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MICROSTRUCTURE ENHANCED
ABSORPTION PHOTOSENSITIVE DEVICES

REFERENCE TO RELATED APPLICATIONS
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Ser. No.

62/081,538 filed Nov. 18, 2014;
62/090,879 filed Dec. 11, 2014;
62/100,025 filed Jan. 5, 2015;
62/111,582 filed Feb. 3, 2015;
62/139,511 filed Mar. 27, 2015;
62/153,443 filed Apr. 27, 2015
62/154,675 filed Apr. 29, 2015;
62/157,876 filed May 6, 2015;
62/171,915 filed Jun. 5, 2015;
62/174,498 filed Jun. 11, 2015
62/175,855 filed Jun. 15, 2015;
62/182,602 filed Jun. 21, 2015;
62/188,876 filed Jul. 6, 2015;
62/197,120 filed Jul. 27, 2015;

Ser. No. 62/199,607 filed Jul. 31, 2015;

Ser. No. 62/205,717 filed Aug. 15, 2015;

Ser. No. 62/209,311 filed Aug. 24, 2015;

. Prov. Ser. No. 62/213,556 filed Sep. 2, 2015; and
U.S. Prov. Ser. No. 62/232,716 filed Sep. 25, 2015.
This patent application relates to the following provi-

sional and non-provisional applications that are each incor-

porated by reference:
International Patent Appl. No. PCT/US14/39208 filed

May 22, 2014;

U.S. Prov. Ser. No. 61/826,446 filed May 22, 2013;

U.S. Prov. Ser. No. 61/834,873 filed Jun. 13, 2013;

U.S. Prov. Ser. No. 61/843,021 filed Jul. 4, 2013;

U.S. Prov. Ser. No. 61/905,109 filed Nov. 15, 2013; and

U.S. Prov. Ser. No. 62/017,915 filed Jun. 27, 2014.

All of the above-referenced provisional and non-provi-
sional patent applications are collectively referenced herein
as “the commonly assigned incorporated applications.”

FIELD

This patent specification present invention generally
relates mainly to photosensitive devices. More particularly,
some embodiments relate to photosensitive devices having
microstructure enhanced absorption characteristics.

BACKGROUND

Fiber-optic communication is widely used in applications
such as telecommunications and communication within
large data centers. Because of attenuation losses associated
with using shorter optical wavelengths most fiber-optic
communication uses optical wavelengths of 800 nm and
longer. Commonly used transmission windows exist
between 800 nm and 1675 nm. A main component of optical
receivers used in fiber-optic communication system is the
photo detector, usually in the form of a photodiode (PD) or
avalanche photodiode (APD).

High-quality low-noise APDs can be made from silicon.
However, while silicon will absorb light in the visible and
near infrared range, it becomes more transparent at longer
optical wavelengths. Silicon PDs and APDs can be made for
optical wavelengths of 800 nm and longer by increasing the
thickness of the absorption “I” region of the device. How-
ever, in order to obtain adequate quantum efliciency, the
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thickness of the silicon “I” region becomes so large that the
device’s maximum bandwidth is too low for many current
and future telecom and data center applications.

To avoid the inherent problem that silicon PDs and APDs
have with longer wavelengths and higher bandwidths, other
materials are used. Germanium (Ge) detects infrared out to
a wavelength of 1700 nm, but has relatively high multipli-
cation noise. InGaAs can detect out to longer than 1600 nm,
and has less multiplication noise than Ge, but still has far
greater multiplication noise than silicon. InGaAs is known
to be used as the absorption region of a heterostructure
diode, most typically involving InP as a substrate and as a
multiplication layer. This material system is compatible with
an absorption window of roughly 900 to 1700 nm. However,
both InGaAs devices are relatively expensive and have
relatively high multiplication noise when compared with
silicon and are difficult to integrate with Si electronics as a
single chip.

Information published by a major company in the busi-
ness of photodetectors (See http:/files.shareholder.com/
downloads/FNSR/0x0x382377/0b3893ea-b06-417d-ac71-
841219084b0d/Finisar investor Presentation df,) indicates at
page 10 that the current market for optical communication
devices is over 7 billion U.S. dollars with a compounded
annual growth rate of 12%. The photodiodes (PD) used for
850 nm wavelength employ GaAs material and for 1550 nm
wavelength the photodiodes are InP material based, which is
both expensive and difficult to integrate with Si based
electronics. Therefore, there is a large market and a long-felt
need that has not met for the development of a better device.
To date there are no Si material based photodiodes nor
avalanche photodiodes (APD) for 850 nm and no Ge on Si
material based photodiodes nor avalanche photodiodes for
1550 nm that are top or bottom illuminated and with data
rate of 5 Gb/s or greater, that are commercially available to
the knowledge of the inventors herein. However, there has
been no lack of trying to develop a better device for this
large market. For example, there have been proposals for
resonant photodiodes fabricated in Si material (see Reso-
nant-Cavity-Enhanced High-Speed Si Photodiode Grown by
Epitaxial Lateral Overgrowth, Schaub et al, IEEE PHO-
TONICS TECHNOLOGY LETTERS, VOL. 11, NO. 12,
DECEMBER 1999), but they have not reached the known
commercial market. Other forms of high speed photodiodes
in a waveguide configuration have been proposed, such as in
Ref. 40 GHz Si/Ge uni-traveling carrier waveguide photo-
diode, Piels et al, DOI 10.1109/JLT.2014.2310780, Journal
of Lightwave Technology; Monolithic Ge/Si Avalanche
Photodiodes, Kang et al, 978-1-4244-4403-8/09/$25.00
©2009 IEEE High-speed Ge photodetector monolithically
integrated with large cross-section silicon-on-insulator
waveguide, Feng et al, Applied Physics Letters 95, 261105
(2009); doi: 10.1063/1.3279129; where light is coupled
edge-wise into an optical waveguide and where the absorp-
tion length can be 100 um or longer to compensate for the
weak absorption coeflicient of Ge at 1550 nm. In these
previously proposed waveguide photodiode structures, light
propagates along the length of the waveguide and the
electric field is applied across the PIN waveguide such that
the direction of light propagation and the direction of the
electric field are predominately perpendicular. Since light in
Si travels approximately 1000 times faster than the saturated
velocity of electrons/holes, a waveguide PD can be 200
microns long for example and the “I” in the PIN can be 2
microns for example and achieve a bandwidth of over 10
Gb/s. Such edge coupling of light is costly in packaging as
compared to surface illumination as described in this patent
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specification, where dimensions of the waveguide cross
section are typically a few microns as compared to tens of
microns for known surface illuminated photodiodes or ava-
lanche photodiodes. Known waveguide PD/APD are often
only single mode optical systems whereas surface illumi-
nated PD/APD described in this patent specification can be
used in both single and multimode optical systems. In
addition, known waveguide photodiodes are difficult to test
at wafer level, whereas surface illuminated photodiodes
described in this patent specification can be easily tested at
wafer level. Known waveguide photodiodes/avalanche pho-
todiodes are used mostly in specialty photonic circuits and
are not widely commercially available. A top or bottom
illuminated Si and Ge on Si PD/APD that can be integrated
with Si is not known to be commercially available at data
rates of 5 Gb/s or more at wavelengths of 850 nm and 1550
nm. In contrast, photodiodes on Si based material, as
described in this patent specification, can be monolithically
integrated with integrated electronic circuits on a single Si
chip, thereby significantly reducing the cost of packaging. In
addition, the microstructured PD/APD at 850 nm nominal
wavelength described in this patent specification can be
predominately for short haul, distances less than a meter and
in certain cases less than 10 meters and in certain cases less
than 100 meters and in certain cases less than 1000 meters
optical data transmission for example. The microstructured
PD/APD direction of incident optical beam and the electric
field in the “I” region of a PIN or NIP structure, are
predominately collinear and or almost collinear. This patent
specification enables such a device and is expected to
transform the current data centers to almost all optical data
transmission between blades and or within a blade, that will
vastly increase the data transmission bandwidth capabilities
and significantly reduce electrical power usage.

The subject matter claimed herein is not limited to
embodiments that solve any specific disadvantages or that
operate only in environments such as those described above.
Rather, this background is only provided to illustrate one
exemplary technology area where some embodiments
described herein may be practiced.

SUMMARY

According to some embodiments, an integrated detector/
processor circuit for data communication comprises oth a
photodetector with microstructure-enhanced photoabsorp-
tion and an electronic processor formed into a single semi-
conductor chip. The single chip comprises a photodetector
formed on a semiconductor substrate that has a photon
absorbing region configured to absorb photons from an
optical source signal modulated for data communication and
provide an output electrical signal corresponding thereto,
wherein the photon absorbing region comprises a plurality
of holes therein extending toward said substrate and con-
figured to concurrently receive the same source signal at a
plural number of the holes; an electronic processor also
formed on said semiconductor substrate and operatively
associated with said photon absorbing region to receive
therefrom and process said output electrical signal into a
processed output, thereby forming a single semiconductor
chip that receives the optical source signal and outputs the
processed output; wherein said photon absorbing region and
said electronic processor have respective thicknesses that are
of the same order of magnitude; and a cathode region and an
anode region operatively associated with said photon
absorbing region and reverse biasing circuitry configured to
apply a voltage between said cathode and anode regions
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such that said cathode region is driven to a more positive
voltage than said anode region. The thickness of the photon
absorbing region preferably is in the range of 0.5 to 5
micrometers. The electronic processor can be an application
specific integrated circuit (ASIC) comprising at least one of
complementary metal oxide semiconductor (CMOS)
devices, bipolar (Bi) devices, and BiCMOS devices. The
photon absorbing region can be configured to absorb in
excess of 40%, or 50%, or 60% of the incident source signal
at wavelengths from 800 nm to 900 nm, or from 1400 nm to
1700 nm, and provide an output electrical signal correspond-
ing thereto. The photon absorbing region can be configured
to absorb the incident source signal at an absorption per-
centage that varies by less than 20% over selected wave-
length spans of at least 20 nm of source signal wavelengths
from 800 nm to 900 nm, or from 1400 nm to 1700 nm. Each
hole can have a cross-section parallel to a surface of the
substrate, having a maximum dimension of between 400 nm
and 2500 nm, and each hole can have a center that is spaced
apart by less than 3500 nm from a center of a nearest
adjacent hole of the plurality of holes. The photodetector
preferably further comprises a P layer and an N layer highly
doped at or exceeding 10*° per cm® and flanking said photon
absorbing region, and the photon absorbing region prefer-
ably is lightly doped or not intentionally doped at most at
10%® per cm®. The photodector can comprise an avalanche
photodetector, and the photon absorbing region can com-
prise at least one of Si and Ge. The photodetector can
comprise a tapered or stepped hole configured to accept an
optical fiber carrying said source signal and maintaining an
end of the fiber at a selected distance from said photon
absorbing region. A lens can be included between said end
of the fiber and the photon absorbing region. The photodec-
tor can further comprise a reflecting structure configured to
cause multiple reflections of the source signal thereby tra-
versing the photon absorbing region with said source signal
multiple times. The photodector can be configured to receive
the source signal from two opposite sides of the photon
absorbing region, and said holes can be configured to cause
coupled resonance in conversion of light to electrical signals
at plural groups of the holes thereby enhancing source signal
absorption.

One or more additional photodetectors can be formed on
said semiconductor substrate, having respective photon
absorbing regions receiving respective additional source
signals and providing respective output electrical signals
corresponding thereto, and one or more additional electronic
processors can also be formed on said semiconductor sub-
strate and operatively associated with the respective photon
absorbing regions of said additional photodetectors to
receive therefrom and process said respective output elec-
trical signals therefrom. The plurality of holes can be
configured to enhance absorption of photons compared to a
hole-free but otherwise same photodetector at a range of
wavelengths that includes a wavelength of said source
signal. The electronic processor can include one or more
types selected from a group consisting of: transimpedance
amplifier, signal processing electronics, and routing elec-
tronics. A capacitance associated with the photodetector is
decreased compared to an otherwise same photodetector
having its anode and cathode regions operatively connected
to a conventional bond pad. The photodector can further
compare a multiplication region making it an avalanche
photodiode configured to detect the source signal at a data
bandwidth of greater than 10 gigabits per second, at source
signal wavelengths of 800 to 900 nanometers, and having a
gain of greater than 2.
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In some embodiments, an optical/electronic system com-
prises a photodetector and an active electronic circuit built
on the same semiconductor substrate and operatively asso-
ciated with each other to thereby form a single integrated
circuit chip; a laser modulated at Gb/s rates of data to
thereby generate the optical source signal carrying informa-
tion at Gb/s rates; and an optical fiber associated with the
laser to receive the optical source signal at an input end
thereof and transport it to an output end thereof; wherein the
photodetector is associated with the output end of the optical
fiber to receive the optical source signal therefrom and is
configured to convert it to an electrical output signal; and
wherein the active electronic circuit is associated with the
photodetector to receive the output electrical signal there-
from and is configured to process the electrical output signal
and output said processed electrical signal. Each of the
source signal and the electrical output signal can be modu-
lated at rates of at least 5 Gb/s. The photodector and the
active electronic circuit can have thicknesses that are of the
same order of magnitude. The photodector can comprise a
photon absorbing region that includes a plurality of holes
extending toward the semiconductor substrate, wherein plu-
ral holes are configured to concurrently receive the same
source signal. Highly doped P and N layers can flank the
photon absorbing region, and the photon absorbing region
can have a thickness in the range of 0.1-5.0 micrometers and
preferably is not intentionally doped or is lightly doped
compared with the P and N regions. The photodetector can
be biased to cause electrons or holes to be swept in a
direction along a direction in which the source signal is
received by the photodetector. Each of the photodetector and
the active electronic circuit can be silicon-based. The pho-
todector can be an avalanche photodector.

