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A DOUBLE-COLLECTOR UNI-TRAVELLING-CARRIER PHOTODIODE

The present invention relates to optical components. In particular the invention

relates to photodiodes.

BACKGROUND ART

Uni-travelling-carrier (UTC) photodiodes are typically used in high speed optical
telecommunication systems. Such devices typically operate based on converting
an incoming light to electricity. A UTC typically comprises a p-doped absorption
region in which incident photons are absorbed and generate free carriers
(electrons and holes). This absorption layer is typically followed by a lightly
doped transparent layer called collector. As photons absorption typically takes
place in a p-doped layer, holes are majority carriers and only electrons are
typically the active carriers. The photo-generated electrons diffuse through the p-
doped region and reach the depleted collector region. By applying a reverse bias
voltage to said collector region, electrons may be further accelerated and
collected in an n-doped region. Thus creating a reverse current which is typically
proportional to the incident optical power.

Since only electrons are used as active carriers, the UTCs typically can reach a
higher speed and a higher saturation current as compared to conventional PIN

photodiodes where both holes and electrons transit in a depleted region.

SUMMARY

In a typical structure of a UTC, the absorption region is p-doped and the carrier
drift layer (also known as depletion region) is typically made of a transparent
wide bandgap material called collector. Even if the speed response of UTCs is

typically improved as compared to devices such as conventional PIN detectors,
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there still remains a trade-off between bandwidth in which such devices operate
and responsivity particularly for front- and back-side illuminated structures. In
fact, a thick absorption region is typically needed to reach a high responsivity
(efficiency) in such surface illuminated structures. However, for high speed
operations, a thin absorption region is preferred since in a thick p-doped
absorption region, electrons diffusion time may limit the device’s response.

Within the context of the present description, the term responsivity refers to the
efficiency of the device and it is given by the ratio of the detected current divided
by the incident optical power. The terms response time refers to the time it takes
for free electrons to travel (transit) from the absorption region where they have
been generated to the collector of the device where they are collected and output
from the device to further stages of the particular application. Such time is
typically composed of the transit time in the p-type doped absorption region
(often referred to as diffusion time) and the transit time in the collector region
(often referred to as drift time).

Figure 1 schematically shows an example of a band structure of a known UTC
structure comprising some modifications with an aim to improve bandwidth-
responsivity trade-off as compared to conventional UTC structures as described
above. The structure 1 typically comprises a p-type contact layer 11 used for
providing electrical contact, a highly doped p-type barrier layer 12 used for
blocking the diffusion of electrons towards the p-type contact layer. An absorption
region comprising a first layer 13 which is p-doped and a second layer 14 which
is undoped (or depleted). The layers 13 and 14 of the absorption region are
typically the layers where the charge carriers are generated after absorption of
an incident light. The depleted layer 14 of the absorption region is typically used
in order to contribute to the absorption of the incident light, and thus to increase

the device responsivity without substantially increasing the electrons diffusion
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time in the p-doped absorption layer. In fact, under the effect of an electric field
caused by the application of a reverse biased voltage, free charge carriers are
accelerated in the depleted layer 14 of the absorption region in such a manner
that free holes typically drift towards p-doped layers and free electrons typically
drift towards the collector layer 15 comprising a depleted layer which is used for
further accelerating free electrons. This second depleted layer (after the first
deleted layer 14) contributes to reducing the junction capacitance by increasing
the thickness of the total depleted region. Finally, the device comprises an n-
doped contact layer 16 used for providing electrical contact.

Therefore, in such structure, the total absorption region (layers 13 and 14) may
be thick enough to ensure a high responsivity without substantially limiting the
device response-time. In such a device, by reducing the thickness of the p-doped
layer 13 of the absorption region one may be able to improve the response time
of the device by reducing the diffusion time of the generated electrons. However,
the thickness of the depleted layer 14 of the absorption region is typically limited
by the transit time of the photo-generated holes as such holes typically travel in a
relatively slower speed as compared to photo-generated electrons. Also the
space charge effects typically increases with holes generation in said depletion
layer which may also limit the detector saturation current.

Some embodiments of the invention feature a uni-travelling carrier photodiode
comprising an absorption region of p-type doped material wherein the photodiode
further comprises a first collector layer and second collector layer wherein the
absorption region is located between the first collector layer and the second
collector layer.

According to some specific embodiments, the absorption region is configured to

generate electrons in response to an absorption of an incident light wherein
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some electrons diffuse toward the first collector layer and some other electrons
diffuse toward the second collector layer.

According to some specific embodiments a contact layer is made of p-type
material, said contact layer being located within the absorption region.

According to some specific embodiments the absorption region comprises
variation in a level of doping of the p-type material, such variation comprising a
gradual p-doping configuration of said material.

According to some specific embodiments the p-type material of the absorption
region comprises a gradual material composition with a uniform p-doping.
According to some specific embodiments the absorption region comprises a first
p-doped sub-region, a second p-doped sub-region, a first depleted section being
located between the first sub-region region and the first collector layer and a
second depleted section being located between the second sub-region and the
second collector layer.

