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(57) Abstract: A wavelength tunable silicon-on-insulator (SOI) laser comprising: a laser cavity including: a semiconductor gain me-
dium having a front end and a back end, wherein a mirror of the laser cavity is located at the back end of the semiconductor gain me -
dium; and a phase-tunable waveguide platform coupled to the front end of the semiconductor gain medium, the phase- tunable wave -
guide platform comprising: a first resonator and a second resonator; at least one resonator being a phase-tunable resonator; wherein
the first resonator is any one of: an MMI device including a pair of reflective surfaces defining a resonator cavity therebetween such
that the device is configured to act as a Fabry-Perot filter; a ring resonator; or a waveguide Fabry-Perot filter; and wherein the
second resonator is any one of: an MMI device including a pair of reflective surfaces defining a resonator cavity therebetween such
that the device is contigured to act as a Fabry-Perot filter; a ring resonator; or a waveguide Fabry-Perot filter.
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TUNABLE SOI LASER

Field of the Invention

The present invention relates to a wavelength tunable silicon-on-insulator (SOI) laser having
a phase-tunable waveguide platform comprising a first resonator device and a second

resonator device.

Background of the Invention

Tunable semiconductor lasers are often used for applications in which an occasional but
precise tuning of wavelength is required. They can provide excellent wavelength stability
and are typically manufactured as monolithic photonic integrated circuits (PICs) in a gain
medium such as a lllI-V semiconductor material. However, they are expensive to
manufacture as a result of the need for multiple epitaxial re-growth steps. To date,
demonstrations have been relatively slow to tune, making them inadequate for certain

applications.

Particularly in applications where the precise wavelength of the laser is not so important,
there is a need for tunable lasers with a wide tuning range (>30nm) but with fast switching
speeds (of less than 100ns or even more preferably less than 10ns). Furthermore, in
applications involving high data speeds and high device packing density, power efficiency is

critical for technology adoption.

Silicon-on-insulator (SOI) lasers have become increasingly popular since SOI provides a
practical, power efficient and cost-effective platform for the construction and integration of
optical devices. Of course, the major challenge for SOI photonic integrated platforms is the
fact that silicon is not an optical gain medium and does not therefore form an ideal medium
for photonic circuits incorporating lasers. A common technique is to introduce a piece of
gain material such as IlI-V gain material (often referred to as a gain chip) to a SOI photonic
integrated circuit. An example of such a laser can be found in US 6,101,210. A tunable
laser constructed on a SOI PIC is disclosed in US 8,559,470.

One drawback of such a design is the high optical power loss, particularly due to coupling
between the waveguides formed from the silicon substrate and any waveguides in optical
devices placed in, grown onto, or otherwise incorporated into the platform. Thus, there is

also therefore a particular need for an SOI laser with an improved power efficiency.
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Summary of the Invention

According to a first aspect of the present invention, there is provided a wavelength tunable
silicon-on-insulator (SOI) laser comprising: a laser cavity including: a semiconductor gain
medium having a front end and a back end; and a phase-tunable waveguide platform
coupled to the front end of the semiconductor gain medium, the phase-tunable waveguide
platform comprising: a first multi-mode interference (MMI) device and a second MMI device,
each MMI device including a pair of reflective surfaces defining a resonator cavity
therebetween such that the device is configured to act as a Fabry-Perot filter; wherein at

least one of the MMI devices is a phase-tunable MMI device.

In this way, each MMI device takes the form an MMI resonator which gives rise to a comb
transmittance spectrum via the Fabry-Perot effect. The phase tunable MMI resonator can be

phase tuned to select the mode of the laser cavity via the Vernier effect.

Preferably, each of the MMI devices includes a multimode waveguide; a first reflective layer
at a back end of the MMI device; and a second reflective layer at a front end of the MMI
device. The MMI devices are preferably 2x2 MMI devices having two ports at a back end
and two ports at a front end, where one port at a back end has been replaced by a first
reflective surface and where one port at a front end has been replaced by a second

reflective surface.

Throughout this document, where the terms “back end” and “front end” are used, they act as
labels to define two opposite ends of the MMI device, separated by the longitudinal length of

the multimode cavity of the MMI device.

Preferably, the first reflective surface is therefore a reflecting layer such as a metal layer
located on a back end surface of the multimode waveguide, adjacent a first waveguide which
couples light into the back end of the multimode waveguide (i.e. where a 2x2 MMI
waveguide forms the basic structure of the MMI device, one of the two back end waveguides
coupled to the multimode waveguide may be an input waveguide and the other is replaced

by the first reflective surface).

The first reflective surface could also be reflecting layer which terminates a waveguide at the
back end of the multimode waveguide (i.e. where a 2x2 MMI waveguide forms the basic

structure of the MMI device, one of the two back end waveguides coupled to the multimode
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waveguide may be an input waveguide and the other may be terminated by the first

reflective surface).

Optionally, the second reflective surface is a reflecting layer such as a metal layer located on
a front end surface of the multimode waveguide, adjacent a second waveguide which

couples light out of the front end of the multimode waveguide.

Optionally, the second reflective surface is a reflecting layer such as a metal layer which

terminates a waveguide which couples light out the front end of the multimode waveguide.

The finesse and number of cavity round-trips in the MMI resonator is controlled by the MMI
cross and bar coupling ratio. This coupling ratio is designed for a high imbalance to create a
high finesse and a high tuning effect enhancement, for example, the bar coupling may be

15% and the cross coupling 85%.

Preferably, a mirror of the laser cavity is located at the back end of the semiconductor gain
medium. In this way, there is only one gain medium-SOI waveguide interface (i.e. that
located at the front end of the gain medium). As a result, the tunable laser of the present
invention has an improved power efficiency because the optical losses associated with
coupling between the semiconductor gain medium and the waveguide platform are
significantly reduced. In addition, the manufacturing complexity is reduced as it is only
necessary to align the front end of the gain medium during manufacturing, for example in a

flip-chip process.

With a mirror located at a back facet of the gain medium only one end (the front mirror) of
the laser cavity is within the SOl waveguide platform such that the gain medium functions as

a Reflective Semiconductor Optical Amplifier (RSOA).

The laser cavity is made up of the semiconductor gain medium and the phase-tunable
waveguide platform. Preferably, said mirror located at the back end of the semiconductor
gain medium has a reflectivity of at least 85% and even more preferably, the mirror has a

reflectivity of at least 90%.

Preferably, said mirror located at the back end of the semiconductor gain medium is a

reflective back-facet of the semiconductor gain medium.

Preferably, the phase-tunable MMI device includes a phase tuning region which comprises

an electro-optical medium.
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Optionally, the phase-tunable MMI device includes a phase tuning region which comprises a

p-i-n junction region.

Optionally, the electro-optical medium may include a p-i-n junction in a SiGe bulk material.
The use of a SiGe bulk material is less expensive and less complicated to fabricate than
more complicated structures such as quantum well structures. In this case the electro-
optical effect is the Franz-Keldysh (FK) effect in which case the phase of the transmittance
spectrum may be adjusted by application of a reverse bias across the p-i-n junction. The
reverse bias induces an electric field in the SiGe bulk material and, according to the FK
effect, the refractive index of the material and the MMI device is changed, thus adjusting the

phase and position in frequency space of the transmittance spectrum of the device.

The application of a bias may introduce undesirable effects such as a change in the coupling
ratio of the MMI device. Techniques known in the art should be applied to compensate for

such undesirable effects.

This tuning mechanism does not introduce a tuning-dependent loss, can generate
modulation speeds of < 1ns, and operating in reverse bias requires lower power

consumption.

Alternatively, the SiGe material may be a quantum well material. In this way, the electro-
optical effect will be the Quantum Confined Stark Effect (QCSE). Again, the phase of the
transmittance spectrum may be adjusted by application of a reverse bias across the p-i-n
junction and the material of the quantum well material may be SiGe. The use of a quantum

well material can result in even faster modulation speeds, and lower power consumption.

SiGe can be incorporated into SOl waveguides using methods known to those skilled in the
art, and embodiments of this invention can involve incorporating SiGe bulk or QW material in
the region designated for the MMI device, the SiGe composition or QW layers being
engineered to have the right band-edge absorption that gives the strongest index change

with minimal absorption increase.

The p- and n-doped regions are preferably positioned to address the trade-off between
modulation speed and loss. A smaller distance between p and n type regions is better for
higher speeds as long as loss is kept low. Preferably, the p-type region is at least 0.1um but
no more than 15um from the waveguide centre line (the centre of the intrinsic region) and

preferably the n-type region is at least 0.1um but no more than 15um from waveguide centre
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line, even more preferably for 40 Gb/s operation the n-type and p-type regions are at least

0.1um and no more than 0.5um from the waveguide centre line.

Optionally, the phase-tunable MMI device may include a phase tuning region which
comprises a p-n junction region (i.e. may be doped such that it includes a pn junction
device). In this way, the p-n junction device provides an electrically tunable phase tuning
region whereby the phase of the transmittance spectrum of an MMI device can be adjusted
using the free-carrier plasma dispersion electro-optical effect via carrier depletion by
application of a varying reverse bias. The p-n junction may optionally be a p*-p-n-n*, or p**-

p*-p-n-n*-n**structure.

Where the phase tuning region includes a p-n junction, the junction may be offset from the
waveguide centre line. For example, it may be offset by up to 0.5um; even more preferably

for 40Gb/s or greater modulation speeds it may be offset by up to 0.2um.

Preferably, both the first MMI device and the second MMI device are tunable MMI devices.

The phase tuning region of the first MMI device may include any one of: a p-n junction; p-i-n
junction or another electro-optical medium, the carrier density of which can be manipulated
by application of a voltage bias. The phase tuning region of the second MMI device may also
include any one of: a p-n junction, p-i-n junction, or a different electro-optical medium, the
carrier density of which can be manipulated by application of a voltage bias. The p-n, p-i-n,
or other electro-optical medium may be a forward bias or a reverse bias depending on the
properties of the phase tuning region chosen. Adjusting the bias will in turn adjust the phase

and position in frequency space of the transmittance spectrum of that region.

The phase tuning region of the first MMI device may be of the the same type and/or structure
as the phase tuning region of the second MMI device; alternatively the phase tuning region
of the first MMI device may be of a different type and/or structure from the phase tuning

region of the second MMI device.

Preferably, the wavelength tunable laser further comprises a phase tuning region which is
separate from the first and second MMI devices (i.e. which does not form a part of the
phase-tunable MMI device(s)). This phase tuning region preferably forms an additional
phase tuning device suitable for fine tuning the lasing frequency. The phase tuning device

may include: a p-n junction, p-i-n junction or another electro-optical medium. Where a
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phase-tunable waveguide platform is bifurcated, there may be an additional phase tuning

device in each arm of the platform.

Each additional phase tuning region/device present may include any one of: a p-n junction;
p-i-n junction or another electro-optical medium. Furthermore, each additional phase tuning
region may be of the same type and/or structure as the phase tuning region of the first
and/or second MMI device and/or any other additional phase tuning regions present.
Alternatively the phase tuning region of an additional phase tuning region may be of a
different type and/or structure from the phase tuning region of the first and second MMI

devices and from any other additional phase tuning regions present.

Preferably, the phase-tunable waveguide platform includes bifurcated waveguides, each arm

of the bifurcated waveguides comprising one MMI device.

