical current passes through the
resistive heating element.

19. The apparatus of claim 16, wherein the conventional
optical waveguide is formed as a rib waveguide structure,
and wherein the optical coupler waveguide is formed adja-
cent to a rib waveguide of the rib waveguide structure.

20. The apparatus of claim 16, further comprising a test
waveguide coupled to the optical coupler waveguide to
couple light into and out of the conventional optical wave-
guide through the optical coupler waveguide.
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