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A MONOLITHIC INTEGRATED STRUCTURE COMPRISING A BURIED
HETEROSTRUCTURE SEMICONDUCTOR OPTICAL AMPLIFIER AND A
PHOTODETECTOR

The present invention relates to optical components.

BACKGROUND ART

Optical pre-amplification is widely used for example to increase photoreceivers
sensitivity in order to improve the distance for data transmission over optical fiber
in digital communication systems. In such systems cost is typically an important
issue to be considered. In this regard, monolithic integration of a semiconductor
optical amplifier (hereinafter also referred to as SOA) and a photodetector in one
InP single chip become particularly important as it may contribute to reducing

cost of the receiver terminal as well as its size.

SUMMARY

Before describing the embodiments of the invention, a brief introduction of known
solutions is provided.

Three solutions are known to be used for monolithic integration of SOAs and
photodetectors:

A first solution uses a shallow ridge SOA integrated with a deep ridge photodiode
(PD) coupled vertically by lateral taper that allows for a fabrication process with a
single step growth of the vertical epitaxial structures of SOA and PD,
respectively. However, in such known solution, the coupling between the SOA
and the photodiode typically induces propagation losses which typically causes a

limitation in the amplification gain (typically less than 10dB). In addition, a low
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confinement SOA active region is typically required for vertical coupling which
typically induces very large TE/TM polarization loss.

A second known solution relates to employing a similar active region and semi-
insulating buried heterostructure for both the SOA and the photodetector (also
known as butt-coupling) to increase coupling efficiency between the two optical
components. Based on this know solution a larger gain, of about 14dB, has been
demonstrated. However, one typical yet important limitation of this known
solution is associated to a reduced power saturation of the photodiode due to
direct optical injection which typically induces a photodiode bandwidth roll-off
about 3-dB. A further drawback is the difficulty (or in occasions impossibility) to
optimize independently the thickness of the active region of the SOA and the
photodiode, typically leading to poor SOA performances and/or bandwidth
limitation of the photodiode.

A third known solution relates to the use of Quantum Well Intermixing to typically
use the same waveguide for the SOA section and the passive section and a
photodiode evanescently coupled on top of the passive waveguide. In such
solution, the SOA, the passive waveguide and the photodiode typically use the
same shallow ridge structure. Although this solution typically allows for
evanescent coupling to increase the power saturation of the photodetector and
that the common shallow ridge structure simplifies the process of the component,
it typically has the drawback of providing such increase of power saturation at the
expense of a low coupling efficiency at the SOA input (fiber coupling section)
which typically increases the SOA noise figure and therefore typically reduces
the sensitivity of the receiver. Spot size converters (SSC) may be a remedy for
such coupling problem, however SSCs are typically difficult to achieve with ridge
SOA structure because of the high confinement in the active region. A further

typical drawback of the shallow ridge structure is the increase of the capacity and
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the resistance of the photodiode, typically leading to an estimated bandwidth
lower than 36 GHz despite a small size (about 90 ym?) and a 25Q effective load.
In addition, to the knowledge of the inventors, with this solution only TE mode
operating devices have been demonstrated so far.

Accordingly some embodiments of the invention feature a monolithic integrated
structure comprising a buried heterostructure semiconductor optical amplifier
comprising an active waveguide and a deep ridge photodetector.

According to some specific embodiments, the structure comprises a first low
confinement optical passive waveguide configured to inject an incoming light into
the structure.

According to some specific embodiments, the structure comprises a first spot
size converter configured to allow coupling between the first optical passive
waveguide and an active waveguide of the semiconductor optical amplifier.
According to some specific embodiments, the structure comprises an optical
passive transition waveguide having a high confinement and configured to
evanescently couple the light to an active region of the photodiode.

According to some specific embodiments, the high transition optical passive
waveguide comprises an InGaAsP layer.

According to some specific embodiments, the active waveguide of the
semiconductor optical amplifier and the transition optical passive waveguide are
butt-coupled.

According to some specific embodiments, the active waveguide of the
semiconductor optical amplifier is coupled by means of a second spot size
converter to a second optical passive waveguide and the second optical passive
waveguide is coupled by means of a third spot size converter to the passive
transition waveguide thereby preventing or substantially reducing backward

reflection toward the semiconductor optical amplifier.
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According to some specific embodiment, the passive transition waveguide is
planar, at least in part, in the vicinity of the photodetector.

Some embodiments of the invention feature a receiver comprising the monolithic
integrated structure as proposed herein.