Optionally, the bifurcated waveguide platform may be a Y-branch waveguide platform.

Optionally, the phase-tunable waveguide platform includes a 1x3 coupler arranged to split
light from the semiconductor gain medium into three branches: the first branch
corresponding to a first arm of the bifurcated waveguides, comprising the first MMI device;
the second branch corresponding to the second arm of the bifurcated waveguides,
comprising the second MMI device; and the third branch corresponding to an output branch
which forms the output of the laser cavity. The coupling ratio of the first and second
branches may be equal. The coupling ratio to the laser output waveguide determines the

effective front mirror reflectivity.

The 1x3 coupler may for example take the form of. a star coupler; two cascaded directional
couplers; two cascaded MZ couplers; an MMI coupler and may be tunable. The use of a 1x3
coupler in the waveguide platform is advantageous as the overall length of the cavity is

reduced as compared to alternative arrangements having two separate 1x2 couplers.

Optionally, the phase-tunable waveguide platform includes a first 1x2 coupler and a second
1x2 coupler: the first 1x2 coupler being configured to split light between the input of the
second 1x2 coupler and a third branch which acts as an output branch; and the second 1x2
coupler being configured to split light between a first branch and a second branch, the first
branch corresponding to the first arm of the bifurcated waveguides comprising the first MMI
device; and the second branch corresponding to the second arm of the bifurcated

waveguides comprising the second MMI device. This arrangement is advantageous over a

6
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1x3 coupler arrangement because fabrication is easier although this is at the expense of a

lengthening of the laser cavity.

In the arrangement described in the paragraph above, the split ratio of the second 1x2
coupler is preferably configured such that the percentage of light coupled to the output

branch by the second 1x2 coupler is no less than 10% and no more than 30%.

Optionally, the phase-tunable waveguide platform comprises at least one transition region at
which a waveguide of a first height is coupled to a waveguide of a second height; the second

height being less than the first height.

Optionally, at least one of the first and second MMI devices is located in a waveguide of a

second height.

In this way, where an MMI device includes a phase tuning region, the speed of switching is
greater because the waveguide dimensions at this region are smaller. The second height
waveguides are “high-speed high-confinement” waveguides. However, by using larger
waveguide dimensions in regions of the waveguide where phase tuning is not taking place,

the higher losses associated with smaller waveguides can be reduced.

Optionally the phase-tunable waveguide platform comprises a transition region at which a
waveguide of a first width is coupled to a waveguide of a second width; the second width

being less than the first width.

Optionally, at least one of the first and second MMI devices is located in a waveguide of said

second width.

The transition region is preferably a region in which both the height and width of the

waveguide platform changes.

The silicon overlayer thickness of the wavelength portion having a first height may be as
much as 18 times the silicon overlayer thickness of the wavelength portion having a second
height. Preferable values for the reduced “high-speed high-confinement” waveguide portion
of the waveguide platform include a silicon overlayer thickness (T) of the waveguide platform
which is more than or equal to 0.2um and less than or equal to 3.5um (this contrasts with the
“standard” values of more than or equal to 2.5um and less than or equal to 3.5um elsewhere

in the waveguide platform). Even more preferably, the silicon overlayer thickness of the
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“high-speed high-confinement” waveguide portion of the waveguide platform is more than or

equal to 0.2um and less than or equal to 3.2um.

The second width may be as much as 14 times that of the first width. Preferable values for
the reduced “high-speed high-confinement” waveguide portion of the waveguide platform
include a ridge width (w) which is more than or equal to 0.3um and less than or equal to 1um
(this contrasts with the “standard” values of more than or equal to 1um and less than or
equal to 4um elsewhere in the waveguide platform). Even more preferably, the ridge width
of one or more waveguides of the “high-speed high-confinement” waveguide portion of the

waveguide platform is more than or equal to 0.45um and less than or equal to 0.9um.

Preferable values for the reduced “high-speed high-confinement” waveguide portion of the
waveguide platform include a slab height (h) which is more than or equal to Oum and less
than or equal to 0.4um (this contrasts with the “standard” values of more than or equal to
Oum and less than or equal to 1.8um elsewhere in the waveguide platform). Even more
preferably, the slab height of one or more waveguides of the “high-speed high-confinement”
waveguide portion of the waveguide platform is more than or equal to 0.05um and less than

or equal to 0.35um.

The transition region may include a taper. Where the transition region is a transition between
two waveguides of different heights, the taper may include a vertical taper. Where a
transition region is a transition between two waveguides of different widths, the taper will be
a horizontal taper. Where the transition region is a transition between two waveguides of

different heights and widths, a taper will taper in both vertical and the horizontal dimensions.

As a vertical taper can be difficult to create on a waveguide platform, this taper may in fact
take the form of a multilayer rib waveguide transition having three layers/portions with
laterally tapered walls which has the effect of tapering to couple a waveguide of a larger

height and width to a waveguide of a smaller height and width.

Optionally, the transition region may be a mode transformer.

A transition region is preferably located between the point at which the waveguide platform is
coupled to the semiconductor gain medium and the point at which the two bifurcated arms
are coupled (i.e before the 1x2 or 1x3 coupler). In this way, the height (and/or width) of the
waveguide is optimised for low loss at a first (greater)height (and/or width) within the gain

medium but the height (and/or width) is optimised for high speed at a second (smaller)

8
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height (and/or width) at each arm of the bifurcated waveguide platform where the MMI

devices are located.

Optionally, an additional transition region is located at the output of the laser cavity such that
the output branch is initially of a second (smaller) height (and/or width) but is coupled to an

output waveguide of a first (larger) height and/or width.

In tunable lasers, the tuning speed is dictated by two parameters, the modulation frequency
of the laser cavity and the modulation speed of the phase tuner that is performing the
wavelength tuning function. The modulation speed can range from 10ps to 100ns as
discussed above, depending on the physical tuning effect, and diode design, and waveguide
dimension. If the phase tuner modulation is sufficiently fast, the laser cavity modulation

frequency must also be maximized.

The modulation frequency is proportional to the inverse of the laser cavity lifetime so to

maximize the modulation frequency the cavity photon lifetime must also be minimized.

In addition, for a tunable laser it is desirable to have the cavity mode spacing sufficiently

wide to avoid a mode-hop when the local temperature of the laser changes dynamically by a
few degrees Celsius during the tuning process. For these reasons it is desirable to have the
mode spacing, or the free-spectral-range (FSR) of the laser cavity, to be more than or equal

to 30GHz, and even more preferably more than or equal to 40GHz.

Preferably, the round trip path length of the laser cavity is therefore no more than 1.5mm,
even more preferably, no more than 1mm.According to a second aspect of the present
invention, there is provided a phase-tunable multimode interference (MMI) device, the MMI
device comprising: a multimode waveguide; a first reflective surface at a back end of the
MMI device; a second reflective surface at a front end of the MMI device; and a phase tuning
region between the first and second reflective surfaces; wherein the reflective surfaces are
arranged to create a resonator cavity within the multimode waveguide such that the MMI

device acts as a Fabry-Perot filter.

In this way, the phase-tunable MMI device acts as a phase-tunable resonator/filter with a
variable free spectral range. Such a device can be used with another MMI device, with an
alternative resonator or with a distributed Bragg reflector (DBR) in a laser cavity to create a

wavelength tunable laser cavity that can be tuned using the Vernier effect.
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The resonator cavity may be partially within the multimode waveguide or may be wholly

within the multimode waveguide.

The phase-tunable multimode interference device is preferably a phase-tunable multimode

interference device suitable for a silicon-on insulator laser.

Preferably, the first reflective surface is a reflecting layer on a back end facet of the
multimode waveguide, adjacent a waveguide coupled to the back end of the multimode
waveguide. The MMI device therefore takes the form of a 2x2 multimode interference device
with two back end ports and two front end ports, where one back end ports has been
replaced by the first reflective surface. In an alternative embodiment, rather than replacing
one of the back end ports, the first reflective surface may terminate a waveguide coupled to
that port.

Optionally, the second reflective surface is a reflecting layer located on a front end facet of
the multimode waveguide, adjacent a front end coupled waveguide which couples light out of
the front end of the multimode waveguide. In this case, one of the two front end ports of the

2x2 multimode device has been replaced by the second reflective surface.

Optionally, the second reflective surface is a reflecting layer located within a front end
coupled waveguide which couples light out of the front end of the multimode waveguide. In
this case, one of the two front end ports of the 2x2 multimode device is coupled to a

waveguide, the waveguide being terminated by the second reflective surface.

The two ports at which reflective surfaces are located preferably have a coupling ratio of

greater than 50% between them.

The phase tuning region is preferably any one of (or combination of): a p-n junction device; a
p-i-n junction device; a bulk electro-optical material, or a quantum well electro-optical

material.

The phase tuning region may be located at the multimode waveguide. In this way, no extra
length needs to be added to the resonator cavity in order to incorporate the phase tuning

region.

Alternatively, where the second reflecting surface is located in a front end waveguide, the
phase tuning region may be located at the front end waveguide between the second

reflecting surface and the MMI front end facet so that the phase tuning region is formed as

10
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part of the front end waveguide rather than as part of the multimode waveguide. For large
MMI phase tuning regions, the modulation speed will be slow due to the large junction length
and width, and the power efficiency will be relatively low. This embodiment, with a phase
tuning region in a front end waveguide is therefore optimised for speed and power

consumption as the front end waveguide is smaller than the multimode waveguide.

Furthermore, the FSR of the MMI device may be tunable by a combination of phase tuning

and temperature tuning.

According to a third aspect of the present invention, there is provided a wavelength tunable
silicon-on-insulator (SOI) laser comprising: a laser cavity including: a semiconductor gain
medium having a front end and a back end; and a phase-tunable waveguide platform
coupled to the front end of the semiconductor gain medium, the phase-tunable waveguide
platform comprising: a first ring resonator having a first free spectral range (FSR); a second
ring resonator having a second FSR different from the first FSR, the second ring resonator
being coupled to the first ring resonator; wherein, at least one of the ring resonators is a
phase-tunable ring resonator and wherein the laser cavity further comprises a multimode

interference (MMI) coupler to couple light into the first ring resonator.

In this way, the phase-tunable ring resonator can be phase tuned to select the mode of the

laser cavity via the Vernier effect.

Ring-resonators directly coupled to waveguides are known to involve precise and costly
manufacturing methods associated with the need to fabricate a bending waveguide to come
in close proximity with a straight waveguide with tight tolerances. The use of an MMI coupler
therefore advantageously enables lower manufacturing tolerances and lower-cost

manufacturing.

The light coupled into the ring resonator by the MMI device may be coupled from the

semiconductor gain medium to the MMI device by a waveguide.

Preferably, a mirror of the laser cavity is located at the back end of the semiconductor gain
medium. In this way, the gain medium functions as a Reflective Semiconductor Optical
Amplifier (RSOA).

11
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Preferably, said mirror located at the back end of the semiconductor gain medium has a
reflectivity of at least 85% and even more preferably, the mirror has a reflectivity of at least
90%.

Preferably, said mirror located at the back end of the semiconductor gain medium is a

reflective back-facet of the semiconductor gain medium.

Preferably, the wavelength tunable laser further comprises a second MMI coupler to couple

light into the second ring resonator.

