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HIGH-SPEED PHOTODETECTOR

The present invention relates to semiconductor-based photodetectors, and more particularly,
to a structure and method of producing a high-speed photodetector with enhanced speed

response.
BACKGROUND OF THE INVENTION

Semiconductor-based photodetectors capable of converting an optical signal into a detect-
able electrical signal are widely used in diverse technical fields such as optical communica-
tion networks. Namely, photodiodes based on a p-i-n junction, also called PIN photodiodes,
are particularly suited as high speed photodetectors due to their rapid response to incident
light in comparison to p-n junctions. A conventional p-i-n junction includes a p-type semicon-
ductor layer (p-layer), an n-type semiconductor layer (n-layer), and an intrinsic type (un-
doped or lightly doped) semiconductor layer, also called i-layer, sandwiched between the p-
layer and the n-layer. When operating as a photodetector, the p-i-n junction is often in a
reverse bias condition and essentially does not conduct current in the absence of light.
When a photon with sufficient energy for exciting an electron from the valence band level
into the conduction band level is absorbed by the i-Hayer, a pair of “free” electron-hole carri-
ers is created. Under the influence of the strong electric potential gradient formed by the
lower energy level provided by the p-layer for holes and by the n-layer for electrons, respec-
tively, the “free” electron and hole carriers move rapidly in opposite directions within the /-
layer towards the n-layer and p-layer, respectively, thereby generating a photocurrent that
can be detected as an electric signal by an external circuit and correlated with the incident
optical signal. Conventionally, an ohmic contact is provided on each of the p-layer and the n-

layer, thereby providing the anode and cathode contacts respectively of the PIN photodiode.

In the conventional PIN photodetector, the photocurrent is essentially due to the “free” carri-
ers generated in the intrinsic layer, which acts as the light absorption layer. Since the same
depletion semiconductor layer is used for light absorption as well as for transport of the pho-
to-generated carriers between the p-type and n-type semiconductor regions, the bandwidth
of conventional PIN photodetectors, i.e. the speed of response to incident light, is often lim-
ited by the much slower transit time of hole carriers within the intrinsic layer in comparison to

electron carriers.

A common way to increase bandwidth of the photodetector is to reduce the vertical length

(i.e. height or thickness) of the light absorption layer so as to reduce the transit time of
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charge carriers. Since this leads directly to a larger specific capacitance, the area of the
photodiode and by that the photodetecting area has to be reduced in order to keep the ca-
pacitance below a certain specified value. At the same time, the quantum efficiency or
responsivity of the photodiode decreases with a decrease in the thickness of the light ab-

sorption region.

Thus, improvement of PIN-based photodetector characteristics implies a tradeoff between
bandwidth, on one hand, and responsivity and size of photodetecting area, on the other
hand, and is often determined by which of these parameters is the most critical for the in-

tended application of the photodetector.

An approach for reducing the specific capacitance lies in introducing an intrinsic drift layer
that does not absorb light in the wavelength range of interest. In a first approximation, the
carriers generated in the light absorption layer travel to collecting layers and electrodes at
drift velocities which are proportional to the electrical field and the respective carrier mobility.
Generally, the carrier velocity increases with field until it saturates. However, the saturation
velocity for electron carriers is typically attained at lower electric fields than for hole carriers.
Hence, as in most of conventional systems the applied external electric field is limited, the
hole carriers often do not reach their saturation velocity. One should notice that as holes
travel slower than electrons, the illumination of photodiodes is often provided from the p-
side, which results in a shorter effective distance for the holes to travel along. By designing
the photodetector such that only the faster carriers (electrons) will have to travel over the
additional drift layer, the drift layer will have only a minor contribution to overall transport
times but will have a substantial effect on reducing the specific capacitance of the

photodiode.

An approach for improving frequency response and saturation output of a PIN photodiode
has been proposed in patent US 5,818,096. This approach lies in separating the function of
light absorption and carrier traveling between two semiconductor layers instead of using the
same depleted, intrinsic semiconductor layer as in the conventional PIN photodiode. In par-
ticular, a p-type semiconductor layer is used as the light absorption layer and an intrinsic,
non-absorbing semiconductor layer is used as carrier transport layer. In this configuration,
the response time of the carrier injection into the carrier traveling layer is essentially deter-
mined by the diffusion time of the electrons in the p-type light absorption layer. Since the
response time of hole carriers in the light absorption layer is extremely short, as they only
respond to in relation to movement of the electrons within this layer, the slower drift velocity

of the hole carriers in the carrier transport layer does not directly contribute to the photodi-
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ode response. This results in improved frequency response and saturation output. However,

the increase in saturation power implies a lower responsivity of the photodiode.