These and further features and advantages of the present invention are
described in more detail, for the purpose of illustration and not limitation, in the
following description as well as in the claims with the aid of the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an exemplary schematic representation of a top view of a
monolithically integrated buried heterostructure SOA and a deep ridge
photodetector according to some embodiments.

Figure 2 is an exemplary schematic representation of a cross-sectional view of
the monolithically integrated buried heterostructure SOA and photodetector of
figure 1.

Figure 3 is an exemplary graphical illustration of a simulation result related to a
coupling efficiency between a and an SOA wherein photodiode quantum
efficiency is shown versus diode length for a specific diode width and for a
specific BH-SOA photodiode optical transition waveguide length.

Figure 4 is an exemplary schematic representation of a top view of a
monolithically integrated BH-SOA and a deep ridge photodetector in but-coupled
configuration according to some embodiments.

Figure 5 is an exemplary schematic representation of a cross-sectional view of
the monolithically integrated buried heterostructure SOA and photodetector of

figure 4.
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DETAILED DESCRIPTION

Embodiments of the invention relate to the use of a buried heterostructure SOA
monolithically integrated with a photodiode.

A buried heterostructure (BH) configuration is known in the related art. In brief,
such configuration comprises various layers or regions of semiconductor material
with different crystalline structures which in turn gives rise to different band-gaps
within the structure.

A buried heterostructure is preferred to be used in an SOA because it may allow
a better thermal dissipation and lower optical losses than shallow ridge and deep
ridge structures. Furthermore, it may become comparatively easier to obtain low
polarization dependence together with low coupling loss with optical fiber when
use is made of a buried heterostructure rather than of shallow ridge and deep
ridge structures.

Some preferred materials to be used for making a BH-SOA are InGaAsP and
InGaAs.

The photodiode structure is provided in deep ridge configuration which is
compatible with high speed operation (low junction capacitance and low
resistance).

Some preferred materials to be used for making a Photodetector are InGaAsP,
InGaAs and InP.

In order to ensure high coupling efficiency and electrical isolation between the
SOA and the photodetector a high confinement passive transition optical
waveguide may be inserted between the SOA output passive optical waveguide
and the photodetector.

In the context of the present description, reference to “high” confinement
waveguide is to be understood to relate to an optical waveguide which is capable

of carrying an optical mode with an area typically having a width at 1/e? of about
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1.5um or less and a high optical confinement in the waveguide layer (for example
about 60%). Similarly, a low confinement optical waveguide is a waveguide
which is capable of carrying an optical mode with an area typically having a width
at 1/e® between about 1.5um and 6 pm and a low optical confinement in the
waveguide layer (for example about 15%). By way of illustrative and non-limiting
example it is to be noted that a low confinement waveguide may be made in
InGaAsP material (photoluminescence of about 1.17 um) having a thickness of
about 0.15 pm and a width of about 3 um; similarly, a high confinement
waveguide may be made in InGaAsP material (photoluminescence of about 1.3
pMm) having a of thickness of about 0.52 um and a width of about 0.13 to 3um
and about 1.1 um in butt coupled configuration.

Such passive waveguide may provide electrical isolation and the high
confinement characteristic of the waveguide may greatly improve coupling
efficiency and reduce reflection in the BH structure and the planar section area.
This solution has also the advantage of reducing reflection between the BH
structure and the planar section where the photodetector is provided as will be
described in further detail below.

A preferred material to be used for making a passive transition waveguide is
InGaAsP.

Figure 1 is an exemplary schematic representation of a top view of a device 1
comprising a BH-SOA 2 and photodetector 3 monolithically integrated according
to some embodiments. The device 1 is configured to receive input light L through
a first spot size converter (SSC) 4 in order to allow efficient and low loss coupling
of light between an incoming optical fiber (not shown in the figure) and the BH-
SOA 2. A first low confinement optical passive waveguide 5 is preferably used in

order to inject the incoming light into the SSC 4.
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Some preferred materials to be used for making a SSC are InGaAsP and
InGaAs.

The SSC 4 thus couples the incoming light into the BH-SOA 2 where it is
amplified and is subsequently provided from an active waveguide of the BH-SOA
2 to an output of BH-SOA where it is input in a second SSC 6. The second SSC
6 also allows for an efficient and low loss coupling of the light to the next stage of
the device 1 which may be a second optical passive waveguide 7. The second
SSC 6 may have the same structure and be made of the same materials as the
first SSC 4. Furthermore the first optical passive waveguide 5 and the second
optical passive waveguide 7 may be parts of one and the same structure as
shown in figure 2.