Preferably, the wavelength tunable laser further comprises a third MMI coupler to couple

light out of the second ring resonator, wherein the third MMI coupler also forms a mirror of
the laser cavity. The third MMI may itself include the mirror if its front end facet (at which a
front end waveguide would normally be coupled) is instead terminated by a high-reflecting
layer such as a metal layer. Alternatively, a waveguide section coupled to the front end of
the third MMI coupler may be terminated by a highly-reflecting layer such as a metal layer

which forms the mirror of the laser cavity.

Optionally, the second MMI coupler directly couples the first ring resonator to the second
ring resonator. In this way, the number of couplers required is minimized thereby minimizing
the coupler-associated losses (relative to embodiments with four MMI couplers described

below).

Optionally, the phase-tunable waveguide platform further comprises an additional 2x2 MMI
coupler to couple light out of the first ring resonator. This additional 2x2 MMI coupler may be
a fourth 2x2 MMI coupler which couples light out of the first ring resonator to a straight
waveguide which is then coupled to the second ring resonator via the second 2x2 MMI
coupler. In this way, there are two MMI couplers located between the first ring resonator and

the second ring resonator.

According to a fourth aspect of the present invention, there is provided a wavelength tunable
silicon-on-insulator (SOI) laser comprising: a laser cavity including: a semiconductor gain
medium having a front end and a back end; and a phase-tunable waveguide platform
coupled to the semiconductor gain medium, the phase-tunable waveguide platform
comprising: a first ring resonator having a first free spectral range (FSR); a second ring
resonator having a second FSR different from the first FSR, the second ring resonator being

coupled to the first ring resonator; wherein, at least one of the ring resonators is a phase-
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tunable ring resonator and wherein a mirror of the laser cavity is located at the back end of

the semiconductor gain medium.
The second ring resonator may be directly coupled to the first ring resonator.

The following optional features may be present in either of the third and fourth aspects of the

present invention.

Optionally, each ring resonator comprises a first half-ring with a first radius of curvature
coupled to a second half-ring with a second radius of curvature, the second radius of
curvature being less than the first radius of curvature. In this way, the overall losses of the
laser cavity are reduced because the larger radius of curvature of the first half-ring reduces

losses in that half of the ring resonators.

However, on the other hand, it can be advantageous to use ring resonators with a first half-
ring having a radius of curvature the same as that of the second half-ring (within

manufacturing tolerances). This is because if each ring resonator comprises two half-rings
of a smaller size, the overall path length of the laser cavity will be reduced which gives rise

to a smaller total cavity FSR.

In addition, by using ring resonators with a first half-ring having a radius of curvature the
same as that of the second half-ring it is possible to directly couple the first and second ring
resonators as described above. In such an arrangement, the first half-ring and second half-

ring are preferably coupled to one another via a multimode interference coupler.

Preferably, the phase-tunable ring resonator includes a phase tuning region which

comprises an electro-optical medium.
Optionally, the phase tuning region may comprise a p-i-n junction region.

Optionally, the electro-optical medium is made of a p-i-n junction in a SiGe bulk material.
The use of a SiGe bulk material is less expensive and less complicated to fabricate than
more complicated structures such as quantum well structures. In this case the electro-
optical effect is the Franz-Keldysh (FK) effect in which case the phase of the transmittance
spectrum may be adjusted by application of a reverse bias across the p-i-n junction. The
reverse bias induces an electric field in the SiGe bulk material and, according to the FK
effect, changes the refractive index of the material and of the ring resonator, thus adjusting

the phase and position in frequency space of the transmittance spectrum of the device..
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This tuning mechanism does not introduce a tuning-dependent loss, can generate
modulation speeds of < 1ns, and operating in reverse bias also requires lower power

consumption.

Alternatively, the SiGe material may be a quantum well material. In this way, the electro-
optical effect will be the Quantum Confined Stark Effect (QCSE). Again, the phase of the
transmittance spectrum may be adjusted by application of a reverse bias across the p-i-n
junction and the material of the quantum well material may be SiGe. The use of a quantum

well material can result in even faster modulation speeds, and lower power consumption.

SiGe can be incorporated into SOl waveguides using methods known to those skilled in the
art, and embodiments of this invention can involve incorporating SiGe bulk or QW material in
the region designated for the ring resonator, the SiGe composition or QW layers being
engineered to have the right band-edge absorption that gives the strongest index change

with minimal absorption increase.

Optionally, the phase tuning region may comprise a p-n junction device (i.e. may be doped
such that it includes a p-n junction device). In this way, the p-n junction device provides an
electrically tunable phase tuning region whereby the phase of the transmittance spectrum of
device ring resonator can be adjusted using the free-carrier plasma dispersion electro-optical
effect via carrier depletion by application of a varying reverse bias. The p-n junction may

optionally be a p*-p-n-n*, or p**-p*-p-n-n*-n** structure.

Where the phase tuning region includes a p-n junction, the junction may be offset from the
waveguide centre line. For example, it may be offset by up to 0.5um; even more preferably

for 40Gb/s or greater modulation speeds it may be offset by up to 0.2um.

Preferably, both the first ring resonator and the second ring resonator are tunable ring
resonators. In this case, the phase tuning region of the first ring resonator may include any
one of: a p-n junction; p-i-n junction or another electro-optical medium, the carrier density of
which can be manipulated by application of a voltage bias. The phase tuning region of the
second ring resonator may also include any one of: a p-n junction, p-i-n junction, or a
different electro-optical medium, the carrier density of which can be manipulated by
application of a voltage bias. The p-n, p-i-n, or other electro-optical medium may be a

forward bias or a reverse bias depending on the properties of the phase tuning region
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chosen. Adjusting the bias will in turn adjust the phase and position in frequency space of

the transmittance spectrum of that region.

The phase tuning regions may have a circular shape according to standard teaching in the
art. Where MMI couplers are used to couple half-rings of ring resonator, the phase tuning
regions will take a crescent shape. This structure is chosen in order that the phase tuning

regions of the rings do not intersect with or interfere with the MMis.

The phase tuning region of the first ring resonator may be of the same type and/or structure
as the phase tuning region of the second ring resonator; alternatively the phase tuning
region of the first ring resonator may be of a different type and/or structure from the phase

tuning region of the second ring resonator.

Optionally, the waveguide platform may include bifurcated waveguides, each arm of the
bifurcated waveguides comprising one ring resonator. This bifurcated waveguide platform
may be a Y-branch waveguide platform. Each ring resonator (one in each branch) may be

coupled to a waveguide which is terminated by a reflector.

Optionally, the first ring resonator and second ring resonator may be fabricated in a nested

configuration.

The wavelength tunable laser may further comprise a phase tuning region which is separate
from the first and second ring resonators (i.e. which does not form a part of the phase-
tunable ring resonator(s)). This phase tuning region preferably forms an additional phase
tuning device suitable for fine tuning the lasing frequency. The phase tuning device may
include: a p-n junction, p-i-n junction or another electro-optical medium. Where a phase-
tunable waveguide platform is bifurcated, there may be an additional phase tuning device in

each arm of the platform.

The phase tuning region of each additional (separate) phase tuning region present may
include any one of: a p-n junction; p-i-n junction or another electro-optical medium. The
phase tuning region of each additional phase tuning region may be of the same type and/or
structure as the phase tuning region of the first and/or second ring resonator and/or any
other additional phase tuning regions present. Alternatively the phase tuning region of an
additional phase tuning region may be of a different type and/or structure to the phase tuning
region of the first and second ring resonators and any other additional phase tuning regions

present.

15



WO 2015/107366 PCT/GB2015/050105

Optionally, the phase-tunable waveguide platform comprises at least one transition region at
which a waveguide of a first height is coupled to a waveguide of a second height; the second

height being less than the first height.

Optionally at least one of the first and second ring resonators is located in a waveguide of a
second height. Even more preferably, both ring resonators are located in a waveguide of a
second height. In this way, where a ring resonator includes a phase tuning region, the speed
of switching is greater because the waveguide dimensions at this region are smaller.
However, by using larger waveguide dimensions in regions of the waveguide where phase
tuning is not taking place, the higher losses associated with smaller waveguides can be

reduced.

Optionally the phase-tunable waveguide platform comprises a transition region at which a
waveguide of a first width is coupled to a waveguide of a second width; the second width

being less than the first width.

Optionally, at least one of the first and second ring resonators is located in a waveguide of
said second width. Even more preferably, both ring resonators are located in a waveguide

of a second width.

The transition region is preferably a region in which both the height and width of the

waveguide platform changes.

The silicon overlayer thickness of the wavelength portion having a first height may be as
much as 18 times the silicon overlayer thickness of the wavelength portion having a second
height. Preferable values for the reduced “high-speed high-confinement” waveguide portion
of the waveguide platform include a silicon overlayer thickness (T) of the waveguide platform
which is more than or equal to 0.2um and less than or equal to 3.5um (this contrasts with the
“standard” values of more than or equal to 2.5um and less than or equal to 3.5um elsewhere
in the waveguide platform). Even more preferably, the silicon overlayer thickness of the
“high-speed high-confinement” waveguide portion of the waveguide platform is more than or

equal to 0.2um and less than or equal to 3.2um.

The second width may be as much as 14 times that of the first width. Preferable values for
the reduced “high-speed high-confinement” waveguide portion of the waveguide platform
include a ridge width (w) which is more than or equal to 0.3um and less than or equal to 1um

(this contrasts with the “standard” values of more than or equal to 1um and less than or
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equal to 4um elsewhere in the waveguide platform). Even more preferably, the ridge width
of one or more waveguides of the “high-speed high-confinement” waveguide portion of the

waveguide platform is more than or equal to 0.45um and less than or equal to 0.9um.

Preferable values for the reduced “high-speed high-confinement” waveguide portion of the
waveguide platform include a slab height (h) which is more than or equal to Oum and less
than or equal to 0.4um (this contrasts with the “standard” values of more than or equal to
Oum and less than or equal to 1.8um elsewhere in the waveguide platform). Even more
preferably, the slab height of one or more waveguides of the “high-speed high-confinement”
waveguide portion of the waveguide platform is more than or equal to 0.05um and less than

or equal to 0.35um.

Optionally, the transition region may include a taper. Where the transition region is a
transition between two waveguides of different heights, the taper may include a vertical
taper. Where a transition region is a transition between two waveguides of different widths,
the taper will be a horizontal taper. Where the transition region is a transition between two
waveguides of different heights and widths, a taper will taper in both vertical and the

horizontal dimensions.

As a vertical taper can be difficult to create on a waveguide platform, this taper may in fact
take the form of a multilayer rib waveguide transition having three layers/portions with
laterally tapered walls which has the effect of tapering to couple a waveguide of a larger

height and width to a waveguide of a smaller height and width.

Optionally, the transition region may be a mode transformer.

Where a waveguide platform is bifurcated, a transition is preferably located between the
point at which the waveguide platform is coupled to the semiconductor gain medium and the
point at which the two bifurcated arms are coupled. In this way, the height (and/or width) of
the waveguide is optimised for low loss at a first (greater) height (and/or width) in the gain
medium but the height (and/or width) is optimised for high speed at a second height (and/or
width) at each arm of the bifurcated waveguide platform where the ring resonators are

located.

Optionally, an additional transition region is located at the output of the laser cavity such that
the output branch is initially of a second (smaller) height (and/or width) but is coupled to an

output waveguide of a first (larger) height and/or width.
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Preferably, the round trip path length of the laser cavity is no more than 1.5mm, even more

preferably, no more than 1mm.