In some embodiments, a photodetector with microstruc-
ture-enhanced photoabsorption comprises a photon absorb-
ing region preferably having a thickness between 0.5 and 5
micrometers and configured to absorb photons from a source
signal modulated for data communication and provide an
output electrical signal corresponding thereto; said photon
absorbing region comprising a plurality of holes extending
through at least a portion of the thickness of the photon
absorbing region and configured to concurrently receive the
same source signal at a plural number of the holes; and said
photon absorbing region being configured to absorb in
excess of 40% of the incident source signal at wavelengths
in at least one of the ranges from 800 nm to 900 nm and from
1400 nm to 1700 nm and provide an output electrical signal
corresponding thereto. The photon absorbing region can be
configured to absorb in excess of 40% or 50% or 60% of the
incident source signal at wavelengths from 800 nm to 900
nm or from 1400 nm to 1700 nm and provide an output
electrical signal corresponding thereto. The photon absorb-
ing region can be configured to absorb the incident source
signal at an absorption percentage that varies by less than
20% over wavelength spans of at least 20 nm of source
signal wavelengths from 800 nm to 900 nm or from 1400 nm
to 1700 nm. Each hole has a cross-section parallel to the
upper surface of the substrate that preferably has a maxi-
mum dimension of between 400 nm and 2500 nm, and each
hole has a center that preferably is spaced apart by less than
3500 nm from a center of a nearest adjacent hole of the
plurality of holes. The photodetector can further comprise a
P layer and an N layer preferably highly doped at or
exceeding 10" per cm® and flanking said photon absorbing
region, and the photon absorbing region is preferably lightly
doped or not intentionally doped at most at 10'® per cm®.
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The photodector can comprise an avalanche photodetector.
The photon absorbing region can comprises Si or Ge. The
photodetector can comprise a tapered or stepped hole con-
figured to accept an optical fiber carrying said source signal
and maintaining an end of the fiber at a selected distance
from said photon absorbing region, and a lens can be
included between said end of the fiber and the photon
absorbing region. The photodetector can comprise a reflect-
ing structure configured to cause multiple reflections of the
source signal thereby traversing the photon absorbing region
with said source signal multiple times. The photodector can
be configured to receive the source signal from two opposite
sides of the photon absorbing region.

In some embodiments, a photodetector with microstruc-
ture-enhanced photoabsorption comprises a cathode region;
an anode region; reverse biasing circuitry configured to
apply a voltage between said cathode and anode regions
such that said cathode region is driven to a more positive
voltage than said anode region; a substrate material having
an upper surface; and a photon absorbing region made of
silicon operatively associated with the cathode and anode
regions and configured to absorb photons from a source
signal, said silicon absorbing region including a plurality of
holes each having a cross section parallel to the upper
substrate surface having a maximum dimension of between
400 nm and 2500 nm, and each hole having a center that is
spaced apart by less than 3500 nm from a center of a nearest
adjacent hole of the plurality of holes. The source signal can
have a wavelength that is greater than 800 nm and less than
1000 nm. The plurality of holes can be arranged into a
periodically-spaced array that can have a hexagonal or
square lattice pattern. The plurality of holes enhances
absorption of photons compared to a hole-free but otherwise
same photodetector at a range of wavelengths that includes
a wavelength of said source signal. Each of the holes can
have a predominately circular cross-section parallel to the
upper substrate surface. The cathode and anode regions can
be operatively connected to integrated circuit electronics and
the photodetector and integrated circuit electronics can be
integrated into a single silicon chip where the integrated
circuit electronics can include one or more types selected
from a group consisting of transimpedance amplifier, signal
processing electronics, and routing electronics. A capaci-
tance associated with the photodetector can be decreased
compared to an otherwise same photodetector having its
anode and cathode regions operatively connected to a con-
ventional bond pad. The photodetector can further comprise
a multiplication region formed of silicon and wherein the
photodetector is an avalanche photodiode configured to
detect the source signal at a data bandwidth of greater than
5 gigabits per second, at source signal wavelengths of 850
nanometers, and having a gain of greater than 2. The
photodetector can be configured to detect said source signal
at a data bandwidth of greater than 2.5 gigabits per second
or greater or equal to 5 gigabits per second at source signal
wavelengths of 850 nanometers with a quantum efficiency of
at least 30%, or 50%. The plurality of holes can be formed
by etching away portions of silicon. The photodetector can
be configured for a portion of the source signal to pass
through the photon absorbing region a first time, reflect from
a surface, and thereafter pass through the photon absorbing
region a second time. The photodetector can further include
a substrate, wherein the cathode, absorbing and anode
regions are formed above the substrate and the photodetector
is configured to receive the source signal from directions
facing a side of the photodetector opposite of the substrate.
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In some embodiments, a photodetector with microstruc-
ture-enhanced photoabsorption comprises a cathode region;
an anode region; reverse biasing circuitry configured to
apply a voltage between said cathode and anode regions
such that said cathode region is driven to a more positive
voltage than said anode region; a substrate material having
an upper surface; and a photon absorbing region made of
germanium-based material operatively associated with the
cathode and anode regions and configured to absorb photons
from a source signal, said germanium-based absorbing
region including a plurality of holes each having a cross
section parallel to the upper substrate surface having a
maximum dimension of between 750 nm and 3000 nm, and
each hole having a center that is spaced apart by less than
5000 nm from a center of a nearest adjacent hole of the
plurality of holes. The germanium-based photon absorbing
layer can be formed by at least one of an epitaxial growth
and an epitaxial lateral overgrowth process above one or
more layers of material made of silicon. The photodetector
can further comprise a Ge buffer layer configured to initiate
crystalline growth of Ge on an uppermost silicon layer. The
photodetector’s anode region can comprise a P-doped ger-
manium layer formed by at least one of an epitaxial growth
and an epitaxial lateral overgrowth process. The photode-
tector can be an avalanche photodiode and can further
comprise a multiplication region formed of silicon. The
source signal can have a wavelength that is greater than 1200
nm and less than 1900 nm, or greater than 1400 nm. The
photodetector can be configured to detect said source signal
at a data bandwidth of greater than 2 gigabits per second, or
5 gigabits per second, at source signal wavelengths of 1550
nanometers with a quantum efficiency of at least 30%, or
50%.

As used herein, the grammatical conjunctions “and”, “or”
and “and/or” are all intended to indicate that one or more of
the cases, object or subjects they connect may occur or be
present. In this way, as used herein the term “or” in all cases
indicates an “inclusive or” meaning rather than an “exclu-
sive or” meaning.

As used herein the terms “hole” and “holes” refer to any
opening into or through material or materials. In general the
opening can have any shape and cross-section including
round, elliptical, polygonal, and random shape.

BRIEF DESCRIPTION OF THE DRAWINGS

To further clarify the above and other advantages and
features of the subject matter of this patent specification,
specific examples of embodiments thereof are illustrated in
the appended drawings. It should be appreciated that these
drawings depict only illustrative embodiments and are there-
fore not to be considered limiting of the scope of this patent
specification or the appended claims. The subject matter
hereof will be described and explained with additional
specificity and detail through the use of the accompanying
drawings in which:

FIG. 1 is a diagram illustrating an optical data transmis-
sion system in which the microstructured photodiode/ava-
lanche photodiode may be used, according to some embodi-
ments;

FIG. 2 is a diagram showing wavelength selective ele-
ments included with the microstructured photodiode (MS-
PD) and microstructured avalanched photodiode (MS-
APD), according to some embodiments;

FIG. 3 is a diagram showing a MS-PD/APD having
multiple wavelength selective elements, according to some
embodiments;
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FIGS. 4A-D are plots showing various bandpass filter
characteristics, according to some embodiments;

FIG. 5 is a diagram showing a coarse wavelength division
multiplexing (CWDM) configuration, according to some
embodiments;

FIGS. 6A and 6B are diagrams showing some basic parts
of'a microstructured photodiode, according to some embodi-
ments;

FIGS. 7A and 7B are diagrams showing some basic parts
of a bottom illuminated photodiode, according to some
embodiments;

FIGS. 8A and 8B are diagrams showing some basic parts
of an MS-APD structure, according to some embodiments;

FIGS. 9A and 9B are diagrams showing aspects of a
selective area growth (SAG) APD structure before and after
SAG of 1II-V or Ge material, according to some embodi-
ments;

FIG. 10 is a diagram showing a simplified microstruc-
tured silicon photodiode with PIN epitaxial layers, accord-
ing to some embodiments;

FIG. 11 is a diagram showing a simplified microstructured
silicon photodiode with PIN epitaxial layers, according to
some embodiments;

FIGS. 12A-C show aspects of a simulation of a particular
microstructured hole pattern, according to some embodi-
ments;

FIG. 13 is a diagram showing an epitaxial layer structure
for a high contrast microstructured photodiode (PD) with a
P-I-N doping, according to some embodiments;

FIG. 14 is a diagram showing an epitaxial layer structure
for a high contrast microstructured photodiode (PD) with a
P-I-N doping, according to some embodiments;

FIG. 15 is a diagram showing an epitaxial layer structure
for a high contrast microstructured photodiode (PD) with a
P-1-N doping, according to some embodiments;

FIG. 16 is a diagram showing some aspects of fabrication
of a high contrast microstructured photodiode (PD), accord-
ing to some embodiments;

FIGS. 17A-D are diagrams showing examples of the hole
arrangements, spacing, size, and passivation layers, accord-
ing to some embodiments;

FIG. 18 is a diagram showing some further aspects of
fabrication of a high contrast microstructured photodiode
(PD), according to some embodiments;

FIG. 19 is a diagram showing some further aspects of
fabrication of a high contrast microstructured photodiode
(PD), according to some embodiments;

FIG. 20 is a diagram showing some further aspects of
fabrication of a high contrast microstructured photodiode
(PD), according to some embodiments;

FIG. 21 is a diagram showing some aspects a high
contrast microstructured photodiode (PD), according to
some other embodiments;

FIGS. 22A-B show aspects of a simulation of a particular
microstructured PD, according to some embodiments;

FIG. 23 is a diagram showing aspects of a high contrast
microstructured PD, according to some embodiments;

FIG. 24 is a diagram showing aspects of a heterogeneous
epitaxial microstructured PD, according to some embodi-
ments;

FIG. 25 shows a high contrast structure for an optical
emitter such as a light emitting diode (LED) or a vertical
surface emitting laser (VCSEL), according to some embodi-
ments;

FIG. 26 shows for example the basic structure for a high
contrast 1.3 micron wavelength photo emitter (PE), accord-
ing to some embodiments;
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FIG. 27 is a diagram showing some basic features of a
high contrast microstructured photo emitter (PE) structure
with etched holes, according to some embodiments;

FIG. 28 is a diagram showing some aspects of a PE,
according some other embodiments;

FIG. 29 is a diagram showing some aspects of a PE,
according some other embodiments;

FIG. 30 is a diagram showing some aspects of a PE,
according some other embodiments;

FIG. 31 is a diagram showing some aspects of a Simple
PIN photodiode structure, according to some embodiments;

FIG. 32 is a diagram showing aspects of MS-PD fabri-
cation, according to some embodiments;

FIG. 33 is a diagram showing aspects of MS-PD fabri-
cation, according to some embodiments;

FIG. 34 is a diagram showing aspects of MS-PD fabri-
cation, according to some embodiments;

FIG. 35 is a diagram showing aspects of a MS-PD,
according to some embodiments;

FIG. 36 is a diagram showing aspects of a MS-PD,
according to some embodiments;

FIG. 37 is a diagram showing a technique to reduce
minority carrier lifetime, according to some other embodi-
ments;

FIGS. 38A-C describe various parameters for microstruc-
tured photodiodes that were simulated,

FIG. 39 is a graph plotting simulation results of micro-
structured hole photodiodes;

FIG. 40 is a diagram showing a microstructured ava-
lanche photodiode (APD) with a P-I-P-I-N epitaxial struc-
ture, according to some embodiments;

FIG. 41 is a diagram showing a microstructured ava-
lanche photodiode (APD) with a P-I-P-I-N epitaxial struc-
ture, according to some other embodiments;