Published patent application US 2007/0096240 A1 proposes a photodiode structure for en-
hancing responsivity at the cost of lower-saturation power. The proposed photodiode struc-
ture includes, in addition to the common intrinsic, light absorption layer, a p-doped layer
and/or an n-doped layer as additional light absorbing layers. In this case, the movement of
minority carriers (i.e. the carriers of polarity opposite to doping carriers) within the doped
(undepleted) absorption layers is essentially determined by their respective diffusion time.
The minority carriers may then rapidly diffuse from the doped absorption layers into the in-
trinsic layer and, therefore, do not significantly affect the total transit time in comparison with
a conventional PIN photodiode. As the additional doped absorption layers increase the

overall optical absorption volume, the photodiode responsivity is also increased.

Patent application WO 03/065416 describes a modified PIN photodiode for increasing
responsivity of the device without substantially reducing bandwidth. The proposed photodi-
ode has a p-type semiconductor layer and an n-type semiconductor layer coupled by a se-
cond p-type semiconductor layer, which acts as the light absorption layer. The second p-
type semiconductor layer has a graded p-doping concentration along the path of the carriers,
which varies from a high value near the anode to lower values towards the cathode. The
graded p-doping concentration increases the net absorption of the photodiode without sub-
stantially reducing the transit time of the carriers within the absorption layer. Such graded
doping increases capacitance relative to an intrinsic semiconductor of the same thickness,
although the pseudo electric field that is created by the graded doping may give the elec-

trons a higher velocity that compensates for the increased capacitance.

Thus, there is need for high speed photodetectors capable of providing enhanced response
time while maintaining a desirable balance between responsivity and capacitance of the

photodetector.

SUMMARY OF THE INVENTION

The present invention has been made in view of the above-mentioned drawbacks and dis-
advantages of existing systems, and an object thereof is to provide a photodetector with
enhanced response speed while maintaining quantum efficiency and specific capacitance of

the photodetector within a desired level.

This object is solved by the subject matter of the independent claim. Advantageous embod-

iments are defined by the subject matter of the dependent claims.
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According to the present invention, it is provided a photodetector comprising: a first layer
comprising a first semiconductor material having a first band gap energy adapted to absorb
light of wavelength within an intended range; and a second layer interfaced with an adjacent
side of the first layer, the second layer comprising a second semiconductor material having a
second band gap energy higher than the first band gap energy; wherein a distribution of a
doping concentration in at least one of the first layer, the second layer and a region between
the first and second layers is such that a non-zero electric field established within the second
layer is smaller than an electric field established within the first layer under a same reverse

bias condition.

In a further development of the invention, the doping concentration is such that at least a

portion of the first layer is substantially in a depleted state under said reverse bias condition.

According to a further development of the invention, the doping concentration in the second

layer is higher than the doping concentration in the first layer.

According to a further development of the invention, the doping concentration in a region of
the first layer adjacent to the second layer is higher than the doping concentration in a

substantial part of the first layer outside said region of the first layer.

In another development of the invention, the doping concentration in a region of the second
layer adjacent to the first layer is higher than the doping concentration in a substantial part of

the second layer outside said region of the second layer.

In a further development of the invention, the second semiconductor material may be a

lightly n-type doped semiconductor material.

In a further development of the invention, the first band gap energy and the second band
gap energy are substantially uniform along a thickness of the first layer and the second

layer.

In a further development of the invention, the photodetector further comprises: a third layer
interfacing the first layer with the second layer, the third layer comprising a third
semiconductor material having a graded band gap energy along a thickness of the third

layer.

In a further development of the invention, the graded band gap energy increases from a
value substantially equal to the first band gap energy, at a side of the third layer facing the
first layer, to a value substantially equal to the second band gap energy, at a side of the third

layer facing the second layer.
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According to a further development of the invention, the third semiconductor material may
have a graded composition that gradually varies from a composition substantially equal to
the first semiconductor material, at the side of the third layer facing the first layer, to a
composition substantially equal to the second semiconductor material, at the side of the third
layer facing the second layer. In addition or alternatively, the third semiconductor material
may comprise a region doped with a dopant of a same type as the dopant of the second

layer.

In a further development of the invention, said third layer is comprised in the second layer
and/or in the first layer, the third layer being provided at an end side of the second layer

and/or of the first layer.

According to a further development of the invention, the photodetector further comprises: a
first ohmic contact adapted to be coupled to an external electrical circuit; and a fourth layer
disposed between the first ohmic contact and an adjacent side of the first layer opposite to
the second layer, the fourth layer comprising a fourth semiconductor material having a fourth
band gap energy and a fourth doping concentration; wherein the fourth layer is adapted to
serve as a current spreading layer for facilitating extraction of a transport current from the

first layer into the first ohmic contact.

The fourth band gap energy may be higher than the first band gap energy such that the

fourth layer is a window layer.

In still a further development of the invention, the photodetector further comprises: a second
ohmic contact adapted to be coupled to an external electrical circuit; and a fifth layer being
disposed between the second ohmic contact and an adjacent side of the second layer
opposite to the first layer, the fifth layer comprising a fifth semiconductor material having a
fifth band gap energy and a fifth doping concentration; wherein the fifth layer is adapted to
serve as a current spreading layer for facilitating extraction of a transport current from the

second layer into the second ohmic contact.