According to a fifth aspect of the present invention, there is provided a wavelength tunable
silicon-on-insulator (SOI) laser comprising: a laser cavity including: a semiconductor gain
medium having a front end and a back end; and a phase-tunable waveguide platform
coupled to the front end of the semiconductor gain medium, the phase-tunable waveguide
platform comprising: a first waveguide Fabry-Perot filter and a second waveguide Fabry-
Perot filter, at least one of the Fabry-Perot filters being a phase-tunable Fabry-Perot filter;
wherein a mirror of the laser cavity is located at the back end of the semiconductor gain
medium. Preferably, the first and second Fabry-Perot filters are formed by a total of three

cascaded Distributed Bragg Reflector (DBR) gratings.

In this way, the DBR grating arrangement has a smaller size so the cavity length is reduced.
Such an arrangement is also advantageous as it leads to lower losses. Fewer components

can also be advantageous for fabrication.

Preferably, the first and second Fabry-Perot filters are formed by a total of three waveguide

partial reflectors.

Preferably, the phase-tunable waveguide platform includes bifurcated waveguides, one arm
of the bifurcated waveguides comprising both the first and second Fabry-Perot filters in a
series arrangement. In this way, the laser output may be located in the second bifurcated

arm.

The bifurcated waveguide platform may be a Y-branch waveguide platform. In this way, the
laser cavity is smaller in size; a reduced optical path length is advantageous, and lower

losses are involved.

Preferably, the tunable waveguide platform includes a 1x2 coupler which couples light from
the semiconductor gain medium into: a first branch containing the first and second Fabry-

Perot filters; and a second branch containing the laser output.

Preferably, the phase-tunable Fabry-Perot filter includes a phase tuning region which

comprises an electro-optical medium.

Optionally, the phase tuning region comprises a p-i-n junction region.
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Optionally, the electro-optical medium is made of a p-i-n junction in a SiGe bulk material.
The use of a SiGe bulk material is less expensive and less complicated to fabricate than
more complicated structures such as quantum well structures. In this case the electro-
optical effect is the Franz-Keldysh (FK) effect in which case the phase of the transmittance
spectrum may be adjusted by application of a reverse bias across the p-i-n junction. The
reverse bias induces an electric field in the SiGe bulk material and, according to the FK
effect, changes the refractive index of the material and the optical path length of the FP filter,
thus adjusting the phase and position in frequency space of the transmittance spectrum of

the device.

This tuning mechanism does not introduce a tuning-dependent loss and, can generate
modulation speeds of < 1ns, and operating in reverse bias also requires lower power

consumption.

Alternatively, the SiGe material may be a quantum well material. In this way, the electro-
optical effect will be the Quantum Confined Stark Effect (QCSE). Again, the phase of the
transmittance spectrum may be adjusted by application of a reverse bias across the p-i-n
junction and the material of the quantum well material may be SiGe. The use of a quantum

well material can result in even faster modulation speeds, and lower power consumption.

SiGe can be incorporated into SOl waveguides using methods known to those skilled in the
art, and embodiments of this invention can involve incorporating SiGe bulk or QW material in
the region designated for the FP filter, the SiGe composition or QW layers being engineered
to have the right band-edge absorption that gives the strongest index change with minimal
absorption increase. The p- and n-doped regions are preferably positioned to address the
trade-off between modulation speed and loss. A smaller distance between p and n type
regions is better for higher speeds as long as loss is kept low. Preferably, the p-type region
is at least 0.1um but no more than 15um from the waveguide centre line (the centre of the
intrinsic region) and preferably the n-type region is at least 0.1um but no more than 15um
from waveguide centre line, even more preferably for 40Gb/s operation the n-type and p-

type regions are at least 0.1um and no more than 0.5um from the waveguide centre line.

Optionally, the phase tuning region which comprises a p-n doped region (i.e it may be doped
such that it includes a p-n junction device). In this way, the p-n junction device provides an

electrically tunable phase tuning region whereby the phase of the transmittance spectrum of
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the FP filter can be adjusted using the free-carrier plasma dispersion electro-optical effect

via carrier depletion by application of a varying reverse bias.

The p-n junction may optionally be a p*-p-n-n*, or p**-p*-p-n-n*-n** structure. Where the
phase tuning region includes a p-n junction, the junction may be offset from a centre line.
For example, it may be offset by up to 0.5um; even more preferably for 40Gb/s or greater

modulation speeds it may be offset by up to 0.2um.

Preferably, both the first Fabry-Perot filter and the second Fabry-Perot filter are tunable
Fabry-Perot filters. In this case, the phase tuning region of the first Fabry-Perot filter is
optionally any one of or combination of: a p-n junction; p-i-n junction or another electro-
optical medium; and the phase tuning region of the second Fabry-Perot filter is optionally
any one of or combination of. a p-n junction, p-i-n junction or another electro-optical medium.
The phase tuning region of the first Fabry-Perot filter may be of the same type and/or
structure as the phase tuning region of the second Fabry-Perot filter; alternatively the phase
tuning region of the first Fabry-Perot filter device may be of a different type and/or structure

from the phase tuning region of the second Fabry-Perot filter.

Optionally, the phase-tunable waveguide platform comprises at least one transition region at
which a waveguide of a first height is coupled to a waveguide of a second height; the second

height being less than the first height.

Optionally, the first and second Fabry-Perot filters are located in a waveguide of a second
height. In this way, where a Fabry-Perot filter includes a phase tuning region, the speed of
switching is greater because the waveguide dimensions at this region are smaller. However,
by using larger waveguide dimensions in regions of the waveguide where phase tuning is

not taking place, the higher losses associated with smaller waveguides can be reduced.

Optionally, the phase-tunable waveguide platform comprises a transition region at which a
waveguide of a first width is coupled to a waveguide of a second width; the second width
being less than the first width. Preferably, the first and second Fabry-Perot filters are located

in a waveguide of said second width.

The transition region is preferably a region in which both the height and width of the

waveguide platform changes.
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The silicon overlayer thickness of the wavelength portion having a first height may be as
much as 18 times the silicon overlayer thickness of the wavelength portion having a second
height. Preferable values for the reduced “high-speed high-confinement” waveguide portion
of the waveguide platform include a silicon overlayer thickness (T) of the waveguide platform
which is more than or equal to 0.2um and less than or equal to 3.5um (this contrasts with the
“standard” values of more than or equal to 2.5um and less than or equal to 3.5um elsewhere
in the waveguide platform). Even more preferably, the silicon overlayer thickness of the
“high-speed high-confinement” waveguide portion of the waveguide platform is more than or

equal to 0.2um and less than or equal to 3.2um.

The second width may be as much as 14 times that of the first width. Preferable values for
the reduced “high-speed high-confinement” waveguide portion of the waveguide platform
include a ridge width (w) which is more than or equal to 0.3um and less than or equal to 1um
(this contrasts with the “standard” values of more than or equal to 1um and less than or
equal to 4um elsewhere in the waveguide platform). Even more preferably, the ridge width
of one or more waveguides of the “high-speed high-confinement” waveguide portion of the

waveguide platform is more than or equal to 0.45um and less than or equal to 0.9um.

Preferable values for the reduced “high-speed high-confinement” waveguide portion of the
waveguide platform include a slab height (h) which is more than or equal to Oum and less
than or equal to 0.4um (this contrasts with the “standard” values of more than or equal to
Oum and less than or equal to 1.8um elsewhere in the waveguide platform). Even more
preferably, the slab height of one or more waveguides of the “high-speed high confinement”
waveguide portion of the waveguide platform is more than or equal to 0.05um and less than

or equal to 0.35um.

Optionally, the transition region includes a taper. Where the transition region is a transition
between two waveguides of different heights, the taper will be a vertical taper. Where a
transition region is a transition between two waveguides of different widths, the taper will be
a horizontal taper. Where the transition region is a transition between two waveguides of

different heights and widths, a taper will taper in both vertical and the horizontal dimensions.
Optionally, the transition region is a mode transformer.
Where the first and second Fabry-Perot filters are arranged in series, a transition region is

preferably located between the point at which the waveguide platform is coupled to the
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semiconductor gain medium and the point at which the closest Fabry-Perot filter is located.
In this way, the height (and/or width) of the waveguide is optimised for low loss at a first
(greater) height (and/or width) in the gain medium but the height (and/or width) is optimised
for high speed at a second (smaller) height (and/or width) at the portion of the waveguide

platform where the Fabry-Perot Filters are located.

Where a waveguide platform is bifurcated, a transition is optionally located between the point
at which the waveguide platform is coupled to the semiconductor gain medium and the point
at which the two bifurcated arms are coupled. In this way, the height (and/or width) of the
waveguide is maximised at a first height (and/or width) in the gain medium but the height
(and/or width) is minimised at a second height (and/or width) at the arm of the bifurcated
waveguide platform where the Fabry-Perot filters are located. In alternative embodiments, a

transition region may be located after the bifurcation.

Optionally, an additional transition region is located at the output of the laser cavity such that
the output branch is initially of a second (smaller) height (and/or width) but is coupled to an

output waveguide of a first (larger) height and/or width.

Preferably, the round trip path length of the laser cavity is no more than 1.5mm, even more

preferably, no more than 1mm.

According to a sixth aspect of the present invention, there is provided a wavelength tunable
silicon-on-insulator (SOI) laser comprising: a laser cavity including: a semiconductor gain
medium having a front end and a back end, wherein a mirror of the laser cavity is located at
the back end of the semiconductor gain medium; and a phase-tunable waveguide platform
coupled to the front end of the semiconductor gain medium, the phase-tunable waveguide
platform comprising: a first resonator and a second resonator; at least one resonator being a
phase-tunable resonator; wherein the first resonator is any one of: an MMI device including a
pair of reflective surfaces defining a resonator cavity therebetween such that the device is
configured to act as a Fabry-Perot filter; a ring resonator; or a waveguide Fabry-Perot filter,;
and wherein the second resonator is any one of. an MMI device including a pair of reflective
surfaces defining a resonator cavity therebetween such that the device is configured to act

as a Fabry-Perot filter; a ring resonator; or a waveguide Fabry-Perot filter.

According to a seventh aspect of the present invention, there is provided a wavelength

tunable silicon-on-insulator (SOI) laser comprising: a laser cavity including: a semiconductor
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gain medium having a front end and a back end, wherein a mirror of the laser cavity is
located at the back end of the semiconductor gain medium; and a phase-tunable waveguide
platform coupled to the front end of the semiconductor gain medium, the phase-tunable
waveguide platform comprising: a first resonator; and a distributed Bragg reflector (DBR); at
least one of the resonator and the DBR being phase-tunable; wherein the first resonator is
any one of: an MMI device including a pair of reflective surfaces defining a resonator cavity
therebetween such that the device is configured to act as a Fabry-Perot filter; a ring
resonator; or a waveguide Fabry-Perot filter, and wherein the DBR is any one of. a DBR
having a comb reflectance spectrum; and a digital supermode DBR (DS-DBR).Optional
features of the invention will now be set out. These are applicable singly or in any

combination with any aspect of the invention.

Throughout this document, references to “light” should be understood to include
electromagnetic radiation of infrared and ultraviolet wavelengths as well as the visible
spectrum. The range in output wavelengths of the laser will depend on the semiconductor
gain medium used which may have a range of 0.4-20pm. Taking into account the SOI

platform, a tunable SOI laser typically has a wavelength range of 1.1 to 1.7um.