FIG. 42: is a diagram showing a microstructured APD
with a Ge absorption layer and Ge P capping layer, accord-
ing to some embodiments;

FIGS. 43A-D show polarization sensitivity of the micro-
structured photodiode and APD, according to some embodi-
ments;

FIG. 44 shows a MS-PD/APD that is integrated with a
transimpedance amplifier and/or other ASIC (application
specific integrated circuits) for data processing and routing,
according to some embodiments;

FIG. 45 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
other signal processing IC on a single silicon chip, according
to some embodiments;

FIG. 46 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
other signal processing IC on a single silicon chip, according
to some other embodiments;

FIG. 47 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
other signal processing IC on a single silicon chip, according
to some other embodiments;

FIG. 48 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
other signal processing IC on a single silicon chip, according
to some other embodiments;

FIG. 49 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
other signal processing IC on a single silicon chip, according
to some other embodiments;
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FIG. 50 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
other signal processing IC on a single silicon chip, according
to some other embodiments;

FIG. 51 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
other signal processing IC on a single silicon chip, according
to some other embodiments;

FIG. 52 is a diagram showing an array of MS-PD/APDs
integrated with IC electronics such as TIA and/or other
signal processing and routing electronics on a single Si chip,
according to some embodiments;

FIG. 53 is a diagram showing an epitaxial structure for a
high data rate MS-PD, according to some embodiments;

FIG. 54 is a diagram showing an epitaxial structure for a
high data rate MS-PD, according to some embodiments;

FIG. 55 is a diagram showing an epitaxial structure for a
high data rate MS-PD, according to some embodiments;

FIG. 56 is a table showing the mesa size, hole diameters,
hole period distances, and lattice patterns for MS-PDs,
according to some embodiments;

FIGS. 57A and 57B are diagrams showing hexagonal and
square lattice hole patterns, according to some embodi-
ments;

FIG. 58 is a diagram showing an epitaxial layer structure
for a silicon MS-PD, according to some embodiments;

FIG. 59 is a diagram showing aspects of a MS-PD,
according to some embodiments;

FIG. 60 is a diagram showing aspects of a MS-PD,
according to some embodiments;

FIG. 61 is a diagram showing aspects of a MS-PD,
according to some embodiments;

FIG. 62 shows a Ge on Si PIN epitaxial layer structure for
a MS-PD, according to some embodiments;

FIGS. 63-65 are diagrams showing aspects of Ge on Si
MS-PDs, according to some embodiments;

FIGS. 66-67 are diagrams showing aspects of Ge on Si
PDs, according to some embodiments;

FIGS. 68-69 are diagrams showing aspects of MS-APDs,
according to some embodiments;

FIG. 70 is a diagram showing a MS-APD without the
SiO2 layer, according to some embodiments;

FIGS. 71-72 are diagrams showing Ge on Si microstruc-
tured avalanche photodiodes (MS-APDs), according to
some embodiments;

FIG. 73 is a diagram showing a Ge on Si microstructured
avalanche photodiode (MS-APD) with an etch stop layer,
according to some embodiments;

FIG. 74 is a diagram showing a Ge on Si microstructured
avalanche photodiode (MS-APD), according to some
embodiments;

FIG. 75 is a diagram showing another SI NIP epitaxial
layer structure for a MS-PD, according to some embodi-
ments;

FIGS. 76A-C are diagrams showing Si N-I-P epitaxial
layers on buried oxide for a MS-PD, according to some
embodiments;

FIG. 77 is a diagram showing a MS-PD with Si NIP
epitaxial layer and a SiGeB stop etch layer on a P Si
substrate, according to some embodiments;

FIG. 78 is a diagram showing a Ge on Si NIP on SiGeB
epitaxial layer structure for MS-PD, according to some
embodiments;

FIG. 79 is diagram showing a Ge on Si epitaxial structure
for MS-PD, according to some embodiments;

FIG. 80 is a diagram showing another Ge on Si epitaxial
structure, according to some embodiments;
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FIG. 81 is a diagram showing a Ge on Si epitaxial
structure, according to some embodiments;

FIGS. 82A-82C relate to a simulation using finite differ-
ence time domain (FDTD) on a Ge on Si microstructured
photodiode similar to the structure depicted in FIG. 79;

FIGS. 83A-83C relate to a simulation using finite differ-
ence time domain (FDTD) on a Ge on Si microstructured
photodiode similar to the structure in FIG. 80;

FIGS. 84A and 84B shows result of a simulation using
finite difference time domain (FDTD) on a Ge on Si micro-
structured photodiode similar to the structure in FIG. 79;

FIG. 85 shows a schematic top view of a microstructured
photodiode chip, according to some embodiments;

FIG. 86 is a top view diagram showing a MS-PD/APD
integrated with a transimpedance amplifier and/or other
electronics on a single chip, according to some embodi-
ments;

FIG. 87 shows a simple epitaxial structure without any
microstructures.

FIG. 88 shows another simple epitaxial structure without
any microstructures;

FIG. 89 shows an epitaxial structure the same as in FIG.
87 where microstructured hole arrays are etched to the Si P
epitaxial layer, according to some embodiments;

FIG. 90 shows an epitaxial structure the same as in FIG.
88 where microstructured hole arrays are etched to the BOX
Si02 layer, according to some embodiments;

FIGS. 91A-91B are plots showing results of simulations
for the example structures depicted in FIGS. 87-90;

FIG. 92 is a diagram showing a microstructured region in
the silicon where holes are etched into the silicon, according
to some embodiments;

FIG. 93 is a diagram showing a MS-PD structure with
tapered holes, according to some embodiments;

FIG. 94 is a diagram showing a MS-PD structure with
gradually tapered holes, according to some embodiments;

FIG. 95 is a diagram showing a material structure with
different diameter microstructured holes, according to some
embodiments;

FIG. 96 shows a top view the material structure with
different diameter microstructured holes, as depicted in FIG.
95;

FIGS. 97A and 97B are graphs showing the absorption for
light incident on a microstructure with layer structure as
shown in FIG. 82A;

FIG. 98 is a graph showing simulated absorption for the
structure shown in FIG. 82A and simulated in FIGS. 97A
and 97B;

FIG. 99 shows another preferred epitaxial structure for a
Si avalanche photodiode for operation in wavelength range
from 800 to 1000 nm, according to some embodiments;

FIG. 100 is a diagram showing some features of a
microstructured APD, according to some embodiments;

FIG. 101 shows another preferred epitaxial structure for
Ge on Si avalanche photodiode for operation in wavelength
ranges from 800 to 1600 nm, according to some embodi-
ments;

FIG. 102 is a diagram showing some features of a
microstructured Ge on Si SPD;

FIGS. 103A-C show hole diameters, periods, and other
parameters for microstructured silicon and germanium on Si
photodiodes and avalanche photodiodes, according to some
embodiments

FIGS. 104A and 104B are graphs showing simulation
results using FDTD (finite difference time domain) for
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absorption verse wavelength for the structure shown in FIG.
82A which is microstructured Ge P-Ge I-Si N on Si N
substrate photodiode;

FIGS. 105A and 105B relate to eigenmodes for a square
lattice hole pattern, according to some embodiments;

FIG. 106 is a schematic diagram showing microstructured
holes with two square lattices arranged overlapping each
other, according to some embodiments;

FIG. 107 is a diagram showing an epitaxial structure of
Ge on Si, according to some embodiments;

FIG. 108 is a diagram showing the basic features of a
microstructured photodiode of Ge on Si, according to some
embodiments;

FIGS. 109A and 109B are graphs showing results of
FDTD simulations using Maxwell equations for a micro-
structured hole array, according to some embodiments;

FIG. 110 shows plots of absorption verses wavelength for
microstructured photodiodes/avalanche photodiodes with
different hole diameters and lattice periods, according to
some embodiments;

FIGS. 111A and 111B shows a simulation using FDTD
methods of a structure as in FIG. 82A where two lattices and
two different hole diameters are used, according to some
embodiments;

FIG. 112 is a diagram shows another lattice structure
where two hexagonal lattices with the same period are
combined and interlaced within each other, according to
some embodiments;

FIG. 113 shows a hexagonal lattice with 6 unit cells, each
cell with its Eigen modes where any field propagation/
distribution can be an expansion of its Eigen modes;

FIG. 114 shows a Si NIP microstructured photodiode with
hole arrays and textured surfaces, according to some
embodiments;

FIG. 115 is a graph showing absorption coefficient of Si
and Ge verses wavelength;

FIG. 116 is a graph showing enhanced effective absorp-
tion coeflicient of Ge due to microstructured hole arrays,
according to some embodiments; and

FIG. 117 is graph showing the enhanced absorption of a
Si microstructured PD/APD, according to some embodi-
ments.

DETAILED DESCRIPTION

A detailed description of examples of preferred embodi-
ments is provided below. While several embodiments are
described, it should be understood that the new subject
matter described in this patent specification is not limited to
any one embodiment or combination of embodiments
described herein, but instead encompasses numerous alter-
natives, modifications, and equivalents. In addition, while
numerous specific details are set forth in the following
description in order to provide a thorough understanding,
some embodiments can be practiced without some or all of
these details. Moreover, for the purpose of clarity, certain
technical material that is known in the related art has not
been described in detail in order to avoid unnecessarily
obscuring the new subject matter described herein. It should
be clear that individual features of one or several of the
specific embodiments described herein can be used in com-
bination with features or other described embodiments.
Further, like reference numbers and designations in the
various drawings indicate like elements.

According to some embodiments, microstructures are
used to improve bulk absorption constant or absorption of
the material at wavelengths in the proximity of the semi-
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conductor material’s band gap. This allows for extending the
operating optical wavelengths and/or operating spectrum of
the photosensor. The enhanced bulk absorption constant (or
coeflicient) is called the effective absorption constant (or
coeflicient). The term “effective” is used since absorption
constant or coeflicient is an inherent material property.
However, with resonance effects, coupled resonance effects,
slow wave effects, plasmonic effects, field enhancement
effects, scattering effects, near field and sub wavelength
effects, linear and non-linear effects, the effective absorption
constant or coeflicient can be greater than the bulk or
material absorption constant or coefficient. Since absorption
is exponentially dependent on the product of the absorption
coeflicient and absorption length, by keeping the bulk
absorption coeflicient, the effective absorption length can be
greater than the physical length of the “I” absorbing region
of a PD/APD to achieve the same absorption which is
proportional to quantum efficiency. As used herein, the
following terms are used interchangeably: enhanced absorp-
tion constant, enhanced absorption coefficient; enhanced
effective absorption constant; enhanced effective absorption
coeflicient; and effective absorption constant; and effective
absorption coeflicient, enhanced absorption length, effective
absorption length, enhanced effective absorption length.
Enhanced absorption or effective absorption can be due to
either or both enhanced absorption coefficient and or
enhanced absorption length.

According to some embodiments, enhanced absorption
can also have drastic effects on path length. In one bulk
absorption example, the path length for the photons to be
absorbed to 1/e of'its original amplitude is 100 micrometers
(um), whereas under enhanced absorption according to some
embodiments described in this patent specification, the path
length is 1 micrometer for the optical amplitude to decay to
1/e of its original amplitude. Equivalently, if path length is
kept constant to one micrometer then the enhanced absorp-
tion coeflicient is 100 times greater than the bulk absorption
coeflicient and or the enhanced effective absorption length is
100 times greater than the actual physical length.

This is seen by the relationship A=A, e"** where A is the
decaying amplitude of the incident photon flux A, and o is
the absorption coefficient and L the path length for absorp-
tion to take place. So, rather than have L be 100 times longer,
an effective a can be defined such that it is 100 times greater
than a non enhanced absorption coeflicient such as the bulk
absorption coefficient. The resonance/coupled resonance/
scattering/near field effects of microstructures, for example,
gives the equivalence of the path length that is 100 times
longer where the resonant/scattering/near field microstruc-
ture is just one micron long. A more simplistic description of
this is that the photons in the resonant/coupled resonance
structures make 50 round trips before reaching the 1/e value
of its original amplitude, so the equivalent linear length is
100 times the length of the coupled resonant structure. For
simplicity, resonance/coupled resonance/linear and nonlin-
ear field enhancement/scattering/near field effects will col-
lectively be referred to herein as “resonant” which can
include, resonant, coupled resonance, slow wave, scattering,
near field, plasmonic, nonlinear and linear optical field
effects.

As used herein the terms “microstructures” and “micro-
structured” refer to: pillars, voids, holes and mesas, of
various shapes and sizes having at least one dimension in the
micrometer scale, or submicrometer scale, and/or sub-wave-
length scale and or wavelength scale.