In a further development, at least one of the first and the second ohmic electrodes has a ring

shape.

According to a further development of the invention, the photodetector further comprises: a
seventh layer disposed between the second layer and the fifth layer, the seventh layer
comprising a seventh semiconductor material having a seventh band gap energy and a
seventh doping concentration, wherein the seventh band gap energy is higher than the

second band gap energy and the fifth band gap energy such that the flow of minority carriers
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across the seventh layer is blocked.

According to a further development of the invention, the first semiconductor material
comprises a GaAs compound and at least one of the second to seventh semiconductor

material comprises an AlGaAs compound.

The accompanying drawings are incorporated into and form a part of the specification for the
purpose of explaining the principles of the invention. The drawings are not to be construed
as limiting the invention to only the illustrated and described examples of how the invention
can be made and used. The drawings are merely for the purpose of illustrating advanta-
geous and/or alternative examples of how the invention can be implemented and used, and
are not to be construed as limiting the invention to only the illustrated embodiments. Fur-
thermore, several aspects of the embodiments may form, individually or in different combina-
tions, solutions according to the present invention. The following described embodiments

thus can be considered either alone or in an arbitrary combination thereof.
BRIEF DESCRIPTION OF THE FIGURES

Further features and advantages will be become apparent from the following more particular
description of the various embodiments of the invention as illustrated in the accompanying

drawings, in which alike references refer to alike elements, and wherein:

Fig. 1 illustrates a cross sectional view of a photodetector according to an embodiment of

the present invention; and
Fig. 2 illustrates a band diagram for the photodetector illustrated in Fig. 1.
DETAILED DESCRIPTION OF THE INVENTION

Advantageous embodiments of a photodetector constituted according to the present inven-

tion will now be described in further detail with reference to the accompanying drawings.

As described thereafter, the term “intrinsic semiconductor” is to be understood within its
ordinary meaning in the art, which is, pure, undoped and may also include lightly doped
semiconductors that are non-intentionally doped. The term “doped” will be used for referring
to n-type or p-type doped semiconductors having a doping concentration that is higher than

the doping concentration of intrinsic semiconductors described thereafter.
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FIG. 1 illustrates a cross sectional view of a photodetector according to an embodiment of
the present invention. In the illustrated embodiment, the photodetector 100 is vertically illu-
minated from a top side, which is the side of the photodetector 100 opposite to the substrate
101. However, other configurations may be envisaged in which the incident light illuminates
the bottom side, i.e. the side of the photodetector substrate 101. Further, the terms “top”
and “bottom” should be construed as relative terms used for the sole purpose of identifying
opposite sides of the photodetector 100 and should not be construed as being limitative with

regard to the physical orientation of the photodetector 100 when in use.

The photodetector 100 comprises a first semiconductor layer 102, which acts as a light ab-
sorption layer, and a second semiconductor layer 104 disposed at an adjacent side of the
light absorption layer 102 opposite to the side of the incident light 106 and interfaced with
the light absorption layer 102. The second semiconductor layer 104 serves as a carrier-
travelling layer, also called drift layer, as it will be described later. The photodetector 100
further comprises a third semiconductor layer 105 disposed between the light absorption
layer 102 and the drift layer 104 and which interfaces the adjacent sides of the light absorp-
tion layer 102 and drift layer 104. The third semiconductor layer 105 is a graded band gap

energy layer, or simply grading layer, as it will be explained later.

On an adjacent side of the light absorption layer 102 opposite to side adjacent to the drift
layer 104, the photodiode 100 further comprises a fourth semiconductor layer 110 made of a
doped semiconductor material and which acts as a current spreading layer, as it will de-
scribed later. A first contact layer 112 comprising a doped semiconductor material of the
same type as the fourth semiconductor layer 110, in the illustrated embodiment a p-type
semiconductor, is provided on the top of the current spreading layer 110 for improving elec-
trical contact of the current spreading layer 110 with a first ohmic contact 114 that is depos-
ited on the top of the photodetector structure. The first contact layer 112 may also serve as a
capping layer. The first ohmic contact 114 formed over the contact layer 112 has preferably
the form of a ring so as not to cover completely the underlying semiconductor layers and
allow vertically incident light 106 to illuminate directly the p-contact layer 112. With this de-
sign of the first ohmic contact 114, incident light 106 is directly transmitted to the underlying
semiconductor layers without passing through the ohmic contact 114. In an alternative em-
bodiment, the first ohmic contact 114 may be provided with other designs, such as a closed