Further optional features of the invention are set out below.

Brief Description of the Drawings

Embodiments of the invention will now be described by way of example with reference to the

accompanying drawings in which:

Figure 1 shows a top-view schematic of a wavelength tunable laser according to the first and

sixth aspects of the present invention;

Figure 2 shows a top-view schematic of an alternative wavelength tunable laser according to

the first and sixth aspects of the present invention;

Figure 3 shows a top view schematic of a phase tunable MMI device and an additional
phase section for fine tuning of the laser cavity (corresponding to the area shown in the
dotted box in Figures 1 and 2), for use in the wavelength tunable lasers shown in Figures 1

and 2 and according to the second and sixth aspects of the present invention;
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Figure 4 shows a top view schematic of an alternative MMI device for use in the wavelength
tunable lasers shown in Figures 1 and 2 and according to the second and sixth aspects of

the present invention;

Figure 5 shows transmittance spectra produced by (a) the first MMI device of the tunable
laser shown in Figure 1 or 2; (b) the second MMI device of the tunable laser shown in Figure

1 or 2; and (c) the selected laser output mode;

Figure 6 shows a top-view schematic of a wavelength tunable laser according to the third,

fourth and sixth aspects of the present invention;

Figure 7 shows a top-view schematic of an alternative wavelength tunable laser according to

the third, fourth and sixth aspects of the present invention;

Figure 8 shows a top-view schematic of a further alternative wavelength tunable laser

according to the third, fourth and sixth aspects of the present invention;

Figure 9 shows transmission spectra produced by (a) the first ring resonator of the tunable
laser shown in any one of Figures 6 to 8; (b) the second ring resonator of the tunable laser

shown in any one of Figures 6 to 8; and (c) the selected laser output mode;

Figure 10 shows a top-view schematic of a wavelength tunable laser according to the fourth

and sixth aspects of the present invention;

Figure 11 shows a top-view schematic of an alternative wavelength tunable laser according

to the fourth and sixth aspects of the present invention;

Figure 12 shows a top-view schematic of a further alternative wavelength tunable laser

according to the fifth and sixth aspect of the present invention;

Figure 13 shows a schematic of a transition region.

Detailed Description and Further Optional Features of the Invention

Embodiments of the present invention which relate to SOI lasers including multimode

interference devices are described below with reference to Figures 1 to 5.

Referring to Figure 1, a wavelength tunable silicon-on-insulator (SOI) laser is shown, the

laser having a laser cavity which is made up of a semiconductor gain medium, 2 and a
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phase-tunable waveguide platform, 3 coupled to the front end of the semiconductor gain
medium. In the embodiment shown in Figure 1, the semiconductor gain medium, 2 takes the

form of a gain chip and the gain chip shown is located inside of an SOI gain chip cavity.

The phase-tunable waveguide platform includes a first multimode interference (MMI) device
(MMI resonator device) 34 (as shown in Figure 3), and a second MMI device (MMI resonator
device), 35 in a parallel arrangement. Each MMI device includes a multi-mode waveguide; a
first reflective surface, 341 partially covering one end of the multimode waveguide; and a
second reflective surface, 342 partially covering an the opposite end of the multimode
waveguide such that the arrangement of the mirrors either side of the multimode waveguide
of the MMI device forms a resonator and therefore the device acts as a Fabry-Perot filter.
Each MMI device takes the form of a 2x2 MMI having a multimode waveguide with two ports
at its back end 301 and two ports at its front end 302, whereby the first reflective surface 341
either replaces a port at the front end or is located in a waveguide coupled to that port and
whereby the second reflective surface either replaces a port at the back end or is located in

a waveguide coupled to that port.

Each of the first and second MMI devices will produce a comb-like transmittance spectrum,
91, 92, and the dimensions of the MMI devices are chosen such that the free spectral range
(FSRy) of the first MMI device is different from the FSR (FSR>) of the second MMI device.

At least one of the MMI devices, 34, 35 includes a phase tuning region and therefore forms a
phase-tunable MMI device. Thus, the cavity mode of the laser (and therefore its
wavelength) can be selected via the Vernier effect. Where both MMI devices are phase-
tunable, as shown in Figure 1, the laser output wavelength will be continuously tunable.
However, if only one MMI device is tunable, the output laser will be adjustable in that any of
the discrete wavelengths present in the transmittance comb spectrum of the other MMI

device can be chosen.

A Fabry-Perot filter is a type of Infinite-Impulse-Response (IIR) filter and as with all Infinite-
Impulse-Response (lIR) filters, the effect of index change induced by a phase tunable region
will be enhanced by a large number of round-trips in the resonator cavity. This means that a
smaller injected current density (or smaller applied voltage) is required to achieve a desired

wavelength change of at least 6nm.
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In the embodiment shown in Figure 1, the phase-tunable waveguide platform is made up of
three branches, each of the branches being coupled to the semiconductor gain medium, 2

via a 1x3 coupler, 4.

The first phase-tunable MMI device, 34 is located in the first branch of the waveguide
platform; the second phase-tunable MMI device, 35 is located in the second branch of the
waveguide platform; and the third branch of the waveguide platform forms the output of the

laser cavity, 6.

A detector or an absorber, 7 may optionally be located at the end of the first or the second

branch (i.e. at the opposite side of the MMI device to the 1x3 coupler).

In the embodiment shown in Figure 1, each of the first and second branches includes an
additional phase tuning region, 51, 52 which is separate from the first and second MMI
devices, 34, 35 and forms a means for fine tuning of the frequency of the laser. In
alternative embodiments (not shown) the laser cavity may include fewer than three additional
phase tuning regions. If one additional phase tuner which may be located in any of the three
locations labelled 51, 52, 53. If just two additional phase tuning regions are present, they

may be located at any two of the three locations labelled 51, 52, 53.

A third additional and separate phase tuning region, 53 is located between the

semiconductor gain medium, 2 and the 1x3 coupler, 4.

Also located between the semiconductor gain medium, 2 and the 1x3 coupler, 4 is a
transition region, 41 in the form of a taper. At the transition region 41, the height and width
of the waveguide platform changes from a first height and width to a second height and
width, the first height and the first width being greater than the second height and the second
width respectively. In the embodiment shown, all phase-tunable regions are located at parts

of the waveguide platform at which the waveguide has a reduced width and height.

A second transition region, 42 is located at the output of the laser such that the output
changes from a waveguide at a second (smaller) height and width to a first (larger) height
and width. The larger height and width output of the laser is therefore of a size which is
more advantageous when coupling to application components such as a gain chip and a

single-mode fibre.
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An example of the type of taper which forms both the first and second transition regions 41,

42 is discussed in more detail below in relation to Figure 13.

The semiconductor gain medium has a front end, 21 and a back end, 22; and a mirror of the
laser cavity is located at the back end. In the embodiment shown in Figure 1, the
semiconductor gain medium takes the form of a gain chip, and the mirror 10 at the back end
of the cavity takes the form of a reflective surface (e.g. metal or dielectric coating) directly
applied to the back end of the gain medium, in this case a reflective back facet of the gain
chip. In the embodiment shown in Figure 1 (a) the waveguide platform includes an SOI gain

chip cavity for location of the gain chip.

The reflective surface which forms the back mirror of the laser cavity is highly reflective,

having a reflectivity of at least 85% (preferably at least 95%).

The 1x3 coupler is shown as a tunable MMI coupler (or a directional coupler or tunable Mach
Zehnder coupler). The split ratio of the coupler is such that between 10 and 30% of the
transmittance output is coupled to the third (laser output) branch, Tow=10-30%. The
remaining transmittance is split evenly between the first and the second branch such that the

transmittance of each of the first and second branches is given by (1-Tou)/2.

Each MMI device is a phase-tunable MMI device so includes a phase tuning region 8. This

is described in more detail below in relation to Figures 3 and 4.

A second embodiment of the first aspect is shown in Figure 2, where like references indicate

the features described above in relation to Figure 1.

The wavelength tunable laser 601 shown in Figure 2 differs from that shown in Figure 1 in
that, rather than including a single 1x3 coupler, it includes a first 1x2 coupler, 44 and a

second 1x2 coupler, 45.

The first 1x2 coupler splits light between the input to the second 1x2 coupler and the output
branch of the laser. This first 1x2 coupler has a split ratio which transmits from 10% to 30%
of the total light it transmits to the output branch of the laser cavity. The remaining 90-70%

is sent to the second 1x2 coupler which then splits the light at it’s input between the first and

second branches in a 50:50 ratio.

A transition region 41 is located between the semiconductor gain medium, 2 and the first 1x2

coupler 44.
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Figures 3 and 4 show embodiments of a phase-tunable MMI resonator device and additional
separate phase tuning regions. Figure 3 shows the phase-tunable MMI device and
additional (separate) phase tuning regions, also indicated within dotted lines in Figures 1 and
2, whereas Figure 4 shows an alternative MMI device that could also be used in the

waveguide platform shown in Figure 1.

Each of the MMI devices shown in Figures 3 and 4 includes: a multimode waveguide, 340; a
first reflective surface, 341 at a back end, 301 of the MMI device; a second reflective
surface, 342, 343 at a front end, 302 of the MMI device; and a phase tuning region between
the first and second reflective surfaces. A first waveguide, 350 (or “back end” waveguide) is
coupled to the back end of the multimode waveguide and a second waveguide, 360 (“front
end” waveguide) is coupled to the front end of the multimode waveguide. The first reflective
surface, 341 is located at a back end facet, 301 of the multimode waveguide, adjacent the
“back end’ coupled waveguide, 350. It is located such that, were the MMI device to be a 2x2
MMI device, the first reflective surface 341 would replace one of the two back end ports (the

other back end port being coupled to the back end waveguide 350).

In both embodiments, the phase tuning region of the MMI device 34, 334 takes the form of a
waveguide portion made of a material capable of forming an electrical optical medium (such
as Si, Ge or SiGe) which has been doped to form a p-i-n junction containing: a p-doped
region, 81, an n-doped region, 82 region and an intrinsic region, 83 therebetween. The p-
doped and n-doped regions, 81, 82 are detached from the waveguide defining an intrinsic

region therebetween which overlaps the whole width of the waveguide at which it is located.

Also in both embodiments, the additional phase tuning regions 51, 52, 53 comprise a phase
tuning region the form of a waveguide portion made of a material capable of forming an
electrical optical medium (such as Si, Ge, or SiGe) which has been doped to form a p-i-n
junction containing: a p-doped region, 581, an n-doped region, 582 region and an intrinsic
region, 583 therebetween. The p-doped and n-doped regions 581, 582 are detached from
the waveguide defining an intrinsic region therebetween which overlaps the whole width of

the waveguide at which it is located.

In the embodiment of the MMI device 34 shown in Figure 3, the second reflective surface,
342, takes the form of a reflecting layer located on a front end facet of the multimode
waveguide, adjacent the front end coupled waveguide. The second reflective surface is

located such that, were the MMI device to be a 2x2 MMI device, the second reflective
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surface would replace one of the two front end ports (the other front end port being coupled

to the front end waveguide 360).

In this embodiment, the resonator cavity is wholly within the multimode waveguide and the
phase tuning region of the MMI device, 8 is located at the multimode waveguide and the pin
doped region, particularly the intrinsic region, overlaps the width of the multimode

waveguide.