According to some embodiments, the techniques for
enhancing effective absorption can be applied to various
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materials including: silicon, germanium, I1I-V material such
as InP, GaAs, GaN, InGaAs, and any combination of the
1II-V material family. As used herein, the term “material
family” of a I1I-V material is defined as any material that is
lattice matched or approximately lattice matched (within a
few percent) to GaAs, InP, GaN, InSb semiconductors. For
example, the InP material family can include InGaAs,
InGaAsP, InAlAs, InAs. According to some embodiments,
in the case of microstructures, regrowth such as selective
area growth (SAG), epitaxial lateral over growth (ELOG),
epitaxial growth (EG) with or without a thin buffer layer of
Ge, InGaAs, or other III-V material in silicon microstruc-
tures can be carried out without the detrimental effects of
lattice mismatch since the dimension of the footprint of the
lattice mismatched material on silicon is small (approxi-
mately a few micrometers to sub-micrometers). This allows
Ge and other III-V materials to be integrated with silicon
without the use of a conventional buffer layer (such as
amorphous Ge in the case of Ge on Si growth). The
heterogeneous integration of materials can be homo or
hetero structures, combination of crystalline and microcrys-
talline and amorphous semiconductor, conductor such as
carbon, graphene, insulator, dielectrics, solid, gaseous, lig-
uid such as glass or polymer that can be semiconducting. Ge
and ITI-V materials can also be grown on Si with or without
a buffer layer using SOG, ELOG, EG methods that can cover
areas greater than micrometer scale to areas that cover wafer
scale.

According to some embodiments, a low index material is
used such as buried oxide (BOX), silicon on insulator (SOI),
silicon on sapphire (SOS), low-density semiconductors such
as amorphous semiconductor, nanowire semiconductors,
voids and holes to lower the effective refractive index.
Refractive index is an inherent property of a material.
However, according to some embodiments, when structures
such as voids, air gaps, and/or holes (which can be filled
with low index material, and/or regrowth) have dimensions
on the order of the optical wavelength, the optical electro-
magnetic field will see an average refractive index consist-
ing of the material refractive index and the structures (which
can be filled or partially filled by a low refractive index
material). This average is referred to herein as the effective
refractive index. According to some embodiments, a low
index or low effective index material need not be used in the
microstructures.

According to some embodiments, the techniques for
enhancing effective absorption can be applied to various
materials including: silicon, germanium, I1I-V material such
as InP, GaAs, GaN, InGaAs, and any combination of the
1II-V material family.

Due to the microstructures, the capacitance can also be
represented by an effective capacitance which is a parallel
capacitance of (1) the dielectric constant of one semicon-
ductor, and (2) the dielectric constant of another material,
which can be a semiconductor, dielectric, gas, vacuum,
partial vacuum, liquid such as glass or polymer (polyimide,
mylar, or other organic compound). The effective capaci-
tance of the device is the combination of the capacitance of
the parallel capacitors, which can be two or more. An
advantage of the use of microstructure, according to some
embodiments, is that the effective capacitance can be sig-
nificantly lower than the capacitance of a homogeneous
material such as a semiconductor. The RC time (resistance
capacitance) is one of the fundamental time that determine
the bandwidth of a photodiode and avalanche photodiode.
Lower capacitance allows a device to have a larger area
while still maintaining suitably high data rate bandwidth,

Patent Owner, W& Wsens - Ex. 2019, p. 96



US 9,530,905 B2

15

and/or increase the data rate bandwidth by reducing the
thickness of the device to reduce the electron and or hole
transit time which is also a fundamental time that determine
the bandwidth of the PD/APD. Another fundamental time is
the optical transit time.

According to some embodiments, the photosensor can be
a photodiode (PD), avalanche photodiode (APD), photovol-
taic (PV) or solar cell, or any optoelectronic device that
converts photons to electrons. According to some embodi-
ments, emitters such as lasers and light emitting diodes that
convert electrons/holes to photons can also be implemented
using microstructures.

According to some embodiments, the enhanced absorp-
tion allows the APD/PD to: (1) extend the sensitivity of the
APD/PD to photons with energies (or wavelength) closer to
the material band gap where the bulk absorption coefficient
is weak, for example approximately 1000 1/cm or less with
QE (quantum efficiency) greater than 30% or greater than
50% and data bandwidth greater than 3 Gb/s; (2) operate at
a high data rate bandwidth (e.g. >10 Gb/s), due to shorter
absorption length therefore shorter transit time; (3) increase
quantum efficiency with enhanced absorption; (4) be manu-
factured of silicon which has superior multiplication prop-
erties with low excess noise for avalanche photodiode; (5)
be compatible with Si Photonics and CMOS processes.
According to some embodiments, the PD/APD can be
integrated with an ASIC (application specific integrated
circuit) such as signal processing, signal amplification,
memory, cpu, electrical transmitter, optical waveguides,
integrated optics, and other ICs for specific applications.
This is advantageous for mass production using CMOS
foundries. In addition the surface (or bottom) illuminated
PD/APD integrated with or without electronics can be tested
at wafer level probing and in addition can handle both single
and multimode. The single optical and electronic chip by
pass the need of ceramic multichip carriers and significantly
reduce the cost of assembly and packaging. Silicon bench
can also be used in conjunction for optical alignment to
optical components such as lens, fibers, if needed.

According to some embodiments, silicon is used for
avalanche gain. Silicon has lower excess noise for an
avalanche photodiode. By integrating Ge with silicon, the
absorption takes place in the Ge material and the electronic
gain occurs in silicon. Depending on the optical wave-
lengths, for example shorter than 1100 nm, silicon may be
used for both absorption and electronic gain with the use of
microstructures.

According to some embodiments, the absorption of pho-
tons in semiconductors is enhanced with the use of micro-
structures. The microstructures can have effects such as
resonance, coupled resonances, field enhancement, near
field and sub wavelength effects, scattering, plasmonics,
linear and non linear optical field, photonic crystal, absorp-
tion mode or lossy mode in high contrast grating at the near
field regime, which are both linear and non linear effects that
can effectively increase the effective absorption length
resulting in a greater absorption of the photons for a given
physical length and or the absorption coeflicient can be
enhanced to an effective coefficient.

According to some embodiments, microstructures used
for absorption enhancement, due to length and/or coefficient
enhancement, for silicon photodiodes and silicon avalanche
photodiodes can result in silicon PD and APD with band-
widths in excess of 10 Gb/s (or equivalently 6.75 GHz
approximately depending of the digital coding format) at
photons with wavelengths of 850 nm approximately (which
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is the current datacom preferred wavelength) with quantum
efficiencies of approximately 50% or more, in some cases
QE of 70% of more.

Silicon optical detectors are very robust due to the matu-
rity of the material and processing techniques, the surfaces
can be easily passivated to eliminate dangling bonds that can
cause surface states and carrier recombination centers, they
have excellent carrier lifetimes due to low defects and high
material purity, and for APD applications, the noise is low
due to the small ionization ratio between holes and electrons
(k factor, silicon have the lowest k factor than any III-V
material) and such detectors are CMOS compatible for
integration with electronics for signal processing and with Si
photonics.

According to some embodiments, the photogenerated
carriers are swept out with an external reverse bias in the
absorbing “i” (some times referred to as “I”) region of a
P-I-N diode (PD) or P-I-P-I-N diode (APD) for high modu-
lation bandwidth (greater than or equal to 10 Gb/s band-
width) and high quantum efficiency and for APD for high
current gain, with gain greater than 3 dB.

The microstructured photodiodes and avalanched photo-
diodes with bandwidths of greater than 1 Gb/s are used in
communication. An optical signal has information
impressed on the light using techniques such as: binary
(intensity), phase/frequency shifting (coherent, heterodyne
communication); polarization coding; multiple wavelength
such as wavelength division multiplexing; and polarization
multiplexing. The optical signal travels through air and or
fiber, and impinges on the microstructure photodiode and/or
avalanche photodiode where the information impressed on
the optical light can be extracted into electrical signals. In
some cases, another optical source or sources need to be
mixed as in heterodyne or homodyne.

FIG. 1 is a diagram illustrating an optical data transmis-
sion system in which the microstructured photodiode/ava-
lanche photodiode may be used, according to some embodi-
ments. The optical data transmission system 100 consists of
an optical source(s) 110, a transmission medium such as air
and/or optical fiber(s) 120 and the microstructured photo-
diode(s)/avalanche photodiode(s) MS-PD/APD) 130.
According to some embodiments, optical source 110 can be
a laser. Electrical data 112 is impressed on the optical signal
with a power supply 114 forward biasing the laser 110 for
direct modulation. The output of the laser 110 can be
coupled to an optical fiber 120 via a coupler 122 such as a
ball lens. The optical signal propagates through the fiber 120
(or air) and can be coupled from the fiber 120 via a lens 124,
for example, to the high speed microstructure photodiode/
avalanched photodiode 130, where the optical signal is
converted to electrical signal and the resulting data 132
(which matches data 112) is recovered. The microstructure
photodiode/avalanche photodiode is reverse biased using
power supply 134.

According to some embodiments, wavelength selective
elements can be integrated with the microstructured photo-
diode and microstructured avalanche photodiode. In particu-
lar, arrays of microstructured photodiodes/avalanche photo-
diodes can be fabricated on a single chip that can include
application specific integrated circuits comprising CMOS,
bi-CMOS, bipolar devices and circuits, for example. A
wavelength selective element, such as a bandpass filter, can
be used for coarse wavelength division multiplexing
(CWDM) where, for example, 810, 820, 830, 840, 850, 860,
870, 880 nm wavelengths each carrying 10-40 Gb/s of
modulated data can have an aggregated data rate of 80-320
Gb/s within a single transmission medium.
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Examples of wavelength selective elements include: high
contrast subwavelength gratings; arrays of subwavelength
holes in a metal film or dielectric film, and dielectric layers
with alternating refractive indices as in Bragg reflectors. The
wavelength selective element can be a bandpass filter that
includes multiple high contrast gratings to form a resonance
cavity. The element can also be a combination of gratings
and other wavelength selective elements such as subwave-
length hole arrays on metallic or semi-metallic films and/or
Bragg mirrors.

In addition, the microstructure of the photodiode/ava-
lanche photodiode can itself form a reflector such as a high
contrast grating such that it can be both wavelength selective
and absorption length enhancing. In particular, the photon
absorption region of the photodiode/avalanche photodiode
can be enhanced. According to some embodiments, an
additional high contrast grating can be fabricated above the
microstructured photodiode/avalanche photodiode to form a
resonance optical cavity for wavelength selectivity. If one of
the high contrast gratings can be electrically biased such that
a voltage develops between the two wavelength-selective
elements, the selected wavelength can be tuned, such as a
tunable optical filter.

FIG. 2 is a diagram showing wavelength selective ele-
ments included with the microstructured photodiode (MS-
PD) and microstructured avalanched photodiode (MS-
APD), according to some embodiments. Using wavelength
selective elements 220, only wavelengths within the selected
wavelength range impinge on the MS-PD/APD 130.
According to some embodiments, the window can be 1-20
nm in width (e.g. a center wavelength of 820 nm+/-5 nm
where the bandpass is 10 nm centered at 820 nm). Shown in
the case of FIG. 2 is a high contrast grating 220 made of
silicon that can be integrated with the silicon MS-PD/APD
130. According to some embodiments, the microstructure
features 210 of the microstructured photodiode/avalanche
photodiode 130 can also behave as a wavelength selector by
itself, in addition to their function of enhancing the absorp-
tion properties of the photodiode and avalanche photodiode.
If the microstructures 210 of the MS-PD/APD 130 are
designed as a wavelength selector, than the addition of a
high contrast grating 220 will create a resonance cavity that
can function as a bandpass filter.

FIG. 3 is a diagram showing a MS-PD/APD having
multiple wavelength selective elements, according to some
embodiments. In this case, multiple wavelength selective
elements 320 and 322 are fabricated and integrated into
MS-PD/APD 130. Wavelength selective elements 320 and
322 can be a dual high contrast grating that function as a
bandpass filter. According to some embodiments, if a volt-
age is applied to one wavelength selective element with
respect to the other, a tunable bandpass filter can be fabri-
cated.

FIGS. 4A-D are plots showing various bandpass filter
characteristics, according to some embodiments. The plots
in FIGS. 4A, 4B, 4C and 4D have center wavelengths at 820,
830, 840 and 850 nm, respectively where “R” is the reflec-
tivity. At the center wavelength with a bandwidth of 10 nm
for example, the reflectivity is practically nil and most of the
light is transmitted, while outside the bandwidth, the reflec-
tivity is almost 100% and transmission is practically nil.

FIG. 5 is a diagram showing a coarse wavelength division
multiplexing (CWDM) configuration, according to some
embodiments. In this case, four wavelengths propagate
within a transmission medium, such as a multimode optical
fiber with center wavelengths of 820, 830,840 and 850 nm
each with a modulated data rate of 25 Gb/s for an aggregated
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data rate of 100 Gb/s. The optical bands are separated by the
bandpass filter on the MS-PD/APDs 530, 532, 534 and 536
by reflecting off each wavelength selective MS-PD/APD.
After each reflection, the light is reflected to the next
wavelength selective MS-PD/APD via reflector 550 and so
on, until all the optical bands are absorbed by the designated
MS-PD/APD. Each center wavelength carries a data chan-
nel, for example 820 nm carries data channel 1 at a data rate
of 25 Gb/s and the MS-PD 530 with bandpass filter at 820
nm separates the 820 nm signal from the rest of the optical
signals and generates restored Data Channel 1 for further
signal processing by an integrated CMOS ASIC (not
shown).