circular shape.
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The photodetector 100 further comprises a fifth semiconductor layer 116 disposed on the
side of the drift layer 104 opposite to the side adjacent to the light absorption layer 102. The
fifth semiconductor layer 116 comprises a semiconductor material doped with impurities that
provide carriers of polarity opposite to the fourth semiconductor layer 110 as it also functions
as a current spreading layer at this side of the photodetector 100. A second contact layer
118 comprising a semiconductor material of the same doping type as the fifth semiconductor
layer 116 is provided between the fifth semiconductor layer 116 and the substrate 101. As
shown in Fig. 1, the second contact layer 118 extends over the substrate 101 beyond the
vertically stacked semiconductor layers formed above. The second contact layer 118 im-
proves the electrical coupling between the current spreading layer 116 and a second ohmic
contact 120 that is deposited over the second layer 118. Similarly to the first ohmic contact
114, the second ohmic contact 120 is preferably provided with the design of a planar ring
that is deposited over the second contact layer 118 and arranged concentrically around the
vertically stacked structure of semiconductor layers. In other embodiments, the second oh-
mic contact 120 may adopt other designs and be provided, for e.g. as two parallel stripe
electrodes deposited on the second contact layer 118 at each side of the vertically stacked

structure.

The first ohmic contact 114 and the second ohmic contact 120 are preferably made of an
electrically conducting material, such as aluminium, silver, gold or copper. In the present
embodiment, the first and second ohmic contacts serve respectively as anode and cathode

contacts for electrically connecting the photodiode 100 to an external circuit (not shown).

As described with reference to Fig. 1, the photodetector 100 is formed as a heterostructure
of layers that are vertically stacked over the substrate 101. In the present embodiment, the
substrate is made of a GaAs compound. However, other types of substrate may be used.
Namely, the substrate may be of material suitable for providing a distributed Bragg reflector
(DBR) such as an AlGaAs compound. In other embodiments, the second contact layer 118

itself may serve as substrate of the photodetector structure.

Further details of the layers forming the photodetector 100 will now be described with refer-
ence to Fig. 2, which shows a band diagram 200 for the photodetector 100 illustrated in
Fig. 1. The band diagram 200 schematically illustrates a variation of a conduction band edge
202 and a valence band edge 204 along the thickness of the photodetector layers in the
vertical direction 124 shown in Fig. 1. The band gap energy for each layer is depicted as the

separation between the conduction band edge 202 and the valence band edge 204 of each
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layer in the vertical direction of the band diagram 200. The horizontal direction in the band
diagram 200 represents a conduction path of carriers between the anode 114 and the cath-

ode 120 of the photodetector 100 shown in Fig. 1.

A principle underlying the structure of the photodetector 100 lies in using a thin light absorb-
ing layer, where the applied field is high, combined with a drift layer specified with high mo-

bility at significantly lower field with trimmed doping profile.

It is advantageous to design the photodetector 100 such that only the charge carriers with
the higher mobility will have to travel across the drift layer 104. The principle is illustrated
with an embodiment that is particularly advantageous for a semiconductor material in which
the electrons have a higher mobility than the holes, such as GaAs and Al,GaxAs (x =0 ...
1) compounds. In the present embodiment, only the electrons (the carriers with higher
mobility) will have to travel across the drift layer 104, while the holes (the carriers with lower
mobility) will only have to travel over a distance that is less or at most equal to the thickness

of the light absorption layer 102 before reaching the current spreading layer 110.

In the photodetector 100, the light absorption layer 102 comprises a semiconductor material
of an intrinsic type and having a band gap energy 206 that allows the generation of electron-
hole pairs within the light absorption layer 102 by the absorption of photons having a wave-
length within a range of interest. In the particular case when the range of interest is close to
a wavelength of 850 nm, the light absorption layer 102 is preferably made of an intrinsic
GaAs (i-GaAs) semiconductor material. The lower band gap energy of undoped GaAs with
respect to other intrinsic semiconductor materials is suitable for light absorption at wave-
lengths of interest in optical communications. The vertical length (thickness) of the light ab-
sorption layer 102 may be customized depending on the specific characteristics desired for
the photodetector 100. A suitable range for the thickness of the light absorption layer 102 is
between approximately 0.1 um to 2 um. Due to its undoped state, the light absorption layer
102 is essentially in a depleted condition during operation of the photodetector 100 which
helps that a high electric field profile (electric potential gradient) be established within the
light absorption layer 102 as required. The high electric field allows reducing the transit times

of the “free” carriers within the light absorption layer 102.

The drift layer 104 comprises a semiconductor material having a band gap energy 208 such
that the drift layer 104 essentially functions as a carrier transport layer. As shown in Fig. 2,
the band gap energy 208 of the drift layer 104 is larger than the band gap energy 206 of the

light absorption layer 102. In particular, the band gap energy 208 is sufficiently large such as
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to prevent, or at least substantially reduce, the absorption of light by the drift layer 104 at the
optical wavelengths within the range of interest. In the illustrated embodiment, the drift layer
104 comprises an intrinsic or lightly n-type doped AlGaAs (Al,Ga,As, x =0 ... 1) compound
semiconductor alloy. Preferably, a vertical thickness of up to 5 um may be used for the drift
layer 104. The particular thickness to be used depends on the relative thicknesses of the
other layers, in particular, the light absorption layer 102, and may be customized depending

on the desired characteristics for photodetector 100.

