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PHOTODETECTOR ARRANGEMENT

Cross-Reference To Related Application
[0001] This application claims the benéﬁt of priority of Singapore patent application
No. 201300749-7, filed 30 January 2013, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a photodetector arrangement.

Background

[0003] A geﬁnanium-on silicon (Ge-on-Si) photodetector is a key building block for
optical interconnect and microwave photonics. A high-power and high-speed
photodetector is particularly important for analog optical link with high gain, low noise
floor, and high spurious—free dynamic range. However, there is a trade-off between the .
photodetector operation bandwidth and its saturation power. In general a photodetector
with high speed is usually designed with a low capacitance and a small carrier transit
tlme, thus resulting in small dlmenswns. This causes the saturation power to be low due
to the space charge effect. For conventional photodetectors, it is difficult to work at high
speed with a high saturation power. Currently, a Ge photodetector is usually provided

with only ~ 5 mW saturation power and ~10 GHz bandwidth.

Summary

[0004] According to an embodiment, a photodetector arrangement is provided. The
photodetector arrangement may include a plurality of germanium-based photodetectors,

each germanium-based.photodetector configured to receive an optical signal and to
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generate an electrical signal in response to the rece1ved optical signal, and an electrode‘

arrangement arranged to conduct the electrical signals.

Brief Description of the Drawings

[0005] In the drawings, like reference characters. generally refer to like.pans throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following
deScription, various embodiments of the invention are described ‘with reference to the
following drawings, in which: ‘
[0006] FIG. 1 shows a schematic top view of a photodetector arrangemént, according to
various embodiments.

[0007) FIG. 2A shows a schematic- design layout of a photodetector arrangement,
éccording to various embodiments.

[0008] FIG. 2’B shows a schematic cross-sectional view of the photodetector arrangement
of the embodiment of FIG. 2A, taken long the line A-A’.

[0009] FIG, 2C shows a schematic cross;sectional view of the photodetector arrangement
of the embodiment of FIG. 2A, taken ldng the line B-B*.

[0010] FIG. 3A shows a sivmpliﬁed schematic top view of a photodetector arrangement,

acco'rdingto various embodiments.

[0011] FIG. 3B shows an equivalent circuit - of the photodetector arrangement of the

' _embodlment of FIG. 3A.

[0012] FIG. 4 shows plots of rnodelling:results of the traveling-wave electrode'(TWE) ‘
phase velocity and impedance as a ifunctvion of radio frequency (RF) frequency. /

[0013] FIG. 5 shows plots of modelling results ‘of the traveling-wave electrode (TWE) |

- phase velocity and impedance as a function of metal gap.

' [0014] FIG. 6 shows plots of modelling results of the travehng-wave electrode (TWE)

phase velocrty and impedance as a function of photodetector length.
[0015] FIG. 7- shows plots of modelling results of the traveling-wave electrode (TWE)

phase velocity and impedance as a function of the periodicity of the photodetectors.
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[0016] FIG. 8A shows an optical microscope image of a fabricated 4-channel

photodetector arrangement, according to various embodiments.

[0017] FIG. 8B shows an optical microscope image of an enlarged sectional view of the
fabricated 4-channel photodetector arrangement of the embodiment of FIG. 8A.

[0018] FIG. 9 shows a.plot of results of 10 Gb/s pseudo-random binary sequence (PRBS)
data detection using the 4-channel phdtodetector arrahgement of the embodiment of

FIG. 8A.

Detailed Description

[0019] The following detailed description refers to the accompanying drawings that
show, by way of illustration, speciﬁc details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
structural, logical, and electﬁcal changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodi_ments can be combined with one or more other embodiments to form new
embodiments. |

[0020] Embodiments described in the contéxt of one of the devices are analogously valid
for the other devices. "

[0021] 4Features that are described in thp'context of an embodiment rriay correspondingly
be applicable to the same or similar features in the otherz embodiments. Features that are
described in the context of an embodiment may correspondingly be applicable to.the

other embodiments, even if not explicitly described in these other embodiments.

" Furthermore, additions and/or combinations and/or alternatives as described for a feature

in the context of an embodiment may correspondingly be applicable to the same or
similar feature in the other embodiments.

an” and “the” as used

(19" 4 11
a

[0022] In the context of various embodiments, the articles
with regard to a feature or element include a reference to one or more of the features or

elements.
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[0023] In the context of various embodiments, the phrase “at least substantially” may
include “exactly” and a reasonable variance.

[0024) In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance.

[0025] As used herein, the terrﬁ “and/or” includes any anci all combinations of one or
more of the associated listed items.

[0026] Various embodiments may relate to fields including silicon (Si) photonics (e.g. Si
nano/micro-photonics), microwave photonics, and optical communication systems.

[0027] Various embodiments may provide an approach for developing a traveling-wave'
photodetector array (TWPDA) with large bandwidth and high power handling capability.
Various embodimenté may also provide an approach for developing a cost effective
photodetector for a silicon (Si) integfated circuit. ‘
[0028] Various embodiments may pfovide a large-bandwidth, high-power traveling-Wave
photodetector array. In other words, various embodiments may provide a traveling-wave
electrode phofodetector array with a high operation bandwidth and a high power handling
capability. The traveling-wave electrode photodetector array may be applicable for
optical communication and microwave photonics.