According to some embodiments, the MS-PD/APD epi-
taxial layer thickness is compatible with the epitaxial layer
thickness and structure of CMOS (Complementary metal-
oxide-semiconductor) processes and therefore can be inte-
grated with a CMOS ASIC. In contrast, a conventional
silicon photodiode at 850 nm with a data rate of 1.25 Gb/s
has an epitaxial layer greater than 10 um thickness and a
53% quantum efficiency. Thus the relatively thick layers of
conventional silicon photodiodes are not easily compatible
with CMOS processing.

According to some embodiments, the light absorbing
layer can be non crystalline. In particular, it can be hydro-
genated amorphous Si (a-Si:H) deposited, for example, by
plasma enhanced chemical vapor deposition (PECVD) and/
or hot wire chemical vapor deposition (HWCVD). The layer
typically is the order of 0.3-3 um thickness. A voltage is
applied across the light absorbing region (or i region of a pin
photodiode structure) in reverse bias to sweep out the
photogenerated carriers to enable high efficiency and high
bandwidth for high speed data communication applications.
The layer on top of the non crystalline layer can be a
transparent or semitransparent conducting metal or conduct-
ing oxide such as indium tin oxide. The top layer can be a
thin layer of doped non crystalline material to form a pin
structure.

FIGS. 6A and 6B are diagrams showing some basic parts
of a microstructured photodiode, according to some embodi-
ments. FIG. 6 A shows material structure 600 prior to etching
a microstructure and FIG. 6B shows the MS-PD 660 after
etching. Note that according to some embodiments the
microstructures are holes 622, and in some other embodi-
ments the microstructures are pillars. In some other embodi-
ments the microstructures are a combination of holes and
pillars. The “Ia” layer 608 can be non-crystalline (e.g.
hydrogenated amorphous Si (a-Si:H)) grown on crystalline
or non-crystalline N layer. The P layer 610 can be non-
crystalline and highly doped P or a conductive oxide or
metal. The N layer 606 can also be a metal or conductive
oxide. A bias is applied between the P and N layers using
ohmic contacts 628 and 630 to create a high field in the I
layer 608 that sweeps out the photogenerated carriers. The
substrate 602 can be non-crystalline and/or dielectric such as
quartz, glass, ceramic and/or conductor such as metal,
silicide, conductive polymer for example. According to
some embodiments, the “Ia” also known as “i”” layer 608 can
have a thickness range of 0.3 to 3 micrometers.

FIGS. 7A and 7B are diagrams showing some basic parts
of a bottom illuminated photodiode, according to some
embodiments. FIG. 7A shows material structure 700 prior to
etching microstructure and FIG. 7B shows bottom illumi-
nated MS-PD 760 after etching microstructures (such as
holes 722). For a bottom illuminated PD/APD, the “Ia” or
“I” region 708 can be non-crystalline such as a-Si:H and the
“N” layer 710 can also be non-crystalline whereas the “P”
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layer 706 can either be crystalline or non-crystalline on
BOX/SOI 704 and crystalline or non-crystalline substrate
702. However to minimize optical losses, it is desirable that
the substrate 702 and the P layer 706 are crystalline since it
is less absorbing than amorphous silicon at wavelengths
from 800 to 1100 nm range. For a “double or multiple
bounce” PD/APD the absorption region “la” layer 708 can
have a thickness range of 0.2 to 2 micrometers since the
optical signal will reflect off the N metal contact 726 and
back into the “Ia” absorbing layer 708. The “Ia” layer 708
thickness can be reduced and therefore reduce the transit
time and increase the bandwidth of the photodiode or
avalanche photodiode.

FIGS. 8A and 8B are diagrams showing some basic parts
of an MS-APD structure, according to some embodiments.
FIG. 8A shows material structure 800 prior to etching a
microstructure and FIG. 8B shows MS-APD 860 after
etching. The “Ia” region 808 for light absorption can be
crystalline or non-crystalline such as a-Si:H. A crystalline
avalanche gain region of PIN silicon (820, 818 and 806) is
grown on silicon substrate or a BOX/SOI (buried oxide/
silicon on insulator) substrate 802. The Pa top layer 810 can
be crystalline or non-crystalline. A transparent metal oxide
layer 826 can be provided to form an ohmic contact with P
Si layer 810 and or to reduce the sheet resistance. Note that
the optical signal can come straight on (perpendicular) to the
upper surface or it can come from an angle, as shown by the
photon arrows. The microstructures 822 can be holes, pillars
or a combination of the two. Shown in FIG. 8B is a top
illuminated APD 860, however according to some embodi-
ments, using BOX/SOI the bulk of the substrate can be
removed and the APD can be illuminated from the bottom at
wavelength ranges of 800-1100 nm. A reverse bias is applied
between P ohmic and bond metal 828 through the P layer
810 and N ohmic and bond metal 830 through N substrate
806. The reverse bias both sweeps out the photogenerated
carriers and provides electronic gain. Typical bias voltages
for PD are 1 to 10 volts reverse bias and for APD the range
is 5 to 50 volts reverse bias approximately. As in all PIN,
PIPIN devices described herein, the P and N can be inter-
changed for example PIN can be NIP and PIPIN can be
NINIP for photodiodes and avalanche photodiodes. The
anode or p layer is biased negatively with respect to the
cathode N layer.

FIGS. 9A and 9B are diagrams showing aspects of a
selective area growth (SAG) APD structure before and after
SAG of III-V or Ge material, according to some embodi-
ments. FIG. 9A shows a Si APD structure with etched holes
922 (or the area around pillars). Selective area growth
(SAG) epitaxial growth of III-V material or Ge can be
performed, as shown in FIG. 9B where Pa layer 910 and Ila
layer 908 can be non-crystalline such as a-Si:H or it can be
crystalline silicon. In particular, the 1 area 934 of the
microstructures can be InGaAs or Ge, and the P area 932 can
be InGaAs. According to some embodiments, starting with
a PD structure, with the avalanche gain layers (P layer 920
and I layer 918) removed, a SAG PD with InGaAs or Ge can
be fabricated. Other materials may also be used in SAG such
as GaN, ZnSe, InP, GaAs. According to some embodiments,
other amorphous semiconductors may also be used such as
amorphous Ge. According to some embodiments, amor-
phous silicon can be used due to its higher absorption
coeflicient than crystalline silicon of photons with energies
above the indirect bandgap.

FIG. 10 is a diagram showing a simplified microstruc-
tured silicon photodiode with PIN epitaxial layers, accord-
ing to some embodiments. Holes 1022 are etched to the
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buried oxide layer (BOX) 1004 which can be 0.2 to 10
micrometers thick. This structure 1060 offers a high contrast
in refractive index between the silicon and the silicon
dioxide that can result in absorption enhancement. The I
layer 1008 can be in the range of 0.5 to 5 micrometers in
thickness and the P layer 1010 and N layer 1006 can be in
the range of 0.1 to 5 micrometers in thickness. The enhance
absorption can be greater than 50% in the wavelength region
of 800 to 900 nm or more. The enhanced absorption can be
optimized for certain wavelength ranges of the optical
signal, which is generated by directly modulating a laser
such as a vertical cavity surface emitting laser or indirectly
modulation where an optical modulator modulate the laser
light. The modulated laser light at Gb/s rate is the optical
signal. The optical signal impinges onto the microstructured
photodiode 1060 either at normal incidence or at an angle to
normal incidence. Reverse bias is applied between the P
ohmic contact, anode 1028 and N ohmic contact cathode
1030 for high speed operation of the microstructured pho-
todiode 1060. Not shown is a passivation layer on the silicon
surfaces of 10 to 100 nm thickness for example grown by
wet (steam) or dry oxidation of Si, atomic layer deposition
of silicon dioxide, chemical vapor deposition, in order to
reduce dangling bonds that results in surface recombination.

FIG. 11 is a diagram showing a simplified microstructured
silicon photodiode with PIN epitaxial layers, according to
some embodiments. MS-PD 1160 is identical to MS-PD
1060 except that the microstructured holes 1122 are not
etched fully through to the BOX layer 1004. According to
some embodiments, 0.01 to 2 micrometers of N layer 1006
can be left.

FIGS. 12A-C show aspects of a simulation using finite
difference time domain (FDTD) of Maxwell propagation
equations method of a particular microstructured hole pat-
tern, according to some embodiments. FIG. 12A shows a
hexagonal hole pattern with center to center spacing of the
holes of 495 nm in the x direction and 860 nm in the y
direction. As shown in FIG. 12B, the holes are completely
etched through to a depth of 2 micrometers with hole
diameter of 385 nm on top and 430 nm on bottom. FIG. 12C
is a plot showing results of the simulation that used a finite
difference time domain technique. Curves 1210, 1212 and
1214 show absorption, reflectance and transmittance,
respectively. It can be seen that with a thickness of 2
micrometers of silicon, more than 60 percent of the light
with wavelength range from 805 to 830 nm can be absorbed
in this particular example. By varying the hole diameter,
spacing and depth of etch, the absorption can be optimized
for particular wavelengths of the optical signal. According to
some embodiments, hole diameters can be varied from 200
to 1800 nm, spacing can vary from 200 to 3500 nm, and
depths can vary from 0.1 to 20 micrometers.

FIG. 13 is a diagram showing an epitaxial layer structure
for a high contrast microstructured photodiode (PD) with a
P-I-N doping, according to some embodiments. Starting
with a BOX (buried oxide) 1304 in Si 1302 where the oxide
layer thickness range from 0.1 to 10 microns or more, a thin
Ge buffer layer 1370 can be grown on top of the N Si 1302.
With or without the Ge buffer layer 1370, subsequent N, I,
P layers 1306, 1308 and 1310 can be Ge and/or III-V
material family such as InGaAs, InP, InGaAsP, GaAs,
AlGaAs, GaN, InGaN, AlGaN. If the N, I, P layers 1306,
1308 and 1310 are Si, then the Ge buffer layer 1370 may be
omitted. For high speed operation of the PD, the N layer
1306 can range from 0.1 to 5 microns, the I layer 1308 can
range in thickness from 0.2 to 3 microns, and the P layer
1310 can range from 0.1 to 2 microns. The final layer, in this
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example, the P layer 1310 can be a combination of layers,
such as a P layer with InP with a capping of a thin InGaAs.

FIG. 14 is a diagram showing an epitaxial layer structure
for a high contrast microstructured photodiode (PD) with a
P-I-N doping, according to some embodiments. The PIN
heterogeneous structure is similar to that of FIG. 13 except
that Ge buffer layer 1470 can be at the interface of I layer
1408 and N layer 1406, or thereabout, where I layer 1408
and P layer 1410 can be Ge and/or I1I-V material family. The
advantage of this structure example is that for photon
energies less than the bandgap of Si, less electron hole pairs
are generated in the N layer 1406 where the photogenerated
carriers can diffuse to the high field region in the I layer
1408, resulting in a slow component in the high speed
response of the PD. The Ge buffer layer may also not be
necessary for the heterogeneous growth.

FIG. 15 is a diagram showing an epitaxial layer structure
for a high contrast microstructured photodiode (PD) with a
P-I-N doping, according to some embodiments. The PIN
heterogeneous structure is similar to that of FIGS. 13 and 14
except that only the I region 1508 is a lower bandgap
material, such as Ge and/or III-V material family such as
InGaAs, InSb, InGaAsP, InAs. Both the P layer 1510 and N
layer 1506 are made of a higher bandgap material. Accord-
ing to some embodiments, the P layer 1510 and N layer 1506
have bandgap energies higher than the photon energy and
the I layer 1508 has a bandgap energy that is lower or equal
to the photon energy. For example, the N layer 1506 can be
Si, the I layer 1508 can be InGaAs and/or Ge, and the P layer
1510 can be Si and/or InP. The Ge buffer layer may or may
not be necessary for the heterogenous growth. The advan-
tage of having higher bandgap material in the P and N region
is to minimize photocarriers generated in those regions.
Photocarriers generated in the P and N regions can diffuse to
the high field region, resulting in a relatively slow compo-
nent in the response of the photodiode to short optical
pulses. Reducing the photocarriers generated in the P and N
regions thus reduce the “tail effect”—the fall time of the
electrical pulse output of the PD in response to an optical
input pulse or set of pulses as in a bit stream for transmitting
data optically. High doping of the P and N region also
reduces the minority carrier lifetime such that photocarriers
generated in these regions can recombine before diffusing to
the high field “I” region.