The electric field in the drift layer 104 is lower than the electric field in the light absorption
layer 102, as it will be explained later. The reduction of electric field in the drift layer 104 with
respect to the light absorption layer 102 is depicted in Fig. 2 as a shift from a higher slope in
the valence band edge 204 and the conduction band edge 202 for the light absorption layer
102 to a lower slope for the drift layer 104. This specific slope profile contrasts with the con-
ventional constant slope exhibited across the whole structure of absorption and collecting
layers in known PIN photodiode structures, such as the background art discussed above. In
spite of the difference in the slopes of the valence and conduction band edges between the
light absorption layer 102 and the drift layer 104 as depicted in Fig. 2, the band gap energies
of the light absorption layer 102 and drift layer 104 remain essentially uniform along the

thickness of the respective layers.

In the present embodiment, the transition from the higher electric field light absorption layer
102 to the lower electric field drift layer 104 is implemented by the grading layer 105. The
grading layer 105 comprises a semiconductor material having a composition that gradually
varies along its vertical thickness. Such gradual variation of semiconductor composition is
accompanied by a corresponding gradual variation of the band gap energy. Preferably, the
semiconductor composition within the grading layer 105 is varied in such a manner that the
band gap energy is substantially equal to the band gap energy 206 of the light absorption
layer 102, at the side of the grading layer 105 directly adjacent to the light absorption layer
102, and gradually changes along the vertical thickness of the grading layer 105 towards a
second band gap energy, at the side of the grading layer 105 directly adjacent to the drift
layer 104, that is substantially equal to the band gap energy 208 of the drift layer 104. In the
present embodiment, the composition of the semiconductor material is varied such as to
obtain a gradual increase of the band gap energy along the grading layer 105 towards the

drift layer 104 as shown in Fig. 2.
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The reduction of electric field in the drift layer 104 with respect to the light absorption layer
102 is realized by the distribution of the dopant concentration in the light absorption layer
102, the drift layer 104 and the region between these two layers, which, in the illustrated
embodiment, comprises the grading layer 105. In an advantageous embodiment, the electric
field in the drift layer 104 is reduced by n-type doping a region of the grading layer 105 adja-
cent to the light absorption layer 102. This doped region may be substantially thinner than
the grading layer 105 but may also be as thick as the grading layer 105. A thinner doped
region will require higher doping levels, while a thicker region will require lower doping levels
to achieve the desired reduction of the electric field in the drift layer 104. It is recognized that
the main factor for achieving a particular reduction of the electric field in the drift layer 104 is
the total fixed specific charge due to the n-type dopant introduced in a doped region directly
adjacent to the light absorption layer 102. In an alternative embodiment of the present inven-
tion, the reduction of the electric field in the drift layer 104 is achieved by n-type doping of a
substantial portion of the drift layer 104 itself. It is recognized that also in this embodiment,
the reduction of the electric field in the drift layer 104 is controlled by the total fixed charge
due to the n-type dopant per unit area. Other embodiments may combine doping of a portion
of the grading layer 105 and doping of a portion, or of the entire drift layer 104. Injca1] either
case, the concentration of n-type dopant that produces the desired reduction of electric field
within the drift layer 104 is distributed over layers that participate in the carrier transport but
which essentially do not absorb light in the range of interest, i.e. the grading layer 105 and
the drift layer 104. Yet other embodiments may use a variable doping level distributed along
the drift layer 104, or one or several very narrow regions with a substantially high doping
level placed at particular locations in the region comprising layers 105 and 104, and/or in a
region of the layer 102 adjacent to layer 104. The distribution of dopant concentration de-
scribed above may be achieved by using doping techniques well known in the art, and

which, therefore, will not be described here.

It is also recognized that, in general, charge carriers have higher mobility in intrinsic semi-
conductor materials and that the mobility decreases with the increase of doping concentra-
tion in the material. Hence, it may be advantageous to employ an intrinsic or a slightly doped
drift layer 104, while the reduction of the electric field in the drift layer 104 is achieved mainly
by doping only a small portion of the grading layer 105 such that the impact of the reduced

mobility (caused by doping) on the transit time of the carriers will not be significant.