[0029] Various embodiments may provide a traveling-wave photodetectbr array of '
arrangement (TWPDA) with a large-bandwidth and high power handling capability. Such

a TWPDA may be based on a germanium-on-silicon (Ge-on-Si) substrate, which may

. provide the benefit of large-bandwidth operation. The TWPDA-_mély include multiple

cascaded germanium (Ge) photodetectors (PDs) with parallel feeds, which may enhance .
the power handling capacity of the TWPDA. The photocurrent from each Ge PD may be
collected by._ﬁsing an impedance matched traveling-wave electrode (TWE) to maintain
the ‘operation bandwidth. The phase difference, for éxample corréspOnding to optical

signals and/or electrical signals, that may be present in the TWPDA may be compensated

- by a design of one or more optical waveguide delay lines.

[0030] Various embodiments may provide a traveling-wave photodetector (PD) structure
or arrangement with double metal layers. A velocity and impedance matched coplanar
wave_gtiide (CPW). for a traveling-wave electrode ‘(TWE) ’may be employed in the

photodetector arrangement of various embodiments. In various embodiments, optical
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waveguide delay lines may be empldyed in the photodetector arrangement for velocity
matchihg ‘between the optical signal and the electrical signal propagating in the
photodetector arrangement. | ,

[0031] Various embodiments may provide a simple design of a traveling-wave
photodetector (PD) 'array., Various embodiments may enable a cost effective

implementation and CMOS compatible fabrication of the photodetector array or

arrangement of various embodiments. Further, the photodetector array of various

embodiments may be ready for photonic integration for various applications.

[0032] Various embodiments may provide a traveling-wave photodetector
array (TWPDA) that may be designed to be velocity and impedance matched, taking into
consideration the periodic loading effect from each individual Ge photodetector. Thus,
the TWPDA may feature the merits of a large operation bandwidth and a high power
handling capability. Such a TWPDA may be potentlally usable for microwave photonics,

among other p0551b1e photonic applications.

- [0033] FIG. 1 shows a schematic top view of a photodetector arrangement 100, according

to various embodiments. The photodetector arrangement 100 includes a plurality of
gennanium‘—b.ased photodetectors 102, each germanium-based photodetector 102
configured to receive an optiéal signal 150 and to generate an electrical signal 152 in
response to the received optical signal 150, and an electrode arrangement 104 arranged to
conduct the electrical signais 152. _

[0034] In other words, a photodetector arrangemént 100 may be provided.” The
photodetector arrangement 100 may include an array of photodetectors (PDs) 102, where
each PD 102 may include a germanium (Ge)-based material. For illustration purposes,
four germaniﬁm-based photodétecfors_ (Ge PDs) are shown in FIG. 2, including a first Ge
PD 102a, a second Ge PD 102b,.a ihird- Ge PD 102¢ and a fourth Ge PD-102d. However,
it should be appreciated that the photodetector arrangement 100 may include.fwo, three,
four, five or any higher number of Ge photodetectors 102. Each Ge PD 102a, 102b, 102¢,
102d may receive an optiéél signal (e.g. light) 150 at its input and .consequently may
produce an eléctrical signal (e.g. a photocurrent) 152 at its output. The germanium (Ge)-
based material of each Ge PD 102a, 102b 102¢c, 102d may act as an optical or hght

absorblng portion. The photodetector arrarigement 100 may further include:an electrode
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arrangement 104 for conducting the electrical signals 152 generated by the plurality of Ge

PDs 102. This may mean that the electrode arrangement 104 may be electrically coupled

to each Ge PD 102a, 102b, 102¢, 102d, where the electrode arrangement 104 may be

‘adapted to propagate the electrical signals 152, or in other words, the electrical

signals 152 may travel or flow through the electrode arrangement 104. Further, this may
mean that the plurality of Ge PDs 102 may be electrically coupled to each other by means
of the electrode arrangement 104. The electrical signal 152 from each Ge PD 102a, 102b,

102¢, 102d may be combined by the electrode arrangement 104 into a single output.

- [0035]) In the context of various embodiments, each germanium-based photodetector

102a, 102b, 102c, 102d may receive the same optical signal 150.

[0036] In various embodiments, the electrode arrangement 104 may include a traveling-
wave electrode (TWE) arrangement. This may mean that ~the photodetector -
arrangement 100 may be a traveling-wave photodetector array or arrangement (TWPDA).
The traveling-wave electrode (TWE) arrangement may acf as a transmission line for the
electrical signals 152. |

[0037] The traveling-wave electrode arrangement may include a coplanar
waveguide (CPW). The coplanar waveguide may include thfée electrodes, in the form of
a signal (S) electrode and two ground (G) electrodes arranged adjacent to the signal
electrode. The two ground electrodes may be arranged on opposite sides of the signal
electrode and spaced apart from the signal electrode. The signal eléctrode and the two
ground electrodes may be located on é same plane, and hence coplanar. This may mean
that the signal electro.de and the two ground electrodes may be arranged on a same side,
for example with reference to a substrate. In various embodiments, the signal (S)
electrode and the two grpund (G) electrodes may be arranged at least substantially

parallel to each other.” -

'[0038] In wvarious émbodiments, the coplanar waveguide may inclurde‘ a signal (S)

electrode electrically coupled to the plurality of germanium-based photodetectors 102 to
conduct th_e electrical signals 152, and two ground (G) electrodes arranged on opposite

sides of the signal (S) electrode and spacéd apart from the signal (S) electrode.' The signal

. electrode may conduct the respective electrical signals- 152 generated by the plﬁrality of

germanium-based photodetectors 102. The signal electrode may be electrically coupled to
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the light absorbing portion of each germamum based photodetector 102a, 102b 102¢,
102d. The two ground electrodes may be elecmcally coupled to respectlve contact
regions of each germanium-based photodetector 102a, 102b, 102c, 102d. In various

embodiments, the plurality of germanium-based photodetectors 102 may be arranged

| successively or sequentially along a length of the signal electrode.