Some embodiments relate to an optical equipment comprising a photodiode as
featured 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, already described, is an exemplary schematic representation of a band
structure of a known UTC structure.
Figure 2a is an exemplary schematic representation of a band structure of a

double collector UTC structure according to some embodiments.
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Figure 2b is an exemplary schematic representation of a cross-sectional view of
the double collector UTC structure of figure 2a.
Figure 3 is an exemplary schematic representation of an alternative band

structure of a double UTC structure according to some embodiments.

DETAILED DESCRIPTION

According to some embodiments a double collector UTC structure is proposed in
order to improve responsivity-bandwidth trade-off. Figure 2a is an exemplary
schematic representation of a band structure of a double collector UTC structure
according to such embodiments. Figure 2b is a cross-sectional representation of
the exemplary schematic representation of the structure shown in figure 2a. In
figure 2b, like elements have been given like reference numerals as those of
figure 2a.

One purpose of the proposed structure is to reduce carriers transit time in the
absorption region and improve current saturation in the collector by distributing
the photocurrent, namely the current caused by the movement of the electrons
generated as a result of light absorption in the absorption region, towards two
separate collectors.

With simultaneous reference to figures 2a and 2b, the structure 2 comprises a p-
type contact layer 21 used for providing electrical contact and an absorption
region 22 where, upon receiving and absorbing an incident light, charge carriers
may be generated. The absorption region 22 is preferably made of p-type
material and is located between a first collector layer 23 and a second collector
layer 24. As shown in the figures, the p-type contact layer 21 is located within the
absorption region 22 and two sub-regions 22a and 22b of the absorption region
22 are shown on either side of the contact layer 21. The sub-regions 22a and

22b are respectively adjacent to first and the second collector layers 23 and 24
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as shown in the figures. The first and the second collector layers are preferably
made of lightly n-doped material.

The absorption layer 22 may be preferably made of any of the following materials
GalnAs, GalnAsP, GaAsSb, Ge. The contact layer 21 may be preferably made of
any of the following materials GalnAs, GalnAsP, InP, and the collector layers 23
and 24 may be preferably made of any of the following materials InP, GalnAsP,
AllnAs.

The photodiode 2 further comprises a first n-doped contact layer 25 and a
second n-doped contact layer 26. Preferably the first and second contact layers
25 and 26 are n-doped at a higher level than the level of doping of the first and
second collector layers 23 and 24. Typical collector doping concentration values
may be about 10'® cm™, and typical N contact layer doping values may be about
10" em™,

The structure of figure 2b is a back-side illumination configuration as shown by
the arrow A representing the direction and the location of the incident light.
However, this is not mandatory and other configurations such as front-side or
lateral illumination may also be used within the scope of the present invention.
With further reference to figure 2b, the structure of the photodiode 2 may be
made on a substrate 20 preferably made of InP material and further comprise
contact points 27 for the contact layer 21 and contact points 28 and 29 for the
first and the second contact layers 25 and 26 respectively.

The contact points 27, 28 and 29 may be for example metal contacts.

With the above structure, the photodiode 2 of figures 2a and 2b may operate in
the following manner.

Assuming that a light beam A is incident on the device by back side illumination
as shown in figure 2b, said light beam may propagate inside the photodiode 2

and reach the absorption region 22. In the absorption region, photons are
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absorbed and consequently charge carriers, electrons and holes, are generated
(this phenomenon is often called photo-generation).

It is further assumed that a reverse bias voltage is applied to the photodiode,
namely the p-type contact layer 21 is connected to the negative pole and the n-
type contact layers 25 and 26 are connected to the positive pole of a voltage
source. Photo-generated holes are attracted towards the negative pole, namely
the p-type contact layer 21 as shown in figure 2a by means of arrows h1 and h2.
On the other hand, due to diffusion mechanisms in the p-doped absorption region
and under the effect of the reverse bias voltage in the collector layers, electrons
are attracted towards the positive poles namely the n-type contact layers 25 and
26 as shown in figure 2b by means of arrows n1 and n2 respectively. However,
as there are two contact layers, 25 and 26, some electrons may tend to move
toward one contact layer while others may tend to move toward the other contact
layer.

This possibility of directing the electrons towards the first or the second contact
layers, as proposed by the embodiments provided herein, enables the shortening
of the diffusion distance of the electrons thereby improving the performance of
the photodiode device, as compared to conventional photodiodes.

Therefore, the effective distance available for diffusion of electrons in the
absorption region 22 according to the example of figures 2a and 2b is on the
average equivalent to the half of the an effective distance available for diffusion
of electrons in the absorption region of a conventional UTC structure having a
similar thickness for the absorption region. As it is known, the diffusion time
constant is proportional to the square of the distance. Therefore by reducing the
average available diffusion distance to half, an improvement by a factor of up to 4
of the diffusion time may be achieved in the absorption region compared to a

conventional UTC structure. This improvement relaxes considerably the
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constraint that typically exists in relation to the design of absorption regions
based on conventional structures. Thus, a relatively higher responsivity can be
achieved by designing a relatively thick absorption region without substantially
increasing the diffusion time. The improvement in diffusion time therefore may
allow for the possibility of achieving simultaneously high bandwidth and high
responsivity.