In the illustrated embodiment, where the light absorption layer 102 comprises an intrinsic

GaAs semiconductor material and the drift layer 104 comprises an intrinsic or lightly n-doped
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AlGaAs compound, the grading layer 105 comprises a lightly n-doped Al,Ga1.,As compound
with a graded concentration x of aluminium. The parameter x may then adopt a value of
substantially zero (GaAs), at the side directly adjacent to the light absorption layer 102, and
increase gradually across the grading layer 105 until reaching, at the side directly adjacent
to the drift layer 104, a value similar to the x concentration of the Al,Ga1.,As compound used
for the drift layer 104. The graded band gap energy creates a pseudo-field within the grading
layer 105 that essentially actuates on the minority carriers, i.e. on hole carriers in the case of
a n-doped semiconductor layer. In the present embodiment, the grading layer 105 is a
slightly doped, n-type semiconductor. Therefore, the created pseudo-field actuates essen-
tially on hole carriers injected from the drift layer 104 by increasing their transport velocity.
This effect is depicted in Fig. 2 by the increased slope of the valence band edge of the grad-
ing layer 105. The grading layer 105 also compensates for a mismatch between the valence
band edges of the light absorption layer 102 and drift layer 104, which result from the differ-
ence of band gap energies between the light absorption layer 102 and the drift layer 104.
Further, since the band gap energy of the grading layer 105 within a region close to the light
absorption layer 102 is comparable to the band gap energy of the light absorption layer 102,
incident photons may also be absorbed over a portion of the grading layer 105. In other
embodiments, the grading layer 105 may exhibit a graded doping concentration in addition
to and/or instead of the graded semiconductor composition. The graded doping concentra-
tion creates an additional field that actuates on both types of carriers, holes and electrons,
and therefore, contributes for decreasing their respective transport times. Hence, by careful
adjustment of the varying electrical field across the p-i-n junction, shorter transport times of

both types of carriers can be achieved.

In another embodiment, the grading layer 105 may be implemented as a multi-layered struc-
ture of two or more layers of AlkGax As compounds, each layer having a concentration x
that is gradually increased with respect to the concentration x in the preceding layer(s). In
another embodiment, the band gap grading effect provided the grading layer 105 may be
replaced by a region of graded composition that is integrated in either or both the light ab-
sorption layer 102 and the drift layer 104. In this configuration, the grading layer 105 is not
physically present but rather comprised in the light absorption layer 102 and/or the drift layer
104 which are then directly interfaced by their corresponding adjacent sides. A gradient in
material composition similar to the grading layer 105 described above can then be imple-
mented within an end region of the light absorption layer 102 that interfaces with the drift
layer 104, or vice-versa, such that a gradual transition from the material composition and/or

doping of a substantial region of the light absorption layer 102 (or drift layer 104) towards the
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material composition and/or doping of a substantial region of the drift layer 104 (or light ab-

sorption layer 102) can be achieved.

As mentioned above, a p-side current spreading layer 110 is disposed between the light
absorption layer 102 and the p-contact layer 112. The p-side current spreading layer 110
has the function of helping to extract the current of the photodetector 100 to the anode 114.
Namely, in the case where the anode 114 is a ring contact, the p-side current spreading
layer 110 helps to reduce the resistance of the photodetector 100. Preferably, the p-side
current spreading layer 110 comprises a semiconductor material having a band gap energy
sufficiently higher than the band gap energy 206 of the light absorption layer 102 so as to
confine light absorption to the directly adjacent light absorption layer 102. In this sense, the
p-side current spreading layer 110 acts as a window layer as it allows the light incident on
the top side of the photodetector 100 (i.e. the p-side in the illustrated embodiment) to pass
through without attenuation. Further, the significantly higher band gap energy of the p-side
current spreading layer 110 in comparison to the light absorption layer 102 also prevents the
electron carriers generated in the light absorption layer 102 from flowing towards the anode
114. The p-side current spreading layer 110 also contributes to block the flow of electrons
from the anode 114 into the light absorption layer 102, which would add a noise component
to the optical response of the photodetector 100. Preferably, the semiconductor material
used for the p-side current spreading layer 110 is a p-doped AlGaAs compound. The doping
concentration of the p-side current spreading layer 110 is preferably higher than the doping
concentration of the light absorption layer 102 and significantly lower than the doping con-
centration of the p-contact layer 112. Preferably, the p-contact layer 112 is a heavily doped

p-type semiconductor, such as a p-doped GaAs compound.

As mentioned above, the photodetector 100 also comprises a current spreading layer 116 at
the n-side of the photodetector 100. The n-side current spreading layer 116 provides func-
tions similar to the p-side current spreading layer 110, although adapted to the characteris-
tics of the n-doped side of the photodetector 100. In particular, the n-side current spreading
layer 116 preferably comprises an n-doped semiconductor material having a band gap en-
ergy higher than the band gap energy 208 of the drift layer 104, the grading layer 105 and
the light absorption layer 102, such that it does not contribute to the absorption of incident
light in the wavelength of interest and promotes the movement of the photo-generated hole
carriers towards the anode 114. Further, the band gap energy of the n-side current spread-
ing layer 116 is substantially higher than the band gap energy of the n-contact layer 118. As

such, the flow of hole carriers from the n-contact layer 118 into the drift layer 104 is also
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blocked, thereby reducing a noise component in the response of the photodetector 100.
Preferably, the n-side current spreading layer 116 is provided as an n-doped AlGaAs com-

pound layer. A suitable material for the n-contact layer 118 is an n-doped GaAs material.