- [0039] In the context of various embodiments, the signal electrode may have a width, w,

of between about 2 um and about 20 pm, for example between about 2 um and about

_10 pm, between about 2 pm and about 5 um, between about 5 pm and about 20 um,

between about 10 pm and about 20 pum, or between about 5 um and about 10 um. ’
[0040] In the context of various embodiments, a spacing, g, between the signal electrode
and each of the two ground electrodes may be between about 1 pm and about 200 pm, for
example between about 1 pm and about 100 um, between about 1 um and about 50 um,
between about 100 um and about 200 pm, or between about 50 pm and about 100 pm.
[0041] In the context of various embodiments, the electro’de arrangement‘ 104 ‘may
include a first conductive layer defined into a plurality of contacts, a respective contact
being electrically coupled to a respective germanium-based pbotodetector 102a,- 102b,
102¢, 102d of the plurality of germanium-based photodetectors 102 and electrically
isolated from the other contacts of the plurality of contacts, and a second conductive layer
electrlcally coupled to the plurality of contacts. A respective contact may collect an
electrical signal 152 from an associated germanium-based photodetector 102a, 102b,

102¢, 102d. The second conductive layer may form a common contact or electrode to the

..plurality of contacts, and therefore also to the plurality of germanium-based

photodetectors 102. The second conductive layer may be arranged over the first '

- conductive layer.

[0042] In various embodiments, the first conductive. layer and the second conductive

| layer may define a traveling-wave electrode arrangement; for example in the form of a

| coplanar waveguide (CPW). The second conductive layer may be defined into a

signal (S) electrode and two ground (G) electrodes, the signal electrode being electrically
coupled to the plurality of contacts defined from the first conductive layer, while the two
ground electrodes may be eléctrically coupled to respective contact regions of each

gefmanium-based photodeteotOr 102a, 102b, 102¢, 102d.
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[0043] Each of the first conductive layer and the second conductive layer may be a metal
layer. Each of the first conductive layer and the second conductive layer may include a
metal including But not limited to aluminum (Al), or copper (Cu). However, it should be
appreciated that other metals may be used.

[0044] In various embodiments, the photodetector arrangement 100 may further include a
plurality of waveguides, wherein a respective wayeguid'e of the plurality of waveguides
may be arranged to propagate the optical signal 150 towards or to a respective
gerﬁianium-base’d photodetector 102a, 102b, 102¢, 102d of the plurality of germanium-
based photodetectors 102. A respective waveguide may be optically coupled to a
respective germanium-based photodetector 102a, 102b, 102c, 102d. A respective
gennénium-baéed photodetector 102a, 102b, 102¢, 102d may be formed on or over a
respective waveguide. Therefore, the photodetector arrangement 100 may include

waveguide-based Ge photodetecfors. The plurality of waveguides may be on-chip

~ waveguides, e.g. integrated in the photodetector arrangement 100.

[0045] In the context of various embodiments, each waveguide may include silicon (Si).
Therefore, the photodetector arrangement 100 may include Wavegu“id»e-based Ge-on-Si
photodetectors. ’

[0046] In various embodiments, a difference in lengths of respective waveguides
corresponding to adjacent . germanium-based photodetectors of the plurality of
germanium-based photodetectors. 102 niay introduce - an optical time delay (or
propagation delay) between the adjacent germanium-based photodetectors such that the
respective - electrical signals 152  generated by the adjacent germanium-based
photodetectors are at least substantially in phase (or bhase-match‘ed). Therefore, eaéh
waveguide m.ay _act as an optical delay line for the optical signal 150. In this way, the
optical signal ;ielay‘ between the adjacent gennaniurﬁ—based photodetéctors may ‘Be at -
least substantially matched to an electrical signal delay betWeen the adjacent germanium-
based photodetectors. Therefore, a velocity matched electrode arrangement 104 may be.
provided. |

[0047] In various embodiments, respective optical time delays between respective -

adjacent germanium-based photodetectors may be at least substa_ﬁtially the same.
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[0048] In various embodiments, the electrode érrangement 104 may. be arranged to
condﬁcf the electrical signals 152 in a direction at least su;bstantially perpendicular to a
direction of propagation of the optical signal 150 through the respectivé waveguide.
[0049] In the-‘conbtext of various embodiments, an impedance, Z, of the electrode
arrangement 104 may be at least substantiaily matched to at least one electrical parameter
of each germanium-based photodetector 102a, 102b, 102¢c, 102d. In this way, the loading
effect of each germanium-based photodetector 102a, 102b, 102¢, 102d may be taken into
con31derat10n for forming an 1mpedance matched electrode arrangement 104. The at least
one electrical parameter may include a resistance, R;, and/or a capacitance, Cp, of the
germanium-based photodetector 102a, 102b, 102c, 102d. Each germanjum-based
photodetector 102a, 102b, 102c, 102d may have at least substantially similar resistance
and/or capacitance. '

f0050] In the context of various embodiments, the plurality of germanium-based

photodetectors 102 may be ai‘ranged one after another (e.g. in series or in cascade) in a

" direction alohg- the conduction of the electrical signals 152 through the electrode

arrangement  104. This may mean that the plurality of germanium-based -
photodetectors 102 may be arranged along a length of the electrode arrangement 104. |
[0051] In the context of various embodiments, respective electrical signals 152 generated
by respective germanium-based photodetectors IQZa, 102b, 102¢, 102d of the plurality of
germanium-based photodetectors 102 may be at least substantially in phase.