The MMI devices 34, 334 may include a p-n junction (e.g. a p+pnn+diode) rather than a p-i-n
junction. Either way, when in operation, the tuning of the MMI device of Figure 3 occurs over
the whole multimode waveguide region. Injecting carriers or applying a reverse bias voltage
acts to tune the refractive index of the phase-tunable region of the MMI device which adjusts

its free spectral range.

In the embodiment of an MMI device 334 shown in Figure 4, the second reflective surface
343, takes the form of a reflective layer located within the front end coupled waveguide
which couples light out of the front end of the multimode waveguide. In this embodiment, the
resonator cavity formed by the first and second reflective surfaces is partially within the
multimode waveguide. The phase tuning region of the MMI device 88 is located at the front
end waveguide so that the p-i-n doped region 381, 382, 383, (particularly the intrinsic region,

383) of the p-i-n junction, overlaps the width of the front end waveguide.

Although the MMI resonator devices shown in Figures 3 and 4 show a p-i-n doped junction;
this may, instead be a p-n junction. In addition, although the p-i-n junction of the MMI device
shown in Figures 3 and 4 has an intrinsic region which overlaps the entire width of the
relevant waveguide, the intrinsic region may be narrower than the relevant waveguide (not
shown). Both embodiments shown in Figures 3 and 4 include a detector or absorber 366
located within an additional waveguide 360 coupled to the additional front end port (i.e. a

port which does not form and is not coupled to the second reflective surface 343).

For the lasers described in relation to Figures 1 and 2, each MMI device will give rise to a
comb-like transmittance spectrum 91, 92 as shown in Figures 5(a) and 5(b). The
transmittance spectrum, 92 of the first MMI device, 34 has a free spectral range (FSR1) (a
comb spacing) which is different from the FSR, FSRz of the second MMI device, 35. This
means that wavelength tuning may be achieved using the Vernier effect by altering the

transmittance spectrum of one (or both) of the MMI devices relative to the other (each other)
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so that a given mode of the first transmittance spectrum overlaps with a given mode of the
second transmittance spectrum. The transmittance spectrum, 91 of the first MMI device has
a transmittance value of 0.8-1 and the transmittance spectrum, 92 of the second MMI device

has a transmittance value of 0.8-1.

The output spectrum, 93 of the laser will correspond to the sum of the two transmittance
spectra which will therefore pick out the overlapped mode (shown as the third peak in Figure
5).

Embodiments of the present invention relating to SOI lasers with ring resonators (RRs) are

described below with reference to Figures 6 to 11.

Figure 6 shows a wavelength tunable silicon-on-insulator (SOI) laser, 601 comprising a laser
cavity, the laser cavity including a semiconductor gain medium, 2 and a phase-tunable
waveguide platform 3. The semiconductor gain medium, 2 has a front end, 21 and a back
end, 22 and the phase-tunable waveguide platform is coupled to said front end, 21. In the
embodiment shown in Figure 6, the semiconductor gain medium, 2 takes the form of a gain

chip. The gain chip shown is located inside of an SOI gain chip cavity.

The phase-tunable waveguide platform includes a first ring resonator 36 having a first free
spectral range (FSR1) and a second ring resonator, 37 having a second free spectral range
(FSR2). In the embodiment shown in Figure 6, both the first ring resonator and the second

ring resonator are phase-tunable.

The first ring resonator cavity 36 is made up of a first half-ring 36a and a second half-ring
36b and the second ring resonator cavity 37 is also made up of a first half-ring 37a and a
second half-ring 37b. In the wavelength tunable laser shown in Figure 6, the half-ring
structures are coupled to one another and to straight waveguides of the laser cavity using no
more than 3 MMI couplers, 101, 102, 103.

The first MMI coupler couples light into the first ring resonator. Itis a 2x2 MMI coupler with 2
back end ports and two front end ports. The back end ports comprise an input port for light
from the gain medium and a port coupled to the first half-ring 36a of the first ring resonator
36. The front end ports comprise a port connected to an absorber/detector, 7 and a port

coupled to the second half-ring 36b of the first ring resonator 36.
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The second MMI coupler couples the first ring resonator 36 to the second ring resonator 37.
It also takes the form of a 2x2 MMI coupler with 2 back end ports connected to the first ring-
half 36a of the first ring resonator and the first ring-half 37a of the second ring resonator
respectively; and two front end ports connected to the second ring-half 36b of the first ring
resonator and the second ring-half 37b of the second ring resonator respectively. The direct
coupling of the ring halves 36a, 36b of the first ring resonator to the ring halves 37a, 37b of
the second ring resonator reduce the MMI related losses because only three MMIs are
required (rather than the embodiments with four MMIs described below). The cavity length
is also reduced. However, in such a design the Finesse values of the two ring resonators
are coupled to one another by the second MMI coupler which leads to a reduction in design

freedom.

The third MMI coupler couples light out of the second ring resonator to an output waveguide
that forms a mirror of the laser cavity. It too takes the form of a 2x2 MMI coupler comprising
two back end ports coupled to the first ring-half 37a of the second ring resonator and to a
waveguide containing an absorber/detector 7 respectively; and two front end ports, one
coupled to the second ring-half of the second ring resonator 37b, and the other to an output

waveguide terminated by a reflective surface which forms a mirror of the laser cavity.

A 1x2 coupler, 4 is located between the gain medium and the ring resonators. The 1x2
coupler splits light between a first branch in which the ring resonators are located in series
with one another, and a second branch which forms an output branch 6 of the laser. The

split ratio of the 1x2 coupler is chosen to split 10-30% of light into the output branch.

Each phase-tunable ring resonator 36, 37 includes a phase tuning region. In the
embodiment shown in Figure 6, each half-ring 36a, 36b, 37a, 37b includes a single phase
tuning region, which overlaps the width of the half-ring (shown in Figure 6 by pairs of
reference numbers: 51a and 51b for the first half-ring of the first ring resonator; 51c and 51d
for the second half-ring of the first ring resonator; 52a and 52b for the first half-ring of the
second ring resonator; and 52c and 52d for the second half-ring of the second ring
resonator). The phase tuning region includes an electro-optical medium formed by a doping

structure, and the doping structure may take the form of a p-i-n junction or a p-n junction.

The phase-tunable waveguide platform also includes a first additional phase tuning region,
53 and a second additional phase tuning region, 54, each being separate from the phase-

tunable first and second ring resonators. These additional phase tuning regions provide fine
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tuning of the laser frequency. The first additional phase tuning region, 53 is located between
the semiconductor gain medium and the 1x2 coupler whilst the second additional phase
tuning region, 54 is located in the same branch of the cavity as the ring resonators, in-

between the 1x2 coupler and the first 2x2 MMI coupler 101.

Also located between the semiconductor gain medium, 2 and the 1x2 coupler, 4 is a
transition region, 41 in the form of a taper. At the transition region 41, the height and width
of the waveguide platform changes from a first height and width to a second height and
width, the first height and the first width being greater than the second height and the second
width respectively. All phase-tunable regions shown in this embodiment are located at parts

of the waveguide platform at which the waveguide has a reduced width and height.

A second transition region, 42 is located at the output of the laser such that the output
changes from a waveguide at a second (smaller) height and width to a first (larger) height
and width. The larger height and width output of the laser is therefore of a size which is
more advantageous when coupling to application components such as a gain chip and a

single-mode fibre

An example of the type of taper which forms both the first and second transition regions 41,
42 is discussed in more detail below in relation to Figure 13. An alternative wavelength
tunable laser is shown in Figure 7 where like references have the same meaning as those
described in relation to Figure 6. The tunable laser shown in Figure 7 differs from that
shown in Figure 6 in that it comprises an additional MMI coupler, i.e. there are a total of 4
MMI couplers directly coupled to half rings of the ring resonators. These comprise: A first
multimode interference (MMI) coupler 101 located between the semiconductor gain medium
2 and the first ring resonator to couple light into the first ring resonator 36; A second MMI
coupler 102 located between the first ring resonator 36 and the second ring resonator 37 to
couple light into the second ring resonator; a third MMI coupler 103 located at the opposite
side of the second ring resonator to the second MMI coupler 102 including a reflective
surface to form a mirror of the laser cavity; and the additional fourth MMI coupler 104 which
is also located between the first ring resonator 36 and the second ring resonator 37. The
addition of the fourth MMI coupler between the ring halves of the first ring resonator and the
ring halves of the second ring resonator increases the design freedom of the system relative
to the design described in relation to Figure 6. In the embodiment shown, other components

including a 1x2 coupler, 4, additional phase tuning regions, 53, 54, transition region and
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various waveguides are located between the semiconductor gain medium and the first MMI

coupler.

The second MMI coupler is coupled to the fourth MMI coupler via an intermediate

waveguide, 49.

An alternative wavelength tunable laser is shown in Figure 8 where like references have the
same meaning as those described in relation to Figures 6 and 7. Figure 8 differs from that
shown in Figure 7 in that the first half-ring 36a of the first resonator has a larger radius of
curvature than its second half-ring 36b and the first half-ring 37a of the second ring
resonator has a smaller radius of curvature than its second half-ring 37b. As with the
tunable laser of Figure 7: A first multimode interference (MMI) coupler 101 is located
between the semiconductor gain medium 2 and the first ring resonator to couple light into the
first ring resonator 36; A second MMI coupler 102 is located between the first ring resonator
36 and the second ring resonator 37 to couple light into the second ring resonator; a third
MMI coupler 103 is located at the opposite side of the second ring resonator to the second
MMI coupler 102 which is coupled to an output waveguide which is terminated by a reflective
surface to form a mirror of the laser cavity; and a fourth MMI coupler 104 is also located
between the first ring resonator 36 and the second ring resonator 37. Again, in the
embodiment shown, other components including a 1x2 coupler, 4, additional phase tuning
regions, 53, 54, transition region and various waveguides are located between the
semiconductor gain medium and the first MMI coupler and the second MMI coupler is

coupled to the fourth MMI coupler via an intermediate waveguide, 49.

Since the ring-halves of each ring resonator have different radii of curvature, the MMI
couplers and the half-rings of each ring resonator are arranged such that larger half-rings
are coupled to outer ports of the MMI couplers and smaller half-rings are coupled to inner

ports of the MMI couplers.

All ports that do not form part of connections mentioned above may be coupled to

waveguides which terminate in absorbers or detectors.

In the embodiments shown in Figures 6, 7 and 8, all of the MMI couplers are 2x2 couplers as

this simplifies fabrication.

For each of the wavelength tunable lasers described in relation to Figures 6 to 8, each ring

resonator will give rise to a comb-like transmittance spectrum 94, 95 as shown in Figures
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9(a) and 9(b) respectively. The transmittance spectrum, 94 of the first ring resonator, 36 has
a free spectral range (FSR1) (a comb spacing) which is different from the FSR, FSR: of the
second ring resonator, 37. This means that wavelength tuning may be achieved using the
Vernier effect by altering the transmittance spectrum of one (or both) of the ring resonators
relative to the other (to each other) so that a given mode of the first transmittance spectrum
overlaps with a given mode of the second transmittance spectrum. The transmittance
spectrum, 94 of the first MMI device has a transmittance of 0.8-1 and the transmittance

spectrum, 95 of the second MMI device has a transmittance of 0.8-1.