The thicknesses of the current spreading layers is customized depending on the characteris-
tics of the photodetector 100, such as the thicknesses of the other layers of the photodetec-
tor structure, and their specific doping concentration may be any commonly used in the art
for providing the desired current spreading function. Preferably, the thicknesses of the p-
side current spreading layer 110 and/or the n-side current spreading layer 116 are between
substantially 1 and 2 um. In other embodiments, the presence of current spreading layers at
the p-side and/or at the n-side of the photodetector may be omitted. Forjcaz instance, in
embodiments where the photodetector has an n-contact layer that also serves as a sub-
strate, the function of a current spreading layer at the n-side of the photodetector is not very
important as the whole bottom of the photodetector is electrically conductive. In such a con-

figuration, the n-side current spreading layer may be omitted.

An additional contribution for blocking the flow of hole carriers from the cathode side into the
drift layer 104 and light absorption layer 102 may be provided by a thin semiconductor bar-
rier layer 122 disposed between the drift layer 104 and the n-side current spreading layer
116. If hole carriers from the cathode side managed to enter into the drift layer 104, they
would be swept out into the drift and absorption regions towards the anode 114, causing an
additional noise component in the photodetector response. If such noise component is not
critical, the barrier layer 122 may be omitted in the structure of the photodetector 100. The
doping concentration and band gap energy for the barrier layer 122 are selected so as to
provide the desired carrier barrier effect against the flow of minority carriers, i.e. carriers of
polarity opposite to the polarity of the doping in the barrier layer 122 itself. Preferably, the
band gap energy of the barrier layer 122 is larger than the band gap energy of the adjacent
drift layer 104 as well as of the n-side current spreading layer 116. In the illustrated em-
bodiment, the barrier layer 122 is made of an n-doped AlGaAs compound with a vertical
thickness of substantially 20 nm. However, other semiconductor materials and/or doping
concentration can be readily determined by those skilled in the art based on the specific pa-
rameters of the photodetector in order to achieve the desired blocking effect for the barrier

layer. Injca3] other embodiments, the barrier layer 122 may also serve as an etch stop layer.

In other embodiments, the photodetector 100 may further comprise a barrier layer of a p-

doped semiconductor disposed between the light absorption layer 102 and the p-side cur-
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rent spreading layer 110 so as to block the flow of electron carriers from the anode 114 into
the light absorption layer 102. The p-doped and n-doped barrier layers may then be pro-
vided at both or only one of the p-side and n-side of the photodetector depending on the

particular application.

Exemplary values of doping levels and thicknesses that may be used for forming a
GaAs/AlGaAs based structure of the photodetector 100 as described above are summarized
in Table 1. Asica4] generally used in the art, the notation p** refers to a heavily p-doped ma-
terial, whereas the notation p* and n* refer to moderate levels of p-doping and n-doping,

respectively.

Table 1. Doping level and thickness of the GaAs/AlGaAs layered structure of the

photodetector 100.
Capping and p-contact layer p" - GaAs ~20 nm
p-side current spreading layer (window layer) p’ - AlGaAs ~1-5um
Light absorption layer i - GaAs ~0.1-2um
Grading layer GaAs > AlGaAs n - AlGaAs ~10-100 nm
Drift layer (non-absorbing) n - AlGaAs ~0.1-5um
SBtiq)r;i)er for minority carriers (holes) (and etch- n" - AlGaAs ~ 20 nm
n-side current spreading layer n* - AlGaAs ~1-5um
n-contact layer n* - GaAs ~ 100 nm
Substrate GaAs

Although not shown in Figs. 1 and 2, the photodetector 100 may comprise additional func-
tional layers for improving performance. For instance, lower-doping ‘set-back’ layers may be
introduced next to the intrinsic semiconductor layers. Further, although the above embodi-
ments were described with reference to a photodetector with an heterostructure of layers
based on GaAs and AlGaAs materials, the present invention may also be implemented us-
ing other compound or elemental semiconductor materials instead of GaAs and AlGaAs,
respectively, as long as the selected semiconductor materials have band gap energies
and/or doping concentrations that follow the relative relation of band gap energies and/or

doping concentrations described above. Further, although the present invention has been
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described with reference to a vertically illuminated structure, the principles of the present
invention may also be applied to a photodetector having a waveguide structure. As it will be
also readily recognized by those skilled in the art, the term “vertically illuminated” and “verti-
cal stacked structure” are not intended to limit the use or construction of the photodetector to
a vertical orientation, and other orientations may be adopted, such as the detection of optical
signals along an horizontal and/or a photodetector with an horizontal stacked structure. Fur-
ther, the principles of the photodetector structure described above can be advantageously

embedded in a Resonant Cavity Enhanced (RCE) style of the photodetector.
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Reference Numerals Description