[0052] In the context of various embodiments, each germanium-based photodetector
102a, 102b, 102c, 102d may be arranged to receive the optical. signal 150 in parallel
relative to the other germanium-based photodetectors 102a, 102b, 102c, 102d. This may

.mean that the plurality of gennanium-based photodetectors 102 may bé arranged with

~ parallel feeds of tﬁe-.opti.cal signal 150 to each germanium-based photodetector 102a,

102b, 102c, 102d.
[0053] In the context of various embodiments, the plurality of germanium-based
photodetectors 102 may be arranged spaced apart from each other. A period or centre-to-

centre spacing, A, between adjacent germanium-based photodetectors of the plurality of

_gehﬁanium-based photodetectors 102 may be between about a few tens of microns and

' about a few hundreds of microns, for example between about 20 pm and about 900 um,
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‘between about 20 pm and about 500 pm, between about 20 pum and about 100 pm,

between about 50 pm and about 100 pm, between about 500 um and about 900 um, or

~ between about 100 um and about 500 um.

[0054] In the context of various embodiments, each germanium-based photodetector
102a, 102b, 102c, 102d may have a length, PD,, of between about a few microns and
about a few hundreds of microns, for example between about 5 um and about 500 pm,
between about 5 um and about 300 pum, between about 5 pm and about 100 pum, between

about 50 um and about 100 pm, between about 100 pm and about 500 pm; or between

about 100 um and about 300 pm.

[0055] In the context of various embodiments, each germanium-based photodetector
102a, 102b, 102c, 102d may have a width, PDW‘, of between about a few microns and
about a few tens of microns, for example between about 2 pm and about 50 pm, between

about 2 pm and about 30 _um; between about 2 um and about '1’0 um, between about 5 um

. and about 10 um, between about 10 um and about 30 um,v or between about 10 pm and

about 50 um.

[0056] In the context of various embodiments, the photodetector arrangement 100 may
further include a substrate, wherein the plurality of germanium-based photodetectors 102
may be formed on the substrate. The substrate may include silicon (Si), e.g. a silicon
wafer or a 'silicon-on-insulator (SOI) wafer. Therefore, a Ge-on-Si photodetector
arrangement 100 may be provided.

[0057] Various embodlments may provide a photodetector arrangement e.g. a travehng-
wave photodetector array (TWPDA). The traveling-wave photodetector array may
include an array of hlgh-speed Ge photodetectors Multiple- channel optical signal or light
may be separately input into each hlgh-speed photodetector. Each hlgh, speed
photodetector may generate an electrical s1gnal or photocurrent in response to the
received light. The generated photocurrent from éach of the photodetector rﬁay be
collécted by a traveling-wave electrode (TWE). The traveling-wave electrode’ may be

designcd with an impedance match by considering the periodic loading of the

photodetectors, Waveguide delay lines may be adopted for velocity matching between the '

optical and the electrical signals. Further, the photodetector array may be designed with

10
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two metal layers in order to provide an easy design and layout for the traveling-wave
electrode. S _
[0058] FIG. 2A shows a schematic design layout of a photodetector arrangement 200,

aceording to various embodiments. The photodetector- arrangement 200 may be a

' t_raveling-wave photodetector array (TWPDA).

[0059] The photodetector arrangement 200 may include an array of germanium-based

photodetectors or Ge PDs. As a non-limiting example, as shown in FIG. 2A, the

- photodetector arrangemient 200 may include four Ge PDs, for example a first Ge

PD 202a, a second Ge PD 202b, a third Ge PD 202c and a fourth Ge PD 202d. The first
Ge PD 202a, the second Ge PD 202b, the third Ge PD 202¢ and the fourth Ge PD 202d |
may be arranged spaced apart relative to each other. Adjacent Ge PDs may be arranged
with a periodicity of A. Each of the first Ge PD 202a, the second Ge PD 202b, the third
Ge PD 202c¢ and the fouﬁh Ge PD 202d may be at least substantially similar, for example '

in terms of structure and/or dimension(s) and/or material(s).

' [0060] The photodetector arrangement 200 may further include an ai'ray of input

waveguides 206 respectively optically coupled to the plurality of Ge PDs for conveying
or guiding an optical signal (e.g. light), as represented by the arrow 250, to the respective
Ge PDs: For example, a first input waveguide 206a may be optically coupled to the first |
Ge PD 202a, a second input waveguide 206b may be optically coupled to the second Ge
PD 202b, a third input waveguide 206c may be optically coupled to the third Ge
PD 202c, While a fourth input Waveguide 20§d may be optically coupled to the fourth Ge
PD 202d. o j _ ,

[0061] Adjacent input Waveguides, e.g. 206a and 206b, may have different lengths. As
shown in FIG. 24, a loop 208 may be introduced in the second input Waveguide 206b,
theréby introducing a delay ’line length, and consequently-a time delay, as cempared to
the first input waveguide 206a. In this way, the optical signal 250 propagating through
the second input waveguide 206b may arrive at the second Ge PD'ZQZb at a deleyed or

later time (e.g. by a time difference, tsrr) as compared to the optical signal 250 arriving at

the first Ge PD 202a via the first input waveguide 206a. Further, two loops 210, 212 may .- -

be introduced as delay line lengths in the third input waveguide 206¢. Each of the
loops 210, 212 may have a Iehgth that is at least substantially similar to the length of the

11
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loop 208. Therefore, the time difference for the arrival of the optical signal 250 at the
third Ge PD 202¢ as compared to the second Ge PD 202b may be tgs, while the time
difference for the arrival of the optical signal 250 at the third Ge PD 202¢ as compared to
the first. Ge PD 202a may be 2tgs. Accordingly, the plurality of input waveguides 206
may be waveguide delay lines, acting as ointical delay lines. In this way, a respective time
delay for the propagation of the opﬁcal signal 250 to the respective Ge PDs 202a, 202b,
202¢, 202d may be introduced for successive Ge PDs 202a, V202b, 202¢, 202d. The
plurality of waveguide delay lines 206 may provide identical delay incremental between
successive adjacent input waveguides, e.g. between 206a and 206b, between 206b and
206¢ and between 206¢ and 206d. |