FIG. 16 is a diagram showing some aspects of fabrication
of a high contrast microstructured photodiode (PD), accord-
ing to some embodiments. The example structure depicted in
FIG. 13 is shown with holes 1622 etched through the PIN
layers 1310, 1308 and 1306 all the way to the oxide layer
1304 buried in silicon layer 1302. Dry and/or wet etch can
be used, a passivation layer can be added to the exposed
surfaces by atomic layer deposition. In this example, the Ge
buffer layer 1370 is at the interface of N layer 1306 and Si
layer 1302. According to some embodiments, similar fabri-
cation methods are used for the structures shown in FIGS. 14
and 15.

FIGS. 17A-D are diagrams showing examples of the hole
arrangements, spacing, size, and passivation layers, accord-
ing to some embodiments. FIG. 17A shows a hexagonal
layout with a spacing of 280 nm and a passivation layer
thickness of 50 nm. FIG. 17B shows a square layout. FIGS.
17C and 17D show tapered and vertical hole profiles,
respectively. The examples shown are for Silicon, but with
small modification of the dimensions, the techniques are
also applicable to Ge and the I1I-V material family. The hole
can have circular cross sections or according to some
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embodiments, other shapes such as oval, rectangular, for
example can be implemented.

FIG. 18 is a diagram showing some further aspects of
fabrication of a high contrast microstructured photodiode
(PD), according to some embodiments. The example struc-
ture depicted in FIGS. 13 and 16 is shown after the micro-
structured holes 1622 are etched, and the P ohmic contact
layer 1828 is deposited and annealed.

FIG. 19 is a diagram showing some further aspects of
fabrication of a high contrast microstructured photodiode
(PD), according to some embodiments. The example struc-
ture depicted in FIGS. 13, 16 and 18 is shown. After P ohmic
metal 1828 is deposited and annealed, a mesa can be etched,
removing material 1972, to define the capacitance of the PD.
The diameter of the mesa can range from 5 microns to over
100 microns depending on the RC time that is desired for the
PD. Passivation of the exposed P, I and N regions is
performed to minimize leakage current due to dangling
bonds for example. According to some embodiments, ion
implantation such as proton bombardment can also be used
in place of mesa etching to define the capacitance of the PIN
structure by generating an electrically semi-insulating or
insulating region.

FIG. 20 is a diagram showing some further aspects of
fabrication of a high contrast microstructured photodiode
(PD), according to some embodiments. The example struc-
tures depicted in FIGS. 13, 16, 18 and 19 are shown. After
the mesa etch, a ring or partial ring-shaped N ohmic contact
2030 is formed on the N layer 1306. Additional processing
steps to complete the PD are not shown, such as forming an
insulating layer from a material such as polyimide so that a
bridging path is formed for connecting metallization from
the P ohmic contact 1828 to a bond pad (also not shown) for
applying an electrical bias to the P region 1310. Also,
connecting metal between the N ohmic contact 2030 and an
N bond pad is not shown for simplicity. A reverse electrical
bias is applied to the P and N ohmic contacts 1828 and 2030
to create a high field in the I layer 1308. According to some
embodiments, voltages of negative 1 to negative 10 volts can
be applied.

FIG. 21 is a diagram showing some aspects of a lossy high
contrast microstructured photodiode (PD), according to
some embodiments. FIG. 21 shows a microstructured PD
with the light transiting twice in the absorbing layer 1308.
This is achieved by removing a portion 2174 of the Si
substrate 1302 to the oxide layer 1304 and coating the oxide
with a metallic reflector 2176, such as Au, Ag, Al, or Cu.
According to some embodiments, a Bragg reflector can be
configured for either broadband or wavelength selectivity.
According to some embodiments, a Bragg layer can also be
included on the upper surface of P layer 1310 to further
provide wavelength selectivity especially for use in coarse
wavelength division multiplexing, or wavelength division
multiplexing.

FIGS. 22A and 22B show aspects of a simulation using
FDTD method of a particular microstructured PD, according
to some embodiments. FIG. 22B is a plot showing results of
a simulation of the absorption of the photons versus wave-
length of the photons for a double bounce structure as
depicted in FIG. 21. The following example thicknesses
were used in the simulation: oxide 1304 is 2 microns; P
silicon 1310 is 300 nm, I Si 1308 is 2 microns, and N silicon
1302 is 300 nm, the reflector 2176 is Au of 100 nm
thickness. A hexagonal microstructured hole is assumed as
shown in FIG. 22A. The holes are 600 nm center-to-center
hexagonal period, 480 nm hole diameter and 30 nm of SiO2
passivation as shown in FIG. 22A. These dimensions are just
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one example for the microstructured holes with the corre-
sponding simulation of its absorption characteristics versus
wavelength. The absorption was found to be significantly
higher than in the case of Si without microstructured holes,
as can be seen from curves 2210 (absorption) and 2212
(reflection) of FIG. 22B. In the vicinity of 850 nm wave-
length the absorption is better than 70% for example.

FIG. 23 is a diagram showing aspects of a high contrast
microstructured PD, according to some embodiments. The
lower structure is similar to the structure of FIG. 20: Si
substrate 2302, SiO2 layer 2304, and Si N layer 2306. A
lower Si I layer 2308 can also be provided. In this case, Ge
is used as an upper I layer 2309 and the P layer 2310. The
P layer 2310 can also be made of InP, which can be grown
on the Ge I layer 2309. The advantage of an InP P layer 2310
is that it is less absorbing at wavelengths from 0.9 to 2
micrometers. The P layer 2310 can also be made of GaAs
grown on Ge I layer 2309. Also shown are microstructure
holes 2322, P ohmic contact 2328 and N ohmic contact
2330. Note that light can impinge on the upper surface of P
layer 2310 and/or on the Si substrate surface 2302.

FIG. 24 is a diagram showing aspects of a heterogeneous
epitaxial microstructured PD, according to some embodi-
ments. In this case, the I region can be a composite of Si
(lower 1 layer 2408) and InGaAs (upper I layer 2409)
separated by Ge layer 2470. The P region 2410 is InP.
According to some embodiments, the I region can also be
entirely InGaAs grown on a thin layer of buffer Ge layer
2470. Also shown are Si substrate 2402, oxide layer 2404,
N layer 2408, microstructure holes 2422, P ohmic contact
2428 and N ohmic contact 2430. This is an example of a
high contrast Microstructured PD structure. It can also
incorporate a metal reflector as in FIG. 21 where the Si is
removed by etching below the PD to the oxide layer and Au,
Ag, Al or Cu metal layers can be deposited to reflect the light
back toward the 1 absorbing layer. Bragg reflectors can also
be used as described above. Light comes from the P layer
side in this example. Light can also come from the Si
substrate side, in which case, a reflector is placed on the P
layer surface for a double transit through the I layer. Advan-
tages of such arrangements includes keeping the I layer
thickness unchanged from that of a single pass, while the
absorption is greatly improved by transiting the absorption
region twice or more. By reducing the absorption region
thickness to, for example, half that of a single pass PD, the
speed of the PD increases since the transit time for the
photogenerated carriers have to traverse only half the dis-
tance of a single pass PD. High contrast microstructure
refers to the refractive index difference between the micro-
structure and the space or atmosphere at one surface inter-
face and the SiO2 and or the bulk semiconductor material at
another surface interface. Light interact with the microstruc-
tures in a complex manner of coupled eigen cells or reso-
nator cells where each hexagonal or square cell in the lattice
can be considered as an individual resonator that is coupled
to its adjacent cell or resonator in addition to linear and
nonlinear optical field enhancements that may occur. If there
are no or very little optical losses, the coupled resonator
structures can have a high Q (quality factor of a resonator)
or, in other words, light can bounce back and forth in the
microstructure over 10* to over 10° times before damping
out for example. However with optical loss such as due to
weak absorption, the Q may be low and light may bounce
back and forth in the microstructure less than 100 times, or
even less than 20-30 times. The microstructures in the
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PD/APD are low Q high contrast structures or lossy high
contrast structures with the Q of each cell coupled to
adjacent cells.

FIG. 25 shows a high contrast structure for an optical
emitter such as a light emitting diode (LED) or a vertical
surface emitting laser (VCSEL), according to some embodi-
ments. Optical emitter 2500 is a heterogeneous epitaxial
layer structure. Si layer 2506 is formed on Si substrate 2502
and BOX/SiO2 layer 2504. A buffer Ge layer 2570 can be
grown on Si layer 2506 followed layer 2510, which can be
InAs quantum dots 2572, cladded by GaAs and AlGaAs. In
addition, a simple Si PIN microstructure where the “1” layer
can be thin of approximately 1000 nm or less and where the
structure in forward bias, can be a photon emitter.

FIG. 26 shows, for example, the basic structure for a high
contrast 1.3 micron wavelength photo emitter (PE), accord-
ing to some embodiments. An active layer for 1.3 micron
wavelength emitter is formed using an InAs quantum dot
layer 2570 (shown in FIG. 25) or 2670 in FIG. 26, sand-
wiched by GaAs P layer 2604 and N layer 2606 which in
turn is sandwiched by AlGaAS P layer 2608 and N layer
2602, and a P GaAs capping layer 2610 as the final layer.
Typical thickness can be found in the literature. See, e.g. A
Y Liu, S Srinivasan, ] Norman, A C Gossard, ] E Bowers,
Quantum Dot Lasers For Silicon Photonics, Photonics
Research 3 (5), B1-B9 (2015), which is incorporated by
reference herein. In addition there can be multiple layers of
quantum dots and/or cladding layers. The microstructures
can be designed such that the standing wave peak is posi-
tioned at one or more of the QD layers to optimize the gain
and optical field overlap. For MS-PD/APD, the length of the
microstructure can also be such that at a particular wave-
length, an integer number of wavelengths is in a round trip
to optimize the absorption enhancement at that particular
wavelength for example. In addition a single microstructure
for example a single hole can also have enhancement of
absorption or emission for either PE or MS-PD/APD over
than of a similar structure without any microstructures.

FIG. 27 is a diagram showing some basic features of a
high contrast microstructured photo emitter (PE) structure
with etched holes, according to some embodiments. The
material structure is similar to that of PE 2500 shown in FIG.
25. Microstructure holes 2722 are etched into active layer
2510. Using P and N ohmic contacts 2728 and 2730, the
device 2700 is biased in a forward bias, P positive in respect
to N, to generate photons from the active layer 2510
comprising in this example of InAs quantum dots 2572 at a
wavelength of 1.3 microns. Other active layers, cladding
layers can be used to generate light at other wavelengths,
from visible to infrared. Depending on the wavelength of
light, light can be emitted from the top surface and/or the
bottom surface through the oxide layer 2504. The advantage
of a microstructured high contrast photon emitter is that the
photons interact with the active layer and/or the gain layer
in the case of a laser longer since the high contrast structure
can have very high Q, with Q ranging from 10° to over a
million since the structures have very little optical loss and
the quantum dots provide optical gain. The high contrast low
loss microstructured photo emitter can operate as a LED, as
a VCSEL and/or a laser and/or a super-radiant LED. The PE
is forward biased with the anode, 2728 is the P ohmic, or P
layer at a positive voltage with respect to the cathode, 2730
that is the N ohmic, or N layer.

FIG. 28 is a diagram showing some aspects of a PE
according some other embodiments. PE 2800 is similar to
PE 2700 shown in FIG. 27 except that a portion 2874 of the
substrate 2502 is removed underneath the light emitting
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region to the oxide layer 2504. A reflector, metal and/or
Bragg such as distributed Bragg reflector (DBR) 2876 is
formed on the oxide layer to reflect light generated in the
active layer back toward the P layer 2510 surface. According
to some embodiments, device 2800 operates in an LED
mode and/or in a laser mode.

FIG. 29 is a diagram showing some aspects of a PE,
according to some embodiments. PE 2900 is similar to PE
2800 of FIG. 28, except that in includes a reflector 2928,
which can be metal and also can act as a P ohmic contact,
if desired. According to some embodiments, a separate P
ohmic can be provided. The reflector 2928 also can be a
distributed Bragg reflector and/or partially metal and par-
tially DBR. Light is emitted from the lower surface of oxide
layer 2504 and through the substrate 2502 where a portion
2874 has been removed. The photo emitter 2900 can operate
in LED and/or a laser mode such as VCSEL mode. Accord-
ing to some embodiments, the photo emitter 2900 can
operate in an edge mode, where light is emitted in the plane
of the active layer rather than perpendicular to it, with or
without mirrors such as DBR or metal along the emitting
edges.

FIG. 30 is a diagram showing some aspects of a PE,
according to some other embodiments. PE 3000 is similar to
PE 2900 of FIG. 29, but is configured as a VCSEL (vertical
cavity surface emitting laser). PE 3000 is heterogeneous
epitaxially grown on Si with high contrast microstructured
holes (or pillars). Note that only the very basic components
are shown for simplicity. The high contrast structure can be
sandwiched by reflectors 2928 and 3076. The P layer 2510
can be a DBR grown by semiconductor epitaxy and fol-
lowed by P ohmic metallization layer 2928. According to
some embodiments, the DBR can be formed from conduc-
tive oxides or non-conducting oxides, with either the P metal
on the DBR and/or on the side as in FIG. 28. The mirror
3076 on the bottom side of oxide layer 2504 can be metal
and/or DBR of dielectric layers of different refractive index.
Light output as shown is from the bottom, but can also be
from the top.