100 Photodetector

101 Substrate

102 Light absorption layer

104 Drift layer

106 Incident light

105 Graded band gap layer (grading layer)

110 Window, p-side current spreading layer

112 Capping and p-contact layer

114 Anode

116 n-side current spreading layer

118 n-contact layer

120 Cathode

122 Barrier for minority carriers (holes) (and can serve as
etch stop)

124 Vertical direction

200 Band gap diagram

202 Conduction band edge

204 Valence band edge

206 Band gap energy of light absorption layer

208 Band gap energy of drift layer
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Claims

A photodetector comprising:

a first layer (102) comprising a first semiconductor material having a first band gap

energy (206) adapted to absorb light of wavelength within an intended range; and

a second layer (104) interfaced with an adjacent side of the first layer (102), the
second layer (104) comprising a second semiconductor material having a second

band gap energy (208) higher than the first band gap energy (206);

wherein a distribution of a doping concentration in at least one of the first layer (102),
the second layer (104) and a region between the first and second layers is such that a
non-zero electric field established within the second layer (104) is smaller than an
electric field established within the first layer (102) under a same reverse bias

condition.
A photodetector according to claim 1, wherein:

the doping concentration is such that at least a portion of the first layer (102) is

substantially in a depleted state under said reverse bias condition; and/or

the doping concentration in the second layer (104) is higher than the doping

concentration in the first layer (102).
A photodetector according to claim 1 or claim 2, wherein:

the doping concentration in a region of the first layer (102) adjacent to the second
layer (104) is higher than the doping concentration in a substantial part of the first layer

(102) outside said region of the first layer (102); or

the doping concentration in a region of the second layer (104) adjacent to the first
layer (102) is higher than the doping concentration in a substantial part of the second

layer (104) outside said region of the second layer (104).

A photodetector according to any one of claims 1 to 3, wherein the second

semiconductor material is a lightly n-type doped semiconductor material.

A photodetector according to any one of claims 1 to 4, wherein the first band gap
energy (206) and the second band gap energy (208) are substantially uniform along a

thickness of the first layer (102) and the second layer (104).

A photodetector according to any one of claims 1 to 5, further comprising:
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a third layer (105) interfacing the first layer (102) with the second layer (104), the third
layer (105) comprising a third semiconductor material having a graded band gap

energy along a thickness of the third layer (105).

A photodetector according to claim 6, wherein the graded band gap energy increases
from a value substantially equal to the first band gap energy (206), at a side of the
third layer (105) facing the first layer (102), to a value substantially equal to the second
band gap energy (208), at a side of the third layer (105) facing the second layer (104).

A photodetector according to claim 6 or claim 7, wherein:

the third semiconductor material has a graded composition that gradually varies from a
composition substantially equal to the first semiconductor material, at the side of the
third layer (105) facing the first layer (102), to a composition substantially equal to the
second semiconductor material, at the side of the third layer (105) facing the second
layer (104); and/or

the third semiconductor material comprises a region doped with a dopant of a same

type as the dopant of the second layer (104).

A photodetector according to any one of claims 5 to 8, wherein said third layer (105) is
comprised in the second layer (104) and/or in the first layer (102), the third layer (105)
being provided at an end side of the second layer (104) and/or of the first layer (102).

A photodetector according to claim any one of claims 1 to 9, further comprising:
a first ohmic contact (114) adapted to be coupled to an external electrical circuit; and

a fourth layer (110) disposed between the first ohmic contact (114) and an adjacent
side of the first layer (102) opposite to the second layer (104), the fourth layer (110)
comprising a fourth semiconductor material having a fourth band gap energy and a

fourth doping concentration;

wherein the fourth layer (110) is adapted to serve as a current spreading layer for
facilitating extraction of a transport current from the first layer (102) into the first ohmic
contact (114).

A photodetector according to claim 10, wherein the fourth band gap energy is higher

than the first band gap energy (206) such that the fourth layer (110) is a window layer.
A photodetector according to claim any one of claims 1 to 11, further comprising:

a second ohmic contact (120) adapted to be coupled to an external electrical circuit;

and
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a fifth layer (116) being disposed between the second ohmic contact (120) and an
adjacent side of the second layer (104) opposite to the first layer (102), the fifth layer
(116) comprising a fifth semiconductor material having a fifth band gap energy and a

fifth doping concentration;

wherein the fifth layer (116) is adapted to serve as a current spreading layer for
facilitating extraction of a transport current from the second layer (104) into the second

ohmic contact (120).

A photodetector according to any one of claims 10 to 12, wherein at least one of the

first and the second ohmic electrodes has a ring shape.
A photodetector according to claim any one of claims 1 to 13, further comprising:

a seventh layer (122) disposed between the second layer (104) and the fifth layer
(116), the seventh layer (122) comprising a seventh semiconductor material having a

seventh band gap energy and a seventh doping concentration,

wherein the seventh band gap energy is higher than the second band gap energy
(208) and the fifth band gap energy such that the flow of minority carriers across the

seventh layer (122) is blocked.

A photodetector according to claim any one of claims 1 to 14, wherein the first
semiconductor material comprises a GaAs compound and at least one of the second

to seventh semiconductor material comprises an AlGaAs compound.