[0062] The photodetector arrangement 200 may further include a plurality of output
wavegui‘des 216 respectively optically coupled to the plurality of Ge PDs for outputting at
least a portion of the optical signal 250. For example, a first output waveguide 216a may
be optically coupled to the first Ge PD 202a. '

[0063] The photodetector arrangement 200 may further include a | coplanar
waveguide (CPW) as a traveling-Wave electrode 204. The traveling-wave electrode 204
may be electrically coupled to the plurality of Ge PDs. The traveling-wave electrode 204,
in the form of the CPW, may include a source (S) electrode 204a and a pair of ground (G)
electrodes (e.g. a first ground (G) electrode 204b and a second ground (G)
electrode 204c). The first ground (G) electrode 204b and .the second . ground (G)
electrode 204c may be arranged on opposite sides of the source (S) electrode 204a. Each
of the first ground (G) electrode 204b and the second ground (G) electrode 204¢ may be
arranged spaced’ apart from the source (S) electrode 204a. This may mean that the first
ground (G) electrode 204b and the second ground (G) electrode 204c may be physwally
separated and electrically isolated from the source (S) electrode 204a..

[0064] As the optical signal 250 is received or detected by the respective Ge PDs 202a,
202b, 202c, 202d, in response, each Ge PD 202a, 202b, 202c, 202d may generate an
electrical signal (e.g. a current, e.g. a photocurrent), as represented lay the arrow 252,
which may be conducted via the source (S) electrode 204a. Each of the first ground (G) ‘
electrode 204b and the second ground (G) electrode 204c may act as a common return -

path for an electrical current (e.g. the electrical signal 252) in the CPW 204. The
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electrical signal 252 may provide an indication of a parameter (e.g. intensity) associated
with the optical signal 23'0. In various embodiments, a circuit (not shown) may be
provided to receive the electrical signal 252. Such a circuit may be provided internally as
part of the photodetector arrangement 200. The electrical signal 252 may be processed by
means of the circuit. o |
[0065] As a result of the time délay associated with the arrival of the optical signal 250 at
adjacent Ge PDs, there is a corresponding time delay in the generation of the respective
electrical signals"252 by the adjacent Ge PDs. For example, there may be a time delay in
the generation of the electrical signal 252 by the second Ge PD 202b so as to compensate
for the time required for the propagation or conduction of the electrical Si_gnal 252
generated by the first Ge PD 202a from the first Ge PD 202a to the second Ge PD 202b.
In this way, there may be a velocity matching between the optical 250 and the
electrical 252 signals. As a result, respective eléctrical signals 252 generated by the Ge
PDs 202a, 202b, 202¢, 202d may be at least subéfantially in phase..

[0066] In various embodimeﬁts, the traveling-wave electrode 204 may be designed wifh
an impedance match by considering the periodic loadihg of the photodetectors (PDs)
202a, 202b; 202¢, 202d. With optimization, each of the Ge PDs 202a; 202b, 2020,‘ 202d
may operate with a bandwidth that may _bé larger than approximately 10 GHz. With the
traveling-wave electrode design, the operation bandwidth of such TWPDA. or
photodetector arréngement 200 may maintain the operation bandwidth as that of each
individual Ge PD 202a, 202b, 202c, 202d. |

[0067] In order td compensate for the phase difference between each PD 202a, 202b,
202¢, 202d induced by the traveling-wave electrode 204, the réspective waveguide delay
lines 206a, 2>06b,_ 206¢, 206& for each input channel may be suitably designed and - N
optimized. - o | ' ' ‘
[0068] FIGS. 2B and 2C show schematic cross-sectional views of the photodetector
arrangemeﬁt 200, illustrating the TWPDA désign, taken long the lines -A-A’ ahd B-B’
respectively indicated in FIG. 2A. As shown in FIGS. 2B and 2C, the sécond Ge PD 202b -
and the third Ge PD 202c may be arranged at a spacing or period indicated as A. Each of
the second Ge PD 202b and the third Ge PD 202c may have a width, PDy,, as illustrated

in FIGS. 2B and 2C, and a length, PD,. FIGS. 2B and 2C illustrate cross-sectional views
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of a design of the photodetector arrangement 200 with two métal layers 232, 246 which

.+ will be described later below. In order to provide for an easy layout and impedance
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matching of the traveling-wave electrode 204, the CPW, as the traveling-wave

electrode 204, may be arranged in a direction orthogonal to the input waveguides 206a,

206b, 206¢, 206d, and two metal layers 232, 246 may be introduced.

[0069] Using the second Ge PD 202b as an example, although similar descriptions may

apply to the other Ge PDs of the photodetector arrangement 200, the second Ge PD 202b

may include a ;germanium (Ge) material portion 220 on a silicon (Si) substrate 222. The
geﬁnanium (Ge) matérial portion 220 may be‘-a‘ light absorbing portion for absorbing at

least a portion of the optical signal or light 250. Thus, the second Ge PD 202b may be

constructed using a Ge-on-Si platform. The silicon (Si) substrate 222 may include a core

region 224, and a first contact region 226a and a second contact region 226b arranged on

- opposite sides of the core region 224. The core region 224 may be a lightly doped region

(e.g. a P+ doped ’region), while each of the first contact region 226a and the second
contact regioﬁ 226b may be a heavily doped region (e.g. a P++ doped region). The core
region 224 may be optically coupled to the second input waveguide 206b. A contact
portion 228 may be provided electrically coupled to the Ge material portion 220. The
contact portion 228 may be a heavily doped portion (e.g. an N++ doped portion) of a
conductivity type that is opposite to that of the substrate 222. In various embodiments,
the plurality of Ge PDs, including the second Ge PD 202b and the third Ge PD 202c, may

be embedded in an insulating layer (e.g. an oxide layer, e.g. SiO;) 230. The insulating

layer 230 may be a buried oxide (BOX).