FIG. 31 is a diagram showing some aspects of a Simple
PIN photodiode structure, according to some embodiments.
To minimize diffusion current due to photocarriers generated
in the regions outside the high field region, the “I” layer
3108, the P and N layers 3110 and 3106 are highly doped
and/or doped degenerately to reduce minority carrier life-
time. N and P doping can range from 1x10® to 8x10*'/cm?
or more. I layer 3108 is not intentionally doped and can be
less than 5x10"%/cm?®. Also shown is an oxide layer 3104 and
a Si substrate 3102. As in earlier examples, with or without
the addition of a Ge buffer layer, Ge and/or III-V materials
can be grown and the P and N layers can also be highly
doped and/or doped degenerately. The doping need not be
uniform and can have a gradation, for example where the
doping is reduced in the P or N layer near the “I” layer
interface to minimize diffusion of dopants into the “I”” layer
during epitaxial growth.

By reducing minority carrier lifetime in the P and N
layers, photogenerated carriers in these layers can recom-
bine before diffusing and/or drifting into the high field “I”
where the electrons and/or holes can contribute to a photo-
current that can result in a degradation of the photodiode
modulated frequency response. Therefore, it is beneficial to
minimize photocurrent contributions due to carriers gener-
ated outside the high field region.

Other methods of reducing minority carrier lifetime
include introducing defects, such as via ion implantation
partially and/or entirely in the P and/or N regions. The
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introduced ions can be inert ions, and/or active ions with
partial, full or no thermal annealing. In addition, the micro-
structured holes (and/or pillars) can be with or without
partial passivation, such that the surface states in the low
field regions of N and P layers can act as carrier sinks
whereas in the high field regions of the “I” layer, the carriers
are swept out rapidly. Passivation can also be selective, on
the “I” layer predominately.

FIG. 32 is a diagram showing aspects of MS-PD fabri-
cation, according to some embodiments. The starting mate-
rial structure can be such as depicted in structure 3100 of
FIG. 31. A simple NIP (N and P can be interchanged for a
PIN) microstructured photodiode is shown where holes 3222
are etched to the top of P layer 3106. The purpose is to
passivate the N and “I” layer walls, and not passivate the P
layer walls to thereby reduce the lifetime of minority carriers
in the P layers that are generated by the light with wave-
lengths from 780 to 980 nm for example. Surface states on
the un-passivated P walls can act as a potential sink for
minority carriers where they are recombined.

FIG. 33 is a diagram showing aspects of MS-PD fabri-
cation, according to some embodiments. Passivation of the
side walls of the holes 3222 of the N and “I” layers is shown
resulting in passivation layer 3324. The passivation can be
carried out using thermal oxidation and/or atomic layer
deposition of SiO2. Thermal oxides 3324 of 5-50 nm thick
can be grown on the side walls for example. Other thick-
nesses can also be grown. After thermal oxidation, etching
the holes can be continued to etch through the P layer 3106
to the SiO2 layer 3104, for example. Not all processing steps
are shown, for example, the N layer can be protected by
thermal oxide, not shown, during the continuation of the
hole etch.

FIG. 34 is a diagram showing aspects of MS-PD fabri-
cation, according to some embodiments. After passivation,
the holes 3222 are further etched as shown by area 3422.
Note that the N and P layers can be interchanged so that
instead of the NIP structure as shown in this example it can
also be a PIN structure. The holes 3222 can be etched to the
SiO2 layer 3104 and/or they can be etched only partially
through the P layer 3106 so that a thin P layer remains. The
sides of the holes 3222 within the P layer 3106 are not
passivated in this example to allow the surface states to pull
any minority carriers generated by the light toward its
potential sink and result in recombination. According to
some embodiments, the P layer 3106 can also be passivated
and/or partially passivated. Since layer 3106 can also be
heavily doped, the minority carrier lifetime may be in the 10
s of picosecond or less.

FIG. 35 is a diagram showing aspects of a MS-PD,
according to some embodiments. The microstructured NIP
photodiode 3560 has microstructure holes 3222 with passi-
vated sidewalls of the N and “I” layers, but not passivated
sidewalls of the P layer. Ohmic contacts 3528 and 3530 to
the N and P layers respectively are added to provide a
reverse bias for high-speed operation of the photodiode
3560. Light impinging on the N side of the photodiode is
either normal and/or off normal to the N layer plane.

FIG. 36 is a diagram showing aspects of a MS-PD,
according to some embodiments. The microstructured hole
photodiode 3660 has Si NIP layers where passivation is
partially on the sidewalls similar to PD 3560 shown in FIG.
35. With PD 3660, however, light comes in via an optical
fiber 3680 from the Si substrate side where a via 3672 is
etched to allow a self-aligning process where the fiber 3680
with or without a lens 3682 is guided along the via 3672 to
the correct position for optimal coupling of light into the
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microstructured photodiode 3660. A dielectric layer 3676 of
0.1-10 micrometer thickness approximately can be posi-
tioned on the N layer 3110 over the holes 3222. On top of
the dielectric layer 3676 can be a metal reflector 3678 such
as Ag or Au (or any other suitable metal or alloy, such as Al,
Ni, Cr, for example) and/or a dielectric stack such as a Bragg
Reflector (BR), to reflect the light back toward the absorbing
“I” layer 3108. An anti-reflective coating 3674 can also be
provided. Also as in earlier examples, Ge and/or III-V
materials can also be grown with or without the addition of
a Ge buffer layer.

FIG. 37 is a diagram showing a technique to reduce
minority carrier lifetime, according to some embodiments.
In this case, surface and bulk recombination is used rather
than passivating or partial passivating hole surfaces. A high
doping of greater than 10°°/cm? can reduce the diffusion
length to less than 0.1 micrometer (Auger recombination)
for example. In addition, ion implantation is used to intro-
duce defects 3770 and 3772 in layers 3710 and 3706. The
defects in the semiconductor can also cause reduced life-
times via the Shockley-Read-Hall recombination process.
Tons such as Xe, Bi, Ti, Cr, Ar, N, to name a few can be
implanted into the N and/or P layers. Contrary to known
structures where long minority carrier lifetimes are desirable
for device operation, the described techniques introduce
defects either by epitaxial growth and/or ion implantation of
metal, non-metal and inert ions to increase the recombina-
tion rate due to Shockley-Read-Hall effects. Deep and/or
shallow traps can be created due to the defects that can result
in short lifetimes of the minority carriers. The short lifetime
of minority carriers is desirable in the P and N regions to
minimize the contribution of diffusion currents that find their
way to the high field region “I” layer that can contribute to
the photocurrent. These “slow” diffusion currents that dif-
fuse and/or drift into the “I” region can cause degradation of
the time response of the photodiode by contributing a slow
component to the photocurrent-time response characteristic
of the photodiode.

FIGS. 38A-38C describe various parameters for micro-
structured photodiodes that were simulated. FIG. 38 A shows
a hexagonal hole pattern having a distance “d” between the
hole centers. FIG. 38B shows a square hole pattern having
distance “d” between the hole centers. FIG. 38C is a table of
parameters used for the simulation using FDTD method. It
was found that absorption of greater than 90% can be
accomplished with a 2 micrometer thick silicon layer on
Si02 layer of 2-2.5 micrometers thick, with holes ranging
from 1300 to 1500 nm in diameter and with a period of 2000
nm in a hexagonal lattice of holes for wavelengths of the
optical signal ranging from 850 to 950 nm and to 980 nm for
example. In addition, wavelengths can range from 750-1000
nm. Hole diameters can be subwavelength to greater than a
wavelength of the incident optical signal, ranging from 100
to 3000 nm in diameter. Thickness of the Si absorbing layer
can range from 0.3 to 10 micrometers. The SiO2 layer can
range from 0.2 to 10 micrometers. According to some
embodiments, a mixture of hole diameters can also be used
to optimize the absorption of the incident photons.

FIG. 39 is a graph plotting simulation results of micro-
structured hole photodiodes using FDTD for absorption
verses wavelength. The photodiode absorption “I” layer was
2 micrometers thick, with hole diameters ranging from 1000
to 1500 nm. Incident energy wavelengths ranged from 850
to 950 nm. Three curves 3910, 3912 and 3914 plot the
absorption for hole diameters of 1000 nm, 1300 nm and
1500 nm respectively. The simulations show that with hole
diameter of 1500 nm, greater than 90% absorption is
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achieved over a wavelength range of 850-870 nm and with
a hole diameter of 1300 nm, absorption of greater than 80%
can be achieved over a wavelength range of 875 to 950 nm
with a hexagonal lattice of holes with a period of 2000 nm.
The 2 micrometer Si is on top of a 2-2.5 micrometer SiO,
layer. As can be seen, having a hole diameter larger than the
incident wavelength can be used to enhance the absorption
over that of a conventional silicon layer without any fea-
tures.

FIG. 40 is a diagram showing a microstructured ava-
lanche photodiode (APD) with a P-I-P-I-N epitaxial struc-
ture, according to some embodiments. In the case of FIG. 40
all the layers of APD 4060 are silicon for optical commu-
nication wavelength ranging from 780 to 1000 nm for
example. The APD 4060 can also operate in the visible
wavelength range. Data rates can range from 100 Mb/s to 50
Gb/s or more. A reverse bias voltage is applied between the
P and N ohmic contacts 4028 and 4030 with voltage range
of -4 to -50 volts. Avalanche microstructured photodiode
4060 can have the following doping and thicknesses: P layer
4010, doping >1x10"%/cm?, thickness 0.1-1.0 um; I layer
4008, doping <1x10'%cm?, thickness 0.5-3 um; P layer
4020, doping 1-3x10'7/cm>, thickness 0.1-0.5 pm; I layer
4018, doping <1x10'%/cm?, thickness 0.3-1 um; and N layer
4006, doping >1x10'/cm?, thickness 0.5-3 um for example.
According to some embodiments, the top two layers 4010
and 4008 can also be Ge instead of Si. The holes 4022 can
be etched partially through the APD layers or completely to
the SiO, layer 4004 as shown in FIG. 40.

As in the case of microstructured photodiodes, for APDs
the optical signal can impinge from the front side (epitaxial
layer side) or the backside (substrate side). Additionally,
with a via in the substrate, a reflector can be deposited on the
SiO2 resulting in a double or multiple bounce of the optical
signal within the APD structure. According to some embodi-
ments, the P and N can be interchanged resulting in a
N-I-N-I-P microstructured APD.

FIG. 41 is a diagram showing a microstructured ava-
lanche photodiode (APD) with a P-I-P-I-N epitaxial struc-
ture, according to some other embodiments. The APD 4160
is identical to APD 4060 depicted in FIG. 40, except that the
holes 4122 (or pillars) are partially etched. In the example
shown in FIG. 41, the holes 4122 are partially etched into the
P layer 4020 and/or stop at the P layer 4020. According to
some other embodiments, the holes 4122 can be partially
etched into the I absorption layer 4008.

FIG. 42 is a diagram showing a microstructured APD with
a Ge absorption layer and Ge P capping layer, according to
some embodiments. The APD 4260 is similar or identical to
APD 4060 depicted in FIG. 40 except that the two upper
layers, 4210 and 4208 are Ge instead of Si. The APD 4260
can have the same doping and thicknesses ranges as
described above for APD 4060 except that the P Ge layer
4210 can have a doping level greater than 1 10*°/cm?. After
the epitaxial growth of the APD structure P(Ge)-1(Ge)-P
(S1)-1(S1)-N(Si) on a buried oxide (BOX) silicon substrate,
the microstructures are then etched. The microstructures can
be holes, pillars or a combination of the two. The etching can
be made to the SiO2 layer or it can also be etched partially
to a depth before reaching the SiO2 layer 4004, for example
the holes can be etched to or into the P Si layer 4020. The
Ge absorption layer 4208 with microstructures is expected to
allow the optical signal to operate with wavelengths from
780 to 2000 nm at data rates from 100 Mb/s to 50 Gb/s or
more. The optical signal can impinge from the top surface
(epitaxial surface) or the bottom surface (substrate surface).
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With a via and a reflector deposited on the SiO2, the optical
signal impinging from the top surface can be reflected back
to the absorption I (Ge) layer 4208 for a second time and/or
multiple times. Since there are optical refractive index
differences between the Si, Air and Ge, standing waves can
be established and the thickness of the structure can be
optimized to have the absorbing layer at the peak intensity
of a standing wave(s) also known as stationary waves or
eigen modes. In addition, at wavelengths where Si is trans-
parent, a microlens can be etched into the Si substrate to
assist in coupling of the optical signal into the APD from the
bottom surface. SiO2 and a reflector can also be placed on
the P (Ge) 4210 surface to reflect the optical signal that
impinges from the bottom back to the absorbing 1 (Ge) layer
4208. Reverse bias voltages are applied between the P and
N ohmic contacts 4028 and 4030 ranging from -4 to —-50
volts.