The light may then be input from the optical passive SOA waveguide 7 into an
optical passive transition waveguide 8 preferably made of InGaAsP layer (with
the photoluminescence Q of the material being about 1.3um). The optical passive
transition waveguide 8 may be used to evanescently couple the light to an active
region of the photodiode 3.

Evanescent coupling within the context of the present invention may be produced
when an absorbing layer is not in front of the incoming light but displaces, for
example on the top of the waveguide which guides the light. As a result the
absorption of light is distributed throughout a wider area of absorption, thus the
light is evanescently absorbed by the photodiode. This effect may avoid or
reduce undesired concentration of photo-generated carriers.

Figure 2 is an exemplary schematic representation of a cross-sectional view of
the device of figure 1. In this figure like elements have been given like reference

numerals as those of figure1 unless otherwise provided.
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As shown in figure 2, the device 1 comprises a BH-SOA 2 and photodetector 3
monolithically integrated according to some embodiments. The photodetector is
preferably deep ridge.

An incoming input light L is preferably input in the optical passive SOA
waveguide 5 which is used in order to inject the incoming light L into the first SSC
4. The first SSC 4 couples the light to the BH-SOA 2.

As already mentioned above the BH-SOA 2 amplifies the received light and
subsequently provides the light at an output thereof where it is input in a second
SSC 6. The light travelling in, through and out of the BH-SOA has been shown in
figure 2 by reference numeral L1. The second SSC 6 allows for an efficient and
low loss coupling of the light, shown as L2, to the second optical passive SOA
waveguide 7. The light may then be input from the optical passive SOA
waveguide 7 into an optical passive transition waveguide 8 as shown by means
of arrows L3. The optical passive transition waveguide 8 may be used to
evanescently couple the light, shown as L4, to an active region of the photodiode
3.

As shown more clearly in figure 2 1, the active waveguide of the semiconductor
optical amplifier 21 is coupled by means of the second spot size converter 6 to
the second optical passive waveguide 7 and the second optical passive
waveguide is coupled by means of a third spot size converter 9 to the passive
transition waveguide 8. This arrangement has the advantage of preventing or
substantially reducing backward reflection from the passive transition waveguide
8 toward the semiconductor optical amplifier 2.

Preferably, the passive transition waveguide 8 has a planar shape in the vicinity
of the photodetector area. This area is schematically shown in figures 1 and 2 by
reference numeral 8a. The planar shape of the passive transition waveguide is

advantageous because it simplifies manufacturing processes.
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Figure 3 is an exemplary graphical illustration of a simulation result related to
coupling efficiency between the low confinement passive waveguide and the
photodetector (in this case a photodiode) showing a photodiode quantum
efficiency versus diode length for a specific diode width and for a specific BH-
SOA photodiode optical transition waveguide length. It is to be noted that this
graph is provided merely for the purpose of illustration and better understanding
of the embodiments described here. Thus, although this figure shows simulation
results it is not to be construed as imposing any limitation on such embodiments.

The graph of figure 3 relates to a photodiode width of about 4um and for a BH-
SOA photodiode optical transition waveguide 8 length (namely from the output of
the BH-SOA to the input of the photodiode) with a value greater than zero (>0).
Said length is represented in figure 2 by reference D for which some preferred
values are about 0.1 um and about 10um. For a photodiode of 4x15um? (which
may be a typical diode area used for 100Gb/s applications) a quantum efficiency
of about 42% is achieved — which is considered to be high - at a wavelength of
about 1.55um with TE/TM polarization dependence loss of less than about
0.5dB. When using SOA optical pre-amplification, a high gain (for example above
20dB) is expected allowing high sensitivity.

The above embodiments are provided for a device structure in which the BH-
SOA and the photodetector are provided with certain separation between each
other. According to alternative embodiments the BH-SOA and PD may be
located on approximately or substantially next with respect to each other. This
configuration may also be called a butt-coupled configuration.

Figure 4 is an exemplary top view of such a BH-SOA 2 and a deep ridge
photodiode 3 monolithically integrated in but-coupled configuration according to
some embodiments. In this figure, like elements have been given like reference

numbers as those of figures 1 and 2.
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Butt-coupling is a known technique which presents certain advantages for a
number of applications, in particular in case where it is desired to design a device
capable of integrating a variety of functionalities, for example
multiplexing/demultiplexing in addition to photo-detection.