[0070] A first metal (M1) layer 232 may be provided electrically coupled to the plurality
of Ge PDs, including the second Ge PD 202b and the third Ge PD 202c, of the
photodetector arrangement 200, for example by means of a plurality of conductive vias

(e.g. Viasl). The first metal layer 232 may be defined into a plurality of contacts 234,

- where a respective contact 234 may be electrically coupled to a respective Ge material

portion 220, by means of a respective via 236. Each contact 234 may be electrically
isolated from each other. '
[0071] The first metal (M) layer 232 may be further defined into a plurality of first

contacts 238, where a respective first contact 238 may be eIectrically coupled to a
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respective first contact region 226a, by means of a respective via 240. The first metal (M)
layer 232 may be further defined into a plurality of second contacts 242, where a
respective second contact 242 may be electrically coupled to a respective second contact

region 226b, by means of a respective via 244. The plurality of contacts 234, first

_contacts 238 and second contacts 242 may be electrically isolated from each other.

[0072] A second metal (M2) layer 246 may be provided electrically coupled to the
plurality of contacts 234, the plurality of first contacts 238 and‘t_he plurality of second
contacts 242, for example by means of a plurality of conductive vias (e.g. ‘Vias2). The
second metal layer 246 may be defined into the source (S) electrode 204a, the first
ground (G) eleetrode 204b and the second ground (G) electrode 204c. As shown in
FIG. 2B, the source (S) electrode 204a may be electrically coupled to the plurality of
contacts 234, by means of respective vias 247 to respective contacts 234. As shown in

FIG. 2C, the second ground (G) electrode 204c may be electrically coupled to the

‘ plurality of first contacts 238, by means of respective vias 248 to respective first

contacts 238, and electrically coupled to the plurality of second contacts 242, by means of
respective vias 249 to respective second contacts 242. It should be appreciated that the
arrangemerit and electrical coupling related to the first ground (G) electrode 204b may be

analogously based on the descriptions relating to the second ground (G) electrode 204c.

- [0073] As compared to prior art, various embodiments may provide at least one of the

following: (1) a velocity and impedance matched traveling-wave electrode design that
may allow high-speed operation. Impedance matching may be designed by considering
the periodic PD loading effect, while velocity matching may be designed by introducing
optical waveguide delay lines; (2) a double metal layer design which may ease the design
and layout of the travehng wave electrode

[0074] A design of the velocity and 1mpedance matched travehng—wave electrode will
now be described by way of the followmg non-limiting example. FIG. 3A shows a
simpliﬁed schematic top view of a photodetectof arrangement 300, according to Vaﬁous
embodiments, illustrating a traveling-wave photodetector array (TWPDA) having a

photodetector (PD) array 302 and a traveling-wave electrode (TWE) 304. For illustration

purposes, as a non-limiting example as shown in'FIG_. 3A,-the photodetector (PD)

array 302 may include three germanium photodetectors (Ge PDs), for example a first Ge
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PD 302a a second Ge PD 302b, and a third Ge PD 302c. The first Ge PD 302a, the -

second Ge PD 302b, and the third Ge PD 302c¢ may be arranged spaced apart from each

~ other with a periodicity of A. This means that adjacent Ge PDs may have a centre-to-

centre spacing defined by A. Each of the first Ge PD 302a, the second Ge PD 302b, and
the third Ge PD 302¢ may have a width, PDy,, and a length PD..

[0075] The traveling-wave electrode (TWE) 304 may be in the form of a coplanar
waveguide (CPW)' having a source (S) electrode 304a, and a first ground (G)

electrode 304b and a sécond ground (G) electrode 304c arranged on opposite sides of the

_source (S) electrode 304a. Each of the first ground (G) electrode 304b and the second

ground (G) electrode 304c may be arranged spaced apart from the source (S)
electrode 304a, by a distance, g. The source (S) electrode 304a may have a width, w.
Each of the source (S) electrode 304a, the first ground (G) electrode 304b and the second
ground (G) electrode 304c may be formed of a metal layer.
[0076] FIG. 3B shows an equivalent circuit 360 of the photodetector arrangement 300,
taking into consideration the loading effect of the individual PD 302a, 302b, 302¢, with
parasitic resistor and capacitor. Using the first Ge PD 302a as an example, each Ge PD
may include a parasitic resistor, R;, 362 and a parasitic eapacitance, C,, 364 coupled in
series, ahd aDC (di‘rect-current) source 366 coupled in parallel to R; 362 and C; 364.
[0077] The dispersion characteristic of the photodetector arrangement 300 may be
modelled using the equivaleht circuit 360. Without considering the loading effect of the
Ge PDs 302a, 302b, 302c, the effective dielectric constant, g.s, of the CPW 304 may be
expressed by Equation 1: | '
2
o=+ m{;f)_,,
cutelf (Equatlon 1),
where &; is the dielectric constant of a substrate (e.g. a silicon (Si) substrate), & is the-
effective dielectric constant of the CPW 304, taking into consideration the metal
thickness, fis freqﬁency, feuoft is the cutoff frequency of the lowest TE mode propagating
through the CPW 304, and o and b are constants depending on the configurations and
dimensions of the CPW 304. | , . o
[0078] The phase velocity, vy, of the CPW 304 without the loading effect may thus be

expressed as Equation 2 below:
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c
v =

ph :
Ve (Equation 2),

where c is the light speed in vacuum.
[0079] The impedance, Z,, of the CPW 304 may be calculated as