The output spectrum, 96 of the laser will correspond to the sum of the two transmittance
spectra which will therefore pick out the overlapped mode (shown as the third peak in Figure
9).

In an alternative embodiment (not shown), the arrangement shown in each of Figures 6-8
could be adapted in that the taper could be moved to the top waveguide arm after the 1x2
coupler. In this way, a second taper at the output would not be needed. All of the phase
tunable MMI devices would be in the reduced width and height regions, but additional “fine-
tuning” phase tuning regions could be in the larger waveguides as they are low speed

devices.

Figures 10 and 11 disclose alternative ring resonator based wavelength tunable lasers 1001,
1101 where like references have the same meaning as those described in relation to Figures
6 to 8. As with the previous ring resonator lasers, the laser cavity includes a semiconductor
gain medium, 2 and a phase-tunable waveguide platform 3. The semiconductor gain
medium, 2 has a front end, 21 and a back end, 22 and the phase-tunable waveguide
platform is coupled to said front end, 21. In the embodiment shown in Figures 10 and 11,
the semiconductor gain medium, 2 takes the form of a gain chip. The gain chip shown is

located inside of an SOI gain chip cavity.

The phase-tunable waveguide platform includes a first ring resonator 38 having a first free
spectral range (FSR1) and a second ring resonator, 39 having a second free spectral range
(FSR2). Both ring resonators are phase tunable because they each include a phase-tunable
region, 152, 153 (as described elsewhere in this document). The tunable lasers shown in
Figures 10 and 11 differ from those shown in Figures 6 to 8 in that both the first ring
resonator and the second ring resonator are circular (or racetrack) waveguides. All other

features such as the gain chip,2; mirror, 10; additional phase tuning regions, 53, 54,
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transition regions, 41, 42; output 6; and 1x2 coupler 4; are as described above in relation to

Figures 6 to 8.

In the embodiment of a wavelength tunable laser 1001 shown in Figure 10, light is coupled
into the first circular ring resonator 38 via a straight waveguide of the waveguide platform
which is directly coupled to the first ring resonator. A further straight waveguide couples
light between the first circular ring resonator 38 and the second circular ring resonator 39. A
third straight waveguide couples a mirror of the laser cavity to the opposite side of the

second ring resonator to the first ring resonator.

The wavelength tunable laser of Figure 11 differs from that of Figure 10 in that the first ring

resonator is directly coupled to the second ring resonator.

The use of more traditional circular ring resonators coupled directly to each other and/or to
straight waveguides in the waveguide platform (rather than via MMI couplers)
advantageously minimises the ring size, offers the highest flexibility in terms of possible FSR
values, and maximizes the open waveguide space for p-i-n or p-n junctions in the phase
tuning regions. However, this is at a cost of lower fabrication tolerances and increased

complexity for high yield manufacturing.

Figure 12 discloses an example of a wavelength tunable silicon-on-insulator laser 1201 with
a coupled Fabry-Perot resonator scheme of two Fabry-Perot filters. The laser comprises a
laser cavity having a semiconductor gain medium, 2 (having a front end and a back end) and
a phase-tunable waveguide platform, 3 coupled to the front end of the semiconductor gain
medium. In the embodiment shown in Figure 12, the semiconductor gain medium, 2 takes

the form of a gain chip which is located inside of an SOI gain chip cavity.

The phase-tunable waveguide platform includes a first waveguide Fabry-Perot filter, 121 and
a second waveguide Fabry-Perot filter, 122 in a series arrangement with one another. In the
embodiment shown, both Fabry-Perot filers are tunable as they each include a phase tuning

region.

All other features of the waveguide platform such as the gain chip2; mirror, 10; additional
phase tuning regions, 53, 54; transition regions, 41, 42; output 6; and 1x2 coupler 4; are as

described above in relation to Figures 2 to 4, 6 to 8, and 10 to 13.
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In the laser design shown in Figure 12, the two compact cavities of the Fabry-Perot filters
are formed by three broadband DBR reflectors. This design provides for a shorter cavity
length, lower losses and lower power consumption. However, the fabrication and design
complexity is high due to the need to incorporate three DBR gratings with potentially short

lengths and deeply etched grating corrugations.

The three DBR reflectors (gratings) can be made with a small number of grating lines as only
a very broad bandwidth is required. In one embodiment (not shown), the three DBR
reflectors contain just one grating line per reflector (i.e. a single waveguide defect) such that
each defect acts as a broadband mirror (deeply etched and width optimized to produce a

sufficiently high reflectivity).

In another embodiment (not shown) the transition region described in relation to Figure 12
could be moved to the top waveguide, after the 1x2 coupler but before the first Fabry-Perot

mirror.

Figure 13 shows an example of a first or second transition region in the form of a taper as
present in each of Figures 1to 4, 6t0 8, and 10 to 13. The taper couples a larger
waveguide of a first height and width to a smaller waveguide of a second height and width so
acts as both a “vertical taper” and a lateral taper. It comprises: a lower portion, 131 having
a base “wedge-shaped” portion with laterally tapered sides that taper a portion of the first
slab region, up to the second width (the width, w; of the smaller waveguide); an intermediate
portion, 132 which tapers the portion of the ridge above the first slab laterally from the larger
waveguide width, wy to the smaller waveguide width, wz; and an upper “wedge” portion, 133
formed on top of the intermediate portion which tapers the portion of the ridge of the first
height remaining above the second height to a point. The relative dimensions of the upper,
intermediate and lower portions are chosen to maximise the coupling of light from the larger
waveguide to the smaller waveguide in both a lateral and vertical direction relative to the

waveguide platform.

While the invention has been described in conjunction with the exemplary embodiments
described above, many equivalent modifications and variations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the exemplary embodiments of the
invention set forth above are considered to be illustrative and not limiting. Various changes
to the described embodiments may be made without departing from the spirit and scope of

the invention. In particular, it is noted that the various resonators of the embodiments
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described throughout the application could be interchanged as defined by claim 70. In
addition, where possible, a resonator could be replaced by a distributed Bragg grating
reflector (DBR).

Where a laser cavity includes a transition region, any additional phase tuning regions as
described above may be located at regions of the first height/width or second height/width as
the speed of operation of these is not critical. Thus, one or more of the additional phase
tuning regions could be replaced by one or more thermal tuning regions. Additional phase

tuning regions are beneficial in compensating for thermal laser drift.

Throughout this document, tuning via the “Vernier” effect should be understood to cover
continuous wavelength tuning, discontinuous wavelength tuning and/or quasi continuous
wavelength tuning. The Vernier effect arises where the transmittance or reflectance
spectrum of a first resonator or reflector of the laser cavity has a peak-to-peak spacing which
is different from the peak-to-peak spacing of the transmittance or reflectance spectrum of a
second resonator or reflector of the laser cavity. For continuous tuning it is necessary for
both the first and the second resonator/reflector to be phase tunable. Discontinuous tuning
can be achieved via phase tuning of just one resonator/reflector. In this case, the output
wavelength of the laser cavity will be limited to discrete values set by the remaining (non-

tunable) resonator/reflector.

All references referred to above are hereby incorporated by reference.
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CLAIMS

1. A wavelength tunable silicon-on-insulator (SOI) laser comprising:

a laser cavity including:

A semiconductor gain medium having a front end and a back end; and

a phase-tunable waveguide platform coupled to the front end of the

semiconductor gain medium, the phase-tunable waveguide platform comprising:

a first multi-mode interference (MMI) device and a second MMI device, each MMI
device including a pair of reflective surfaces defining a resonator cavity therebetween such

that the device is configured to act as a Fabry-Perot filter,;

wherein at least one of the MMI devices is a phase-tunable MMI device.

2. The wavelength tunable laser of claim 1, wherein a mirror of the laser cavity is

located at the back end of the semiconductor gain medium.

3. The wavelength tunable laser of claim 2, wherein the phase-tunable MMI device

includes a phase tuning region which comprises an electro-optical medium.

4 The wavelength tunable laser of claim 2 or claim 3, wherein the phase-tunable MMI

device includes a phase tuning region which comprises a p-i-n junction region.

5. The wavelength tunable laser of claim 2 or claim 3, wherein the phase-tunable MMI

device includes a phase tuning region which comprises a p-n junction region.

6. The wavelength tunable laser of any one of claims 2 to 5, wherein both the first MMI

device and the second MMI device are tunable MMI devices.

7. The wavelength tunable laser of claim 6,

wherein the phase tuning region of the first MMI device is any one of: a p-n junction;

p-i-n junction or electro-optical medium; and

wherein the phase tuning region of the second MMI device is any one of. a p-n

junction, p-i-n junction or electro-optical medium.
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8. The wavelength tunable laser of any one of the preceding claims; further comprising

a phase tuning region which is separate from the first and second MMI devices.

9. The wavelength tunable laser of claim 8, wherein one or more of said phase tuning

region(s) comprise(s) an electro-optical medium.

10. The wavelength tunable laser of claim 8 or claim 9, wherein one or more of said

phase tuning region(s) include(s): a p-n junction or a p-i-n junction.

11. The wavelength tunable laser of any one of the preceding claims, wherein the phase-
tunable waveguide platform includes bifurcated waveguides, each arm of the bifurcated

waveguides comprising one MMI device.

12. The wavelength tunable laser of claim 11, wherein the bifurcated waveguide platform

is a Y-branch waveguide platform.

13. The wavelength tunable laser of claim 11, wherein the phase-tunable waveguide
platform includes a 1x3 coupler arranged to split light from the semiconductor gain medium

into three branches;

the first branch corresponding to a first arm of the bifurcated waveguides, comprising
the first MMI device;

the second branch corresponding to the second arm of the bifurcated waveguides,

comprising the second MMI device; and

the third branch corresponding to an output branch which forms the output of the

laser cavity.

14. The wavelength tunable laser of claim 11, wherein the phase-tunable waveguide

platform includes a first 1x2 coupler and a second 1x2 coupler:

the first1x2 coupler configured to split light between the input of the first 1x2 coupler

and a third branch which acts as an output branch

the second 1x2 coupler configured to split light between a first branch and a second
branch, the first branch corresponding to the first arm of the bifurcated waveguides
comprising the first MMI device; and the second branch corresponding to the second arm of

the bifurcated waveguides comprising the second MMI device.
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15. The tunable laser of claim 14, wherein the split ratio of the second 1x2 coupler is
configured such that the percentage of light coupled to the output branch by the second 1x2

coupler is no less than 10% and no more than 30%.

16. The wavelength tunable laser of any one of the preceding claims, wherein the phase-
tunable waveguide platform comprises at least one transition region at which a waveguide of
a first height is coupled to a waveguide of a second height; the second height being less

than the first height.

17. The wavelength tunable laser of claim 16, wherein at least one of the first and

second MMI devices is located in a waveguide of a second height.

18. The wavelength tunable laser of any one of the preceding claims, wherein the phase-
tunable waveguide platform comprises a transition region at which a waveguide of a first
width is coupled to a waveguide of a second width; the second width being less than the first

width.

19. The wavelength tunable laser of claim 18, wherein at least one of the first and

second MMI devices is located in a waveguide of said second width.

20. The wavelength tunable laser of any one of claims 16 to 19, wherein the transition

region includes a taper.