Referring back to figure 4, the device 1 is configured to receive the input light L
through a first spot size converter (SSC) 4 in order to allow efficient and low loss
coupling of light between on incoming optical fiber (not shown on the figure) and
the BH-SOA 2. An optical passive waveguide 5 is preferably used in order to
inject the light into a spot size converter (SSC) 4.

The SSC 4 thus couples the incoming light into the BH-SOA 2 where it is
amplified and is subsequently provided at an output of the BH-SOA 2where it is
input in the passive transition waveguide 8 preferably made of InGaAsP. The
optical passive transition waveguide 8 may be used to evanescently couple the
light to an active region of the photodiode, as already described in relation to
figures 1 and 2.

Figure 5 is an exemplary schematic representation of a cross-sectional view of
the device of figure 4.

As shown in figure 5, the device comprises a BH-SOA 2 and a deep ridge
photodiode 3 monolithically integrated according to some embodiments.

An incoming input light L is preferably input in the optical passive waveguide 5
which is used in order to inject the incoming light L into the first SSC 4 as shown
by arrow L1. The first SSC 4 couples the light into the BH-SOA 2.

As already mentioned above, the BH-SOA 2 amplifies the received light and
subsequently provides the light at an output thereof where it is input in the
passive transition waveguide 8. The light travelling in and through the BH-SOA
has been shown in figure 5 by reference numeral L2 and the light travelling in the

passive transition waveguide has been shown as L3. The optical passive
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transition waveguide 8 may be used to evanescently couple the light, shown as
L4, to an active region of the photodiode 3.

In the butt-coupled configuration of figures 4 and 5, the length D of the optical
transition waveguide 8 (namely from the output of the BH-SOA to the input of the
photodiode) may also have any value greater than zero (>0) from which some
preferred values are below about 100um, or about 10um.

The solution proposed herein is related to providing optical pre-amplification
which is an important feature for receivers developed for high speed applications
(100Gb/s and beyond) with extended transmission reach. The integration of an
optimized structure of a photodetector (deep ridge compatible for high speed
operation) with a buried heterostructure SOA (providing high optical gain, low
noise factor and low polarization dependence) preferably taking advantage of an
evanescent optical coupling via SSCs and a buried waveguide provides such
desired functionalities. Such integration scheme is different from the known
solutions and may solve the limitation of optical reflection between said two
components, which may allow to etch the re-growth interface between the SOA
active waveguide and the high confinement passive waveguide which otherwise
may cause reflections if the two waveguide are not substantially or perfectly
aligned.

Thus the solution proposed herein provides the advantage of allowing the
achievement of high optical gain, low insertion loss and low noise figure.
Furthermore, the proposed solution may provide low TE/TM polarization loss and
high speed operation as compared to known solutions.

Further it is to be noted that the list of structures corresponding to the claimed
means is not exhaustive and that one skilled in the art understands that
equivalent structures can be substituted for the recited structure without

departing from the scope of the invention.
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It should be appreciated by those skilled in the art that any block diagrams herein
represent conceptual views of illustrative circuitry embodying the principles of the

invention.
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CLAIMS

1- A monolithic integrated structure comprising a buried heterostructure
semiconductor optical amplifier comprising an active waveguide and a deep ridge
photodetector.

2- The structure of claim 1 comprising a first low confinement optical passive
waveguide configured to inject an incoming light into the structure.

3- The structure of claim 2 comprising a first spot size converter configured to
allow coupling between the first optical passive waveguide and the active
waveguide of the semiconductor optical amplifier.

4- The structure of any one of claims 1 to 3 comprising an optical passive
transition waveguide having a high confinement and configured to evanescently
couple the light to an active region of the photodiode.

5- The structure of claim 4 wherein the high transition optical passive
waveguide comprises an InGaAsP layer.

6- The structure of any one of claims 1 to 5 wherein the active waveguide of
the semiconductor optical amplifier and the transition optical passive waveguide
are butt-coupled.

7-  The structure of any one of claims 1 to 5 wherein the active waveguide of
the semiconductor optical amplifier is coupled by means of a second spot size
converter to a second optical passive waveguide and the second optical passive
waveguide is coupled by means of a third spot size converter to the passive
transition waveguide thereby preventing or substantially reducing backward
reflection toward the semiconductor optical amplifier.

8- The structure of any one of claims 1 to 7 wherein the passive transition

waveguide is planar, at least in part, in the vicinity of the photodetector.
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9- Areceiver comprising the monolithic integrated structure of any one of claim

1 to 8.
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