— K'(k) 1
© K(k) 2s, +Degv,y,

(Equation 3),
where K(k) and K’(k) are the complete elliptical integrals of the first kind and &, is the
vacuum permittivity, which equals to 8.8541878176 x 101% F/m. ‘
[0080] When considering the loading effect with the résistor R 362 and the capacitor
C, 364 of a PD 302a, 302b, 302c, the phase velocity, v, and the impedance, Zy, of the
CPW 304 may be expressed as i

1 1

‘/CM(f)+Cp,eq \/LM(f) :
\ A , - (Equation 4),

7 = vLu (f)
L=

| Cpe
Cy(N+—2L
A (Equation 5),

where the parameters Cy, Ly are the equivalent capacitance and inductance per unit

vy =

length of the CPW 304, C,q is the effective capacitance of the photodetector (PD) 302a,
302b, 302c¢ related to Rs 362 and Cp 364,‘and A refers to the period Bc_tween adjacent PDs
(e.g. between PDs 302a and 302b, or betv_Veen PDs 302b and 302c¢). ‘

[0081] The péfam_eter Cum may be expressed as: ’ |

K&
Cyu(f)=¢&pey K(k) .
, ‘ () (Equation 6).
‘ [008_2] Thé effective capacitahce, C,eq, may be expressed as:
Cl . =—C}—+ JoR,
peq TP - (Equation 7).

[0083] Based on the above described numerical model, the phase veloc_ity and the
impedance of the CPW or TWE 304 may be calculated and compared, depending on the

structure parameters, including the RF (rad'io frequency) frequency, the CPW dimensions,

' thé photodetector (PD) dimensions, and the periodicity.
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[0084] FIG. 4 shows plots 400a, 400b of modelling results of the. traveling-wave
electrode (TWE) phése vélo'city, v, and impedance as a function of radio frequency (RF) _
frequency, f. The modelled results 402a, 402b correspond to a standalone CPW, without
the photodetector loading effect, while the modelled results 404a, 404b correspond to a ;
CPW with the photodetector loading effect. - _ |
[0085] FIG. 5 shows plots 500a, 500b of modelling results of the traveling-wave
electrode (TWE) phase velocity, v, and impedance as a function of metal gap. The term
“metal gap” refers to the spacing, g, between'a's'lource (S) electrode and a ground (G)
electrode of the TWE. The modelled results 502a, 502b correspond to a standalone CPW,
without the photodetector loading effect, while the modelled results 504a, 504b
correspond to a CPW with the photodetector loading effect. The modélled results 502b,
504b for the impedance are obtained fér a source electrode width, w, of about 12 pm.
‘[0086] FIG. 6 shows plots 600a, 600b of modelling results of the traveling-wave-
electrode (TWE) phase velocity, v, and impedance és a function of photodetector length.
The modeiled results 602a, 602b correspond to a standalone CPW, without the
photodetector loading effect, while the modelled results 604a, 604b correspond to a CPW
with the photodetector loading effect. '

[0087] FIG. 7 shows plots 700a, 700b of modelling results of the traveling-wave

electrode (TWE) phase velocity, v, and impedance as a function of the periodicity, A, of

the photodetectors. The modelled results 702a, 702b correspond to a standalone CPW,

without the photodetector loading effect, while the modelled results 704a, 704b
correspond to a CPW with the photodetector loading effect.

[0088] As may be observed in FIGS. 4 to 7, the photodetector loading effect may induce
significant deviations or modifications from the standalone CPW. Referring to FIGS. 4‘
and 5,‘ there may be a small vaﬁation of both velocity and impedance with the RF
frequency, while there may be a lar'g_é variation as a function of the CPW metal gap, for
example when the loading effect ‘is present; Referring to FIGS. 6 and 7, both the Ge PD |
lengthv and the period, A, may affect the velocity and impedance significantly for a CPW
with a loading effect. | - D
[0089] As both the phase velocity and the impedance may be dependent on the design -
parameters, the TWPDA may be carefully designed and optimised. For example, the
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velocity and impedance matched traveling PD array may be designed taking into

consideration one or more parameters such as the Ge photodetector width, the Ge

‘photodetector length, the period between adjacent Ge photodetetcors and the CPW width

and gap.

 [0090] Based on the loading periodicity, A, and the phase velocity, v, the time difference

between the respective photocurrents generated from adjacent photodetectors may be
calculated, and subsequently, the respective optical delay lines in each input channel may
be determined in order to compensate for the time differerice. Thus, the photocurrent that
reaches the output point from each individual PD may have identical phases and thus may
be phase matched.

[0091] Demonstration of a photodetector arrangement or TWPDA on a ’silicon chip will
now be described. A designed TWPDA was fabricated using a CMOS-compatible
fabrication process on an 8” siiicon-on-insulator (SOI) wafer. The TWPDA may be
designed with velocity matching” between the optical and the electrical signals. The
TWPDA may be designed with impedance matching in terms of the traveling-wave
electrode. |

[0092] FIG. ~8A shows an optical microscope image of a fabricated 4-channel
photodetector arrangement (4-chamiel TWPDA) 800, while FIG. 8B shows an optical

microscope image of an enlarged sectional view of the fabricated 4-channel photodetector

. arrangement 800. The 4-channel photodetector arrangement 800 includes four high-speed

Ge PDs 802a, 802b, 802c, 802d, two metal layers 832, 846, an impedance-matched
traveling-wave electrode 804 having a source (S) electrode 804a, a first greund G)
electrode 804b and a second ground (G) electrode 804c, and balanced optical delay
lines 806. In such a design, the gap spacing and the strip line width correspondmg to the
traveling- -wave electrode 804 may be de51gned freely, avoiding any layout problem.