21. The wavelength tunable laser of any one of claims 16 to 19, wherein the transition

region is a mode transformer.
22. A phase-tunable multimode interference (MMI) device, the MMI device comprising:
a multimode waveguide;
a first reflective surface at a back end of the MMI device;
a second reflective surface at a front end of the MMI device; and
a phase tuning region between the first and second reflective surfaces;

wherein the reflective surfaces are arranged to create a resonator cavity within the

multimode waveguide such that the MMI device acts as a Fabry-Perot filter.
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23. The tunable MMI device of claim 22, wherein the first reflective surface is a reflecting
layer on a back end facet of the multimode waveguide, adjacent a waveguide coupled to the

back end of the multimode waveguide.

24. The tunable MMI device of claim 22 or 23, wherein the second reflective surface is a
reflecting layer located on a front end facet of the multimode waveguide, adjacent a front end

coupled waveguide which couples light out of the front end of the multimode waveguide.

25. The tunable MMI device of claim 22 or claim 23, wherein the second reflective
surface is a reflecting layer located within a front end coupled waveguide which couples light

out of the front end of the multimode waveguide.

26. The tunable MMI device of any one of claims 22 to 25, wherein the phase tuning

region includes a p-i-n junction region or a p-n junction region.
27. A wavelength tunable silicon-on-insulator (SOI) laser comprising:
a laser cavity including:
a semiconductor gain medium having a front end and a back end; and

a phase-tunable waveguide platform coupled to the front end of the

semiconductor gain medium, the phase-tunable waveguide platform comprising:
a first ring resonator having a first free spectral range (FSR);

a second ring resonator having a second FSR different to the first

FSR, the second ring resonator being coupled to the first ring resonator;
wherein, at least one of the ring resonators is a phase-tunable ring resonator and

wherein the laser cavity further comprises a multimode interference (MMI) coupler to

couple light into the first ring resonator.

28. The wavelength tunable laser of claim 27, wherein a mirror of the laser cavity is

located at the back end of the semiconductor gain medium.

29. The wavelength tunable laser of claim 27, further comprising a second MMI coupler

to couple light into the second ring resonator.
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30. The wavelength tunable laser of claim 29, further comprising a third MMI coupler to
couple light out of the second ring resonator, wherein the third MMI coupler also forms a

mirror of the laser cavity.

31. The wavelength tunable laser of claim 29 or claim 30, wherein the second MMI

coupler directly couples the first ring resonator to the second ring resonator.

32. The wavelength tunable laser of claim 29 or claim 30, wherein the phase-tunable
waveguide platform further comprises an additional 1x2 MMI coupler to couple light out of

the first ring resonator.

33. A wavelength tunable silicon-on-insulator (SOI) laser comprising:

a laser cavity including:

a semiconductor gain medium having a front end and a back end; and

a phase-tunable waveguide platform coupled to the semiconductor gain

medium, the phase-tunable waveguide platform comprising:

a first ring resonator having a first free spectral range (FSR);

a second ring resonator having a second FSR different from the first

FSR, the second ring resonator being coupled to the first ring resonator;

wherein, at least one of the ring resonators is a phase-tunable ring resonator and

wherein a mirror of the laser cavity is located at the back end of the semiconductor

gain medium.

34. The wavelength tunable laser of any one of claims 27 to 33, wherein each ring
resonator comprises a first half-ring with a first radius of curvature coupled to a second half-
ring with a second radius of curvature, the second radius of curvature being less than the

first radius of curvature.

35. The wavelength tunable laser of claim 34, wherein the first half-ring and second half-

ring are coupled to one another via a multimode interference coupler.
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36. The wavelength tunable laser of any one of claims 27 to 35, wherein the phase-
tunable ring resonator includes a phase tuning region which comprises an electro-optical

medium.

37. The wavelength tunable laser of any one of claims 27 to 36, wherein the phase-
tunable ring resonator includes a phase tuning region which comprises a p-i-n junction

region.

38. The wavelength tunable laser of any one of claims 27 to 36, wherein the phase-

tunable ring resonator includes a phase tuning region which comprises a p-n junction region.

39. The wavelength tunable laser of any one of claims 27 to 38, wherein both the first

ring resonator and the second ring resonator are tunable ring resonators.
40. The wavelength tunable laser of claim 39,

wherein the phase tuning region of the first ring resonator is any one of. a p-n

junction; p-i-n junction or electro-optical medium; and

wherein the phase tuning region of the second ring resonator is any one of: a p-n

junction, p-i-n junction or electro-optical medium.

41. The wavelength tunable laser of any one of claims 27 to 40, wherein the phase-
tunable waveguide platform includes bifurcated waveguides, each arm of the bifurcated

waveguides comprising one ring resonator.

42. The wavelength tunable laser of claim 41, wherein the bifurcated waveguide platform

is a Y-branch waveguide platform.

43. The wavelength tunable laser of any one of claims 27 to 40, wherein the first ring

resonator and second ring resonator are fabricated in a nested configuration.

44, The wavelength tunable laser of any one of claims 27 to 43; further comprising a

phase tuning region which is separate from the first and second ring resonators.

45, The wavelength tunable laser of claim 44, wherein one or more of said phase tuning

region(s) comprise(s) an electro-optical medium.
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46. the wavelength tunable laser of claim 44 or claim 45, wherein one or more of said

phase tuning region(s) include(s): a p-n junction or a p-i-n junction.

47. The wavelength tunable laser of any one of claims 27 to 46, wherein the phase-
tunable waveguide platform comprises at least one transition region at which a waveguide of
a first height is coupled to a waveguide of a second height; the second height being less
than the first height.

48. The wavelength tunable laser of claim 47, wherein at least one of the first and

second ring resonators is located in a waveguide of a second height.

49. The wavelength tunable laser of any one of claims 27 to 48, wherein the phase-
tunable waveguide platform comprises a transition region at which a waveguide of a first
width is coupled to a waveguide of a second width; the second width being less than the first
width.

50. The wavelength tunable laser of claim 49, wherein at least one of the first and

second ring resonators is located in a waveguide of said second width.

51. The wavelength tunable laser of any one of claims 47 to 50, wherein the transition

region includes a taper.

52. The wavelength tunable laser of any one of claims 47 to 50, wherein the transition

region is a mode transformer.

53. A wavelength tunable silicon-on-insulator (SOI) laser comprising:

a laser cavity including:

a semiconductor gain medium having a front end and a back end; and

a phase-tunable waveguide platform coupled to the front end of the

semiconductor gain medium, the phase-tunable waveguide platform comprising:

a first waveguide Fabry-Perot filter and

a second waveguide Fabry-Perot filter, at least one of the Fabry-Perot filters being a

phase-tunable Fabry-Perot filter;
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wherein a mirror of the laser cavity is located at the back end of the semiconductor

gain medium.

54. The wavelength tunable laser of claim 53, wherein the first and second Fabry-Perot

filters are formed by a total of three cascaded Distributed Bragg Reflector (DBR) gratings.

55. The wavelength tunable laser of claim 53, wherein the first and second Fabry-Perot

filters are formed by a total of three waveguide partial reflectors.

56. The wavelength tunable laser of any one of claims 45 to 55, wherein the phase-
tunable waveguide platform includes bifurcated waveguides, one arm of the bifurcated

waveguides comprising both the first and second Fabry-Perot filters in a series arrangement.

57. The wavelength tunable laser of claim 56, wherein the bifurcated waveguide platform

is a Y-branch waveguide platform.

58. The wavelength tunable laser of claim 56, wherein the tunable waveguide platform

includes a 1x2 coupler which couples light from the semiconductor gain medium into:

a first branch containing the first and second Fabry-Perot filters; and

a second branch containing the laser output.

59. The wavelength tunable laser of any one of claims 53 to 58, wherein the phase-
tunable Fabry-Perot filter includes a phase tuning region which comprises an electro-optical

medium.

60. The wavelength tunable laser of any one of claims 53 to 59, wherein the phase-
tunable Fabry-Perot filter includes a phase tuning region which comprises a p-i-n junction

region.

61. The wavelength tunable laser of any one of claims 53 to 60, wherein the phase-
tunable Fabry-Perot filter includes a phase tuning region which comprises a p-n junction

device.

62. The wavelength tunable laser of any one of claims 53 to 61, wherein both the first

Fabry-Perot filter and the second Fabry-Perot filter are tunable Fabry-Perot filters.

63. The wavelength tunable laser of claim 62,
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wherein the phase tuning region of the first Fabry-Perot filter is any one of. a p-n

junction or p-i-n junction; and

wherein the phase tuning region of the second Fabry-Perot filter is any one of: a p-n

junction; or p-i-n junction.

64. The wavelength tunable laser of any one of claims 53 to 63, wherein the phase-
tunable waveguide platform comprises at least one transition region at which a waveguide of
a first height is coupled to a waveguide of a second height; the second height being less
than the first height.

65. The wavelength tunable laser of claim 64, wherein the first and second Fabry-Perot

filters are located in a waveguide of a second height.

66. The wavelength tunable laser of any one of claims 53 to 65, wherein the phase-
tunable waveguide platform comprises a transition region at which a waveguide of a first
width is coupled to a waveguide of a second width; the second width being less than the first
width.

67. The wavelength tunable laser of claim 66, wherein the first and second Fabry-Perot

filters are located in a waveguide of said second width.

68. The wavelength tunable laser of any one of claims 64 to 67, wherein the transition

region includes a taper.

69. The wavelength tunable laser of any one of claims 64 to 67, wherein the transition

region is a mode transformer.

70. A wavelength tunable silicon-on-insulator (SOI) laser comprising:

a laser cavity including:

a semiconductor gain medium having a front end and a back end, wherein a

mirror of the laser cavity is located at the back end of the semiconductor gain medium; and

a phase-tunable waveguide platform coupled to the front end of the

semiconductor gain medium, the phase-tunable waveguide platform comprising:
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a first resonator and a second resonator; at least one resonator being a phase-

tunable resonator;

wherein the first resonator is any one of:

an MMI device including a pair of reflective surfaces defining a resonator

cavity therebetween such that the device is configured to act as a Fabry-Perot filter;

a ring resonator; or

a waveguide Fabry-Perot filter; and

wherein the second resonator is any one of:

an MMI device including a pair of reflective surfaces defining a resonator

cavity therebetween such that the device is configured to act as a Fabry-Perot filter;

a ring resonator; or

a waveguide Fabry-Perot filter.

71. A wavelength tunable silicon-on-insulator (SOI) laser comprising:

a laser cavity including:

a semiconductor gain medium having a front end and a back end; and

a phase-tunable waveguide platform coupled to the front end of the

semiconductor gain medium, the phase-tunable waveguide platform comprising:

a first resonator and a distributed Bragg reflector (DBR); at least one of the resonator

and the DBR being phase-tunable;

wherein the first resonator is any one of:

an MMI device including a pair of reflective surfaces defining a resonator

cavity therebetween such that the device is configured to act as a Fabry-Perot filter;

a ring resonator; or

a waveguide Fabry-Perot filter; and
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wherein the DBR is any one of:

a DBR having a comb reflectance spectrum; and a digital supermode DBR
(DS-DBR).

72. The wavelength tunable laser of claim 71, wherein a mirror of the laser cavity is

located at the back end of the semiconductor gain medium.

73. A wavelength tunable silicon-on-insulator (SOI) laser substantially as described

herein with reference to Figures 1, 2, 6, 8, 9, 10, 11 and 12.

74. A tunable MMI device substantially as described herein with reference to Figures 3
and 4.
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