FIGS. 43A through 43D show polarization sensitivity of
the microstructured photodiode and APD, according to some
embodiments. FIG. 43A shows the geometry used for the
simulation. The holes are symmetric in size and period; the
electric field polarization of the optical signal either along B
or A shows less than 5% difference in the absorption
characteristic of the MS-PD/APD. Absorption is equal to the
incident light minus the transmission and reflection of the
light, and the quantum efficiency is directly proportional to
the absorption. In cases where the dimensions of the hole
dimensions “a” and “b” are not the same, the MS-PD/APD
shows polarization sensitivity. In FIG. 43B, curve 4310 plots
absorption vs wavelength where the “a” and “b” dimensions
are both equal to 1000 nm. The absorption characteristic
show less than 5% difference. FIG. 43C shows results for the
case where a=1300 nm and b=870 nm. The curves 4320 and
4322 show that the difference in absorption value with
polarization along A or B can be seen by as much as 2 times.
FIG. 43D shows results for the case where a=1500 nm and
b=650 nm. The curves 4330 and 4332 show that absorption
differences due to polarization orientation can also be as
much as 2 times. With further dimensional changes in both
“a”, “b”, A and B, absorption differences due to polarization
orientation can be 10 to 100 times different, or more. Both
polarization “insensitive” (with absorption changes due to
polarization orientation less than 5%) and polarization sen-
sitive (with absorption changes to polarization orientation of
10 or more times) photodiodes and APD are useful. In cases
where signals are not polarization multiplexed, for example
where using the same wavelength, two channels can be
transmitted, one with one polarization and another that is
orthogonal to the first channel. For example, each channel
can transmit at 25 Gb/s at a particular polarization at the
same wavelength. At the receiver end, polarization sensitive
photodetectors are used to demultiplex the signal. The
aggregated data rate is 50 Gb/s at a wavelength of 850 nm.
In direct modulation of a laser, the spectrum of the laser is
always wider than, for example, a laser that is operating in
CW mode. The spectrum can be broadened by as much as a
few nanometers (e.g. 3 nm). Therefore at 850 nm, if the laser
is directly modulated, the center frequency can be at 850 nm
with a broadening of as much as 1.5 w nm approximately,
plus or minus. In vertical cavity surface emitting lasers,
lateral modes can contribute significantly to a wider spec-
trum due to multiple lateral modes. In multimode systems,
this is desirable as it reduces mode selective losses.

FIG. 44 shows a MS-PD/APD that is integrated with a
transimpedance amplifier and/or another ASIC (application
specific integrated circuits) for data processing and/or rout-
ing, according to some embodiments. The process can be
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CMOS and/or BiCMOS. MS-PD/APD 4420 is shown elec-
trically connected to electronics 4430 (e.g. transimpedance
amplifier (TTA) and/or another ASICs) via electrical leads
4422. The components are all integrated onto a single silicon
substrate 4410. One advantage for integrating the micro-
structured PD/APD with IC electronics is a reduction of
packaging costs, where instead of two or more individual
devices, a single chip is used which may also be placed
directly on a circuit board without the use of a multichip
ceramic carrier. Another advantage of integrating the MS-
PD/APD with electronics on a single chip is potentially
lower capacitance, due to the omission of relatively large
bond pads connected to the ohmic contacts. Operating
wavelengths range from 800-990 nm for all silicon micro-
structured PD/APD. Operating wavelength can be extended
to 1800 nm with the addition of Ge microstructured absorb-
ing layer. Operating at data rates of 10, 28, 56 Gb/s can be
achieved singly or in an array. The data rate can also be 1,
5, 20, 25, 30, 40 Gb/s depending on the protocol and link
applications. Typically high data rates over multimode fiber
and/or fibers are used at distances from under 1 meter to a
length of over 100 meters. Multiple fibers and array of
microstructured PD/APD (MS-PD/APD) can be utilized to
give an aggregated data rate of 100 to over 400 Gb/s. For
example a 10 fiber channel with each fiber operating at 10
Gb/s with a 10 MS-PD/APD array integrated with IC
electronics such as transimpedance amplifiers (TIA) and/or
other signal processing/routing IC electronics on a single
silicon chip can have an aggregated data rate of 100 Gb/s. If
each channel is at 56 Gb/s, the 10 channel can have an
aggregated data rate of over 500 Gb/s.

FIG. 45 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
another signal processing IC on a single silicon chip, accord-
ing to some embodiments. According to some embodiments,
the TIA and/or other signal processing integrated circuits
4530 are fabricated using CMOS and/or BiCMOS pro-
cesses. Solder bumps 4512 and 4514 and/or similar bump
technologies are used to attach the chip 4510 to a PCB
(printed circuit board) 4550. According to some embodi-
ments, some or all of solder bumps 4512 are used to make
electrical connections between chip 4510 and PCB 4550,
while solder bumps 4514 are used for physical mounting
and/or stabilization only since electrical connection directly
between MS-PD/APD 4520 and PCB 4550 may be unnec-
essary. According to some embodiments, chip 4510 is
attached to another chip or multichip carrier instead of PCB
4550. Packaging the chip 4510 directly onto PCB 4550
reduces the cost of packaging by as much as 80% over
known prior art packaging where the PD and IC electronics
are first mounted on a multichip ceramic carrier prior to
placing the carrier on a PCB. In addition, an integrated
optical lens 4522 can be fabricated on the silicon chip 4510
to focus the light to the MS-PD/APD 4520 from the optical
fiber 4524. Note that in this arrangement, light signal enters
from the substrate side of MS-PD/APD 4520. The integrated
lens 4522 on Si can be used in the case where the operating
wavelength is greater than 1100 nm (e.g. 1100 nm to 1800
nm) where Ge microstructures can be used for absorption of
the incoming optical signal.

FIG. 46 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
another signal processing IC on a single silicon chip, accord-
ing to some other embodiments. The chip and mounting
techniques are similar or identical to those depicted in and
described with respect to FIG. 45. In this case, chip 4510
includes a via 4626 where most or all the silicon in the
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optical path to the MS-PD/APD 4520 is removed. An
integrated dielectric lens 4622 is provided to collect the light
and direct it on the MS-PD/APD 4520. According to some
embodiments, a light pipe is used instead of lens 4622. The
sidewall of the via 4626 can be coated with dielectric and/or
metal to assist in the collection of light. Anti-reflection
coating can be provided on the lens 4622 to reduce any
reflection of the optical signal back into the optical fiber
4524. In addition, the fiber 4524 or chip 4510 can be tilted
to reduce any reflection back into the fiber 4524. The optical
fiber 4524 is used to bring the optical signal from a laser
source to the integrated PD/APD and IC electronic chip
4510 with data rates ranging from less than a Gb/s to greater
than 60 Gb/s. According to some embodiments, data rates of
approximately 1, 5, 10, 20, 28, 50, 56 Gb/s can be used.
According to some embodiments, optical signal wave-
lengths can range from 800-990 nm for all silicon micro-
structured PD/APD (MS-PD/APD), and with microstruc-
tured Ge for the absorbing layer, the wavelength can be
extended to 1800 nm.

FIG. 47 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
another signal processing IC on a single silicon chip, accord-
ing to some other embodiments. The chip and mounting
techniques are similar or identical to those depicted in and
described with respect to FIGS. 45 and 46. As in FIGS. 45
and 46, a single chip 4510 contains both the optical and
electronic elements. With a via 4626 in the substrate of chip
4510 to eliminate most or all of the Si in the optical path to
the MS-PD/APD 4520 together with an integrated Fresnel
lens 4722, the optical signal is efliciently collected from the
optical fiber 4524. The collected optical signal is impinged
on the MS-PD/APD 4520. According to some embodiments,
instead of Fresnel lens 4722, a high contrast grating (HCG)
is used. According to some embodiments, the HCG can have
filtering effects so that only specific optical wavelengths can
be transmitted to the MS-PD/APD while the rest is reflected.
This bandpass property is useful for coarse wavelength
division multiplexing (CWDM) where multiple wavelengths
are used in a single fiber.

FIG. 48 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
another signal processing IC on a single silicon chip, accord-
ing to some other embodiments. The chip and mounting
techniques are similar or identical to those depicted in and
described with respect to FIGS. 45-47. The walls of via 4626
may be coated with dielectric and/or metal to provide a light
pipe for the light to impinge on the MS-PD/APD 4520. The
optical fiber 4524 can then be inserted into the via 4626 such
that it provides a guide to align the fiber 4524 to the
MS-PD/APD 4520 thereby simplifying the optical packing
and alignment of the optical fiber to the MS-PD/APD with
a cost reduction of approximately 30% or greater. According
to some embodiments, the fiber 4524 may be also be tapered
and/or the via 4626 may have multiple diameters such that
it provides a stop for the fiber 4524. For example, a step in
the via 4626 is provided such that the edge of the fiber 4524
can rest on the step, where it can be attached to the silicon.
This step arrangement also provides a precise distance
between the fiber and the MS-PD/APD for optimal light
collection. According to some embodiments, index match-
ing fluid, gel and/or polymer and/or dielectric bulk or thin
film may be used in the via 4626, particularly in the space
between the fiber 4524 and the MS-PD/APD 4520 to opti-
mize the transfer of optical signal from the fiber to the
MS-PD/APD.
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As mentioned above, with light entering from the sub-
strate side (bottom illumination) the MS-PD/APD may
employ a double and/or multiple bounce of the optical signal
within the MS-PD/APD. This allows the absorption layer to
be made thinner while still achieving high quantum effi-
ciency. The thinner absorption layer will also allow a faster
transit time thereby allowing the MS-PD/APD to operate at
a higher data rate.

FIG. 49 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
another signal processing IC on a single silicon chip, accord-
ing to some other embodiments. The chip and mounting
techniques are similar or identical to those depicted in and
described with respect to FIGS. 45-48. In this example a ball
lens 4922 is positioned within via 4626 to couple light from
the optical fiber 4524 to the MS-PD/APD 4520 efficiently.
The ball lens 4922 can sit in the via 4626 for alignment of
the lens to the MS-PD/APD 4520.

FIG. 50 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
another signal processing IC on a single silicon chip, accord-
ing to some other embodiments. The chip and mounting
techniques are similar or identical to those depicted in and
described with respect to FIGS. 45-49. In this example, the
ball lens 5022 sits in the via 4626 where most or all of the
silicon is etched away so that light travels mostly in air
and/or index matching material such as fluid, gel, polymer,
solid. Additionally, the via 4626 acts as a guide and/or a stop
for alignment of the optical fiber 4626 to the ball lens 5022
and in turn to the MS-PD/APD 4520.

FIG. 51 is a diagram showing some aspects of a flip chip
arrangement for a MS-PD/APD integrated with a TIA and/or
another signal processing IC on a single silicon chip, accord-
ing to some other embodiments. The chip and mounting
techniques are similar to those depicted in and described
with respect to FIGS. 45-50 except that MS-PD/APD 5120
and TIA and/or other signal processing integrated circuits
5130 are mounted on or near the upper surface of silicon
chip 5110. The metallic conductor conduits 5132 and 5134
can be made of Al, Cu, Mo, W, Ni, or TiN, to name a few.
The conduit 5132 connects the MS-PD/APD 5120 to the IC
electronics 5130. Conduit 5134 connects the IC electronics
5130 to traces on the PCB 4550 (or chip carriers) using, e.g.,
bump technologies, such as solder bumps for example,
which allow good alignment of the chip to the PCB and/or
chip carrier. According to some embodiments, other meth-
ods of using wire bonding may also be employed to connect
the IC electronics to traces on the PCB and/or chip carrier.
The fiber 4524 is brought to close proximity of the MS-PD/
APD 5120 and the arrangement may include a ball lens on
the tip of the fiber 4524, and/or a ball lens between the fiber
and the MS-PD/APD. Other light focussing elements such
as gratings, Fresnel lens, to name a few, may also be used,
such as described with respect to FIGS. 45-50. According to
some embodiments, light illuminating from the epitaxial
surface (top illuminated) may also have a double and/or
multiple bounce of the optical signal within the MS-PD/
APD 5120 if there is a refractive index discontinuity such as
a buried silicon dioxide layer (BOX, buried oxide) as shown
in MS-PD/APD structures described above and/or a change
in effective index of the microstructure to the refractive
index of bulk material. Double and/or multiple bounce of the
optical signal within the MS-PD/APD allows for a thinner
absorption layer without significantly sacrificing quantum
efficiency and short transit time, thereby allowing higher
data rate operation of the MS-PD/APD. Double or multiple
bounce of light refers to light that is not absorbed in the pass
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