[0093] FIG. 9 shows a plot 900 of results of 10 Gb/s pseudo-random binary

~ sequence (PRBS) data detection using the 4-channel photodetector arrangement 800,

illustrating the high-quality detection of the 10 Gb/s PRBS data. Approximately 1 ps
electrical unit delay was measured for the travelling-wave electrode 804. v
[0094] As described above, the photodetector arrangement of various embodiments may

include a cascade of N high-speed Ge photodetectors, which inay be electricall.y‘
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connected by a coplanar waveguide (CPW) as a travehng -wave electrode arrangement. -

The traveling-wave electrode may be provided with velocuy and 1mpedance matchings.
Two metal layers may be used in order to prov1de an easy de51gn for the impedance
matched traveling-wave electrode. Waveguide-based optical delay lines may be adopted
for velocity matching between the optical and the electrical signals;

[0095] While the invention has been particularly shown and described with reference to
specific embodiments', it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departmg from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equi%zalency of the claims are therefore intended to be embraced.

20



10

15

20

25

30

WO 2014/120091 PCT/SG2014/000034

CLAIMS

1. A photodetector arrangement comprising:

a plurality of geﬁnanium-based photodetectors, each germanium-based
photodetectbr configured to receive an optical signal and to genérate an electrical signal
in response to the received optical signal; and

an electrode arrangement arranged to conduct the electrical signals.

2. The photodetector arrangement as claimed in claim 1, wherein the electrode

arrangement comprises a traveling-wave electrode arrangement.

3. The photodetector arrangement as claimed in claim 2, wherein the traveling-wave

electrode arrangement comprises a coplanar waveguide.

4. The photodetector arrangement as claimed in claim 3, wherein the coplanar
waveguide comprises:

a signal elcdtrode electrically coupled to the plurality of germanium-based
photodetectors to conduct the electrical signals; and

two ground electrodes arranged on opposite sides of the signal electrode and

spaced apart from the signal electrode.

5. The photodetector arrangement as claimed in claim 4, wherein the signal

electrode has a widfh of between about 2 pm and about 20 pm.
6. - The photodetector arrangement as claimed in claim 4, wherein a spacin‘g between
the signal electrode and each -of the two ground electrodes is between about 1 um and

about 200 pm.

7. “The photodetector arrangement as claimed in claim 1, wherein the electrode

arrangement comprises:
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a first conductive Iayer defined into a plurality of contacts, a respective contact

being electrically coupled to a respective germanium-based photodetector of the plurality

of germanium-based photodetectors and electrically isolated from the other contacts; and

a second conductive layer 'electrically coupled to the plurality of contacts.

8. The photodetector arrangement as claimed in claim 1, further comprising:
a plurality of waveguides, wherein a respective waveguide of the plurality of
waveguides is arranged to propagate the optical signal towards a respective germanium-

based photodetector of the plurality of germanium-based photodetectors.

9. The photodetector arrangement as claimed in claim 8, wherein each waveguide

" comprises silicon.

10. The photodetector arrangement as claimed in claim 8, wherein a difference in
lengths of .respective waveguides corresponding to adjacent germanium-based
photodetectors of the plurality of germanium-based photodetectors introduces an optical
time delay bctween the adjacent germanium-based photodétectors such that the respective
electrical signals generated byi the adjacent germanium-based photodetectors are at least

substantially in phase.

11. The photodetector arrangement as claimed in claim 8, wherein "the electrode

arrangement is arranged to conduct the electrical signals in a direction at least

substantially perpendicular to a direction of propagation of the optical signal through the

respective waveguide.
12.  The photodetector arrangement as claimed in claim 1, wherein an impedance of

the electrode arrangement is at least substantially matched to at léast one electrical

parameter of each germanium-based photodetector.
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13.  The photodetector arrangement as claimed in claim 1, wherein.the plurality of
germanium-b‘ased photodetectors are arranged one after another in a direction along the

conduction of the electrical signals through the electrode arrangement.

14.  The photodetector arrangement as claimed in claim 1, wherein resp'ect'ive
electrical signals generated by respective germanium-based photodetectors of the:

plurality of germanium-based photodetectors are at least substantially in phase.

15.  The photodetector arrangement as claimed in claim 1, wherein each germanium-
based photodetector-is arranged to receive the optical signal in parallel relative to the

other germanium-based photodetectors.

16.  The photodetector arrangement as claimed in claim 1, wherein the plurality of

germanium-based photodetectors are .arranged spaced apart from each other.
17.  The photodetector arrangement as claimed in claim 16, wherein a period between
adjacent germanium-based photodetectors of the plurality of germanium-based

photodetectors is between about 20 pm and about 900 pum.

18.  The photodetector arrangement as claimed in claim 1, wherein each germanium-

based photodetector has a length of between about 5 pm and about 500 pm.

19. - The photodetector arrangement as claimed in claim 1, wherein each germanium-

‘based photodetector has a width of between about 2 pm and about 50 pm.

20.  The photodetector arrangement as claimed in claim 1, further comprising a

substrate, wherein the plurality of germanium-based photodetectors are formed on the

substrate.
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