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MICROSTRUCTURE ENHANCED
ABSORPTION PHOTOSENSITIVE DEVICES

REFERENCE TO RELATED APPLICATIONS

This patent application claims the priority of and incor-
porates by reference each of the following applications:

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; and

U.S. Prov. Ser. No. 61/905,109 filed Nov. 15, 2013;
The above-referenced provisional patent applications are
collectively referenced herein as “the commonly assigned
incorporated applications.”

FIELD

The present invention generally relates mainly to photo-
sensitive 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 1260 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. FIG. 2
is a cross section of a conventional PIN photodiode 200,
where “d” is the length of the absorption “I” region 220.
FIGS. 3A and 3B show bandwidth and quantum efficiency
a conventional silicon photodiode with a 30-micron diam-
eter at 850 nm optical wavelength. As can be seen, in order
to obtain a quantum efliciency of 90% the thickness “d” of
the “I” region is over 30 microns. This leads to a maximum
bandwidth of less than 2.5 Gb/s, which 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 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
and Ge devices are relatively expensive and have relatively
high multiplication noise when compared with silicon.

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
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exemplary technology area where some embodiments
described herein may be practiced.

SUMMARY

According to some embodiments, a photodetector with
microstructure-enhanced photoabsorption Is described. The
photodetector (e.g. photodiode or avalanche photodiode)
includes: a cathode region; an anode region; reverse biasing
circuitry configured to apply a voltage between the cathode
and anode regions such that the cathode region is driven to
a more positive voltage than the anode region; and a
microstructure-enhanced photon absorbing semiconductor
region configured to absorb photons from a source signal.
The absorbing region includes a plurality of microstructures
that are dimensioned and positioned to increase absorption
of photons at a range of wavelengths that includes a wave-
length of the source signal. According to some embodiments
the microstructures have at least one dimension that is equal
to or shorter than a longest signal wavelength. According to
some embodiments the microstructures are pillars, holes
and/or voids. The microstructures can be arranged into a
periodically-spaced array, a non-periodically-spaced array, a
randomly-spaced array or a multiperiodically-spaced array.
According to some embodiments the microstructures have a
major longitudinal axis that is normal to the upper surface of
the underlying substrate material. According to some other
embodiments, the microstructures have major longitudinal
axes that are not parallel to one another. According to some
embodiments, the microstructures are oriented so as to
reduce sensitivity to any single direction of the source
signal.

According to some embodiments, the microstructures
increase absorption at least in part by forming an absorbing
mode high contrast grating that makes use of resonance
effects, scattering effects, near field effects, subwavelength
effects, and/or interference effects.

According to some embodiments, the absorbing region
and the microstructures are formed of silicon. According to
some embodiments, a silicon photodiode is provided that
can detect source signals at a data bandwidth of greater than
5 gigabits per second, at wavelengths of 850 nanometers
with a quantum efficiency of at least 60%. According to
some embodiments, a silicon photodiode is provided that
can detect source signals at a data bandwidth of greater than
10 gigabits per second, at signal wavelengths of 850 nano-
meters with a quantum efficiency of at least 60%. According
to some embodiments a silicon avalanche photodiode is
provided that can detect source signals at a data bandwidth
of greater than 5 gigabits per second, at wavelengths of 850
nanometers, while having a gain of greater than 2. Accord-
ing to some embodiments a silicon APD has a multiplication
region with microstructures that extend into the P multipli-
cation layer, N multiplication layer and/or charge layer.
According to some embodiments a silicon photodiode is
provided that can detect source signals at a data bandwidth
of greater than 1 gigabit per second, at wavelengths of 980
nanometers with a quantum efficiency of at least 40%.
According to some embodiments a silicon photodiode is
provided that can detect source signals at a data bandwidth
of greater than 0.5 gigabits per second, at wavelengths of
1000 nanometers with a quantum efficiency of at least 30%.
According to some embodiments, the microstructures effec-
tively reduce capacitance of the photodetector when com-
pared to a microstructure-free device having a similar pho-
ton absorbing length.
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According to some embodiments, the absorbing semicon-
ductor region and the microstructures are formed of silicon
and germanium. According to some embodiments, the
microstructures are formed by etching away portions of
silicon and using a selective area growth process to grow
germanium in the etched away portions. According to some
embodiments, the absorbing semiconductor region and the
microstructures are formed of germanium. According to
some embodiments, the photo detector is configured to
receive the source signal from the substrate-side. The anode
region can include a germanium P layer formed by an
epitaxial lateral overgrowth process. The device can be
configured such that the source signal to passes through the
absorbing region a first time, reflects from a surface and
thereafter passes through the absorbing region a second
time. The device can also be configured to receive the source
signal the top-side and the anode region can be made of a
silicon P layer. According to some embodiments, a ava-
lanche photodiode is provided that detects source signals at
a data bandwidth of greater than 1 gigabit per second, at
source signal wavelengths of 1750 nanometers or shorter,
and having a gain of greater than 2. According to some
embodiments, the absorbing semiconductor region and the
microstructures are formed of I1I-V family material(s) such
as InP, GaAs, InGaAs, GaN, InGaN, InGaAsP, AlGaAs,
AlGaN, GaP, InSb or InAs.

According to some embodiments, the microstructures
include voids buried within the absorbing semiconductor
region. According to some embodiments, voids are buried in
a layer of material so as to effectively lower the refractive
index at the signal wavelength(s) and as well as lower the
capacitance of the layer of material.

According to some embodiments, a photovoltaic device is
described that includes a semiconductor material having a
plurality of voids buried therein. The semiconductor mate-
rial being configured to convert solar radiation into direct
current electricity. According to some embodiments, the
voids are microstructured voids and are configured to
enhance absorption of the semiconductor material thereby
increasing conversion efliciency of the device. According to
some embodiments, the voids are sized and/or spaced apart
by less than 3 microns, and are configured to alter an
effective refractive index of the semiconductor material near
a surface, for example to reduce reflection of incident
sunlight from the device and/or increase internal reflections
within the semiconductor material.

According to some embodiments a glass material is
described in which the glass has a plurality of buried voids
dimensioned between 0.01 microns to 1000 microns. In
some examples the glass forms a part of a photovoltaic
device. According to some embodiments, the buried voids
are filled with a material gel, polymer and gas. The buried
voids can provide flexiblity of the glass material, and/or
increased resistance of the glass material to physical damage
and/or damage propagation.

According to some embodiments, a microwave transmis-
sion line structure is described that includes: a semiconduc-
tor substrate material having a plurality of high-density
dielectric-filed voids configured to reduce a dielectric con-
stant of the semiconductor substrate material; and a plurality
of metallic microwave transmission lines, least one of which
is positioned above the semiconductor substrate material.
According to some embodiments, the dielectric-filed voids
are filed a material such as: nitrogen, argon, vacuum, air,
helium, polymer, metal oxides, silicon dioxide, silicon
nitride, calcium fluoride, or zinc oxide. According to some
embodiments, the voids are further configured to reduce
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dispersion and reduce loss associated with the microwave
transmission lines at least in part by reducing current loop
flow and/or eddy currents.

According to some embodiments, an optical waveguide
structure is described that includes: an optical mode region;
and a supporting semiconductor material adjacent to the
optical mode region. The supporting material includes a
plurality of microstructured voids that are configured to alter
an effective index of refraction of the supporting material
based on the size, shape, density, etc. of the microstructured
voids.

According to some embodiments, a heat exchanger sys-
tem is described that includes: a heat generating device; a
heat sink configured to dissipate heat to a surrounding
medium; and an intermediate material mounted between the
heat generating device and the heat sink. The intermediate
material includes a plurality of buried voids configured to
effect thermal conductivity of the intermediate material.
According to some embodiments, some of the buried voids
are filled with thermally conductive material and others are
filled with a thermally isolating material. The two types of
voids being positioned to conduct heat from the heat gen-
erating device to the heat sink and to reduce thermal cross
talk with other heat sensitive devices mounted on the
intermediate material.