Preferably, the absorption region may be designed to have a variation in the level
of doping of the p-type material of which it is made of. In such case, a gradual p-
doping configuration along the length of the structure, from the contact layer 21
to the collector layer 24, may be applied.

Alternatively, the p-type material of the absorption region may comprise a
gradual composition of materials having an uniform p-doping level. The terms
gradual composition refer to a composition that stays lattice-matched to the InP
substrate. As a non-limiting example, appropriate alloy that is lattice-matched to
InP substrate is In(53%)Ga(47%)As. In order to have an internal potential to
accelerate carriers, one method is to start the absorption region with InGaAsP
and gradually reduce the "P" element (simultaneously the other elements In and
Ga are also adjusted to stay lattice matched) to arrive at In(53%)Ga(47%)As.
This approach creates a gradual level of the energy band-gap which may
generate an internal potential which is desirable for the result seeked.

Such variations in the level of doping or composition, according to either one of
the alternatives described above, may contribute to improving the performance of
the device with a view of ensuring that the photo-generated electrons will reach
the nearest collector layer. This is because such gradual p-doped section or a
gradual material composition may contribute to generating an internal electric
field so as to accelerate the photo-generated electrons to the nearest collector

layer.
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In the exemplary embodiment of figures 2a and 2b, the first and second
collectors 23 and 24 are respectively connected to n-type contact layers 25 and
26. It is to be noted however, the current generated by the diffusion of the
electrons and arriving at one contact layer may be summed with the current
generated by the diffusion of the electrons and arriving at the other contact layer.
The p-type contact layer 21 maybe made at a location substantially in the middle
of the absorption region 22 as shown in the figure 2a and 2b. Therefore the
photo-generated holes may be rapidly collected by the p-type contact layer 21 by
dielectric relaxation mechanism.

According to further embodiments, the absorption region may include, in addition
to p-doped sections as described in relation to figures 2a and 2b, one or two
depleted absorption regions in order to further improve the bandwidth-
responsivity trade-off as previously explained in the known UTC structure of
Figure 1.

Figure 3 illustrates an example of a band structure of a double collector uni-
travelling-carrier photodiode according to such embodiments. In figure 3, unless
otherwise provided, like elements have been given like reference numerals as
those of figures 2a and 2b.

Therefore, similar to figures 2a and 2b, the structure 2 of figure 3 comprises a p-
type contact layer 21 and an absorption region 22 located between a first
collector layer 23 and a second collector layer 24. The p-type contact layer 21 is
located within the absorption region 22 and two sub-regions 22a and 22b of the
absorption region 22 are shown on either side of the contact layer 21. The first
and the second collector layers are preferably made of n-doped material. A first
n-doped contact layer 25 and a second n-doped contact layer 26 are also shown
which are preferably n-doped at a higher level than the level of doping of the first

and second collector layers 23 and 24.
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However, differently from the embodiments of figures 2a and 2b, the absorption
region 22 of the photodiode of figure 3, in addition to the first and second sub-
regions 22a and 22b, is further provided with sections 22c and 22d that are
depleted (i.e. undoped). Each of said depleted absorption sections 22¢ and 22d
may give rise to the creation of a depletion region between the p-doped
absorption region 22 (or sub-regions 22a and 22b) and the collector layers 23
and 24. Such depletion regions may contribute to further increasing the
responsivity and/or the response time of the photodiode when appropriate
reverse bias voltage is applied to the device.

In this manner, a new double collector uni-travelling-carrier photodiode is
provided, as described in the various embodiments provided herein, that is
capable of providing improved performance as regards bandwidth and
responsivity compared to conventional uni-travelling-carrier photodiode
structures. Such improvement in responsivity may allow for better levels of
sensitivity as required for 100G coherent optical communication systems.

The various embodiments of the present invention may be combined as long as
such combination is compatible and/or complimentary.

Further it is to be noted that the list of structures corresponding to the claimed
device 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 claimed invention.

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 uni-travelling carrier photodiode comprising an absorption region of p-

type doped material wherein the photodiode further comprises a first collector
layer and second collector layer wherein the absorption region is located
between the first collector layer and the second collector layer and comprises a
first p-doped sub-region, a second p-doped sub-region, a first depleted section
located between the first sub-region region and the first collector layer and a
second depleted section located between the second sub-region and the second
collector layer.

2- The photodiode of claim 1 wherein the absorption region is configured to
generate electrons in response to an absorption of an incident light wherein
some electrons diffuse toward the first collector layer and some other electrons
diffuse toward the second collector layer.

3- The photodiode of claim 1 or claim 2 wherein a contact layer is made of p-
type material, said contact layer being located within the absorption region.

4- The photodiode of any preceding claim wherein the absorption region
comprises variation in a level of doping of the p-type material, such variation
comprising a gradual p-doping configuration of said material.

5- The photodiode of any one of the claims 1 to 3 wherein the p-type material
of the absorption region comprises a gradual composition.

6- An optical equipment comprising a photodiode according to any one of

claims 1 to 5.