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 schematic side cross section of three dimen-
sional micro structures that enhance bulk absorption coef-
ficient in photo sensitive devices, according to some
embodiments;

FIG. 2 is a cross section diagram showing aspects of a
typical structure of a conventional PIN photodiode;

FIGS. 3A and 3B a plots showing bandwidth and quantum
efficiency (QE), respectively, of a bulk conventional silicon
photodiode versus “d” in microns;

FIGS. 4A-4D are graphs showing the enhancement of
bulk absorption coeflicient vs bandwidth and QE for a
microstructured Si  photodetector, according to some
embodiments;

FIGS. 5A and 5B are cross sections showing aspects of a
top illuminated microstructured PIN silicon photodiode,
according to some embodiments;

FIGS. 6A and 6B are cross sections showing aspects of a
bottom illuminated microstructured NIP silicon photodiode,
according to some embodiments;

FIGS. 7A and 7B are cross sections showing aspects of a
microstructured avalanche photodiode, according to some
embodiments;

FIG. 8 is a cross section showing a silicon epitaxial
structure for a high-speed high-efficiency microstructured
APD, according to some embodiments;

FIGS. 9A-9E are a series of cross sections showing some
basic microstructure processing steps, for a high-speed APD,
according to some embodiments;
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FIGS. 10A-10B are cross sections showing aspects of a
top illuminated microstructured photo diodes, avalanche
photo diodes and/or photovoltaics (PV) with microstruc-
tured voids in N—Si, according to some embodiments;

FIGS. 11A and 11B are cross sections showing aspects of
an heteroepitaxial APD structure of Ge on Si, according to
some embodiments;

FIG. 12 is a cross section illustrating aspects of a passi-
vation method for Ge surfaces on microstructures, according
to some embodiments;

FIGS. 13A and 13B are graphs showing the effects of
microstructure enhancement of Ge bulk absorption coeffi-
cient for photodiodes and/or avalanche photodiodes based
on Ge on Si, according to some embodiments;

FIGS. 14A-14B are cross sections showing aspects of a
top-illuminated Ge on Si avalanche photodiode having
microstructured pillars/holes, according to some embodi-
ments;

FIGS. 15A-15D are cross sections illustrating aspects of
bottom-Illuminated Ge on Si avalanche photodiodes having
microstructured pillars/holes, according to some embodi-
ments;

FIGS. 16A and 168 are graphs comparing single pass and
double pass photodiodes and/or avalanche photodiodes
based on Ge on Si, according to some embodiments;

FIGS. 17A-17B are cross sections showing aspects of a
top-illuminated Ge on Si photodiode structure having micro-
structured pillars/holes for applications with signal wave-
lengths ranging from 700 to 1800 nm, according to some
embodiments;

FIGS. 18A-188 are cross sections showing aspects of a
bottom-illuminated Ge on Si photodiode structure having
microstructured pillars/holes for applications with signal
wavelengths ranging from 1200 to 1800 nm, according to
some embodiments;

FIGS. 19A-19C are diagrams illustrating how microstruc-
tures can reduce capacitance of a photodiode such that a
larger area photo diode can be fabricated with the same
bandwidth and QE, according to some embodiments;

FIGS. 19D-19E are cross sections showing aspects of
fabricating an APD device having a I1I-V absorbing layer
grown on a P-I-N silicon multiplication layer, according to
some embodiments;

FIG. 20 shows bulk layers without a final P—Si layer for
devices having microstructured Ge buried or embedded in
an Si microstructure, according to some embodiments;

FIG. 21 is a cross section showing etching of microstruc-
tured pillars and/or holes for devices having microstructured
Ge buried or embedded in an Si microstructure, according to
some embodiments;

FIG. 22 is a cross section showing a device having
microstructured Ge buried or embedded in an Si microstruc-
ture, after the Ge “I” layer is grown in the etched region and
planarized, according to some embodiments;

FIG. 23 is a cross section showing a device having
microstructured Ge buried or embedded in an Si microstruc-
ture, after —Ge regrowth and planarization, and a cap layer
of P—Si, according to some embodiments;

FIGS. 24A-24B are cross sections showing aspects of a
microstructured APD with buried/embedded I—Ge absorb-
ing microstructures in I—Si microstructures, according to
some embodiments;

FIGS. 25A-25C are cross sections showing aspects of a
photodiode having buried/embedded Ge microstructures in a
Si microstructured pillar and/or hole array, according to
some embodiments;
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FIGS. 25D-25E are cross sections showing aspects of a
forward biased device such as a vertical cavity surface
emitting laser (VCSEL), according to some embodiments;

FIG. 26 is a cross section showing starting epitaxial layers
in which microstructured voids are fabricated, according to
some embodiments;

FIG. 27 is a cross section showing microstructured holes/
pillars etched into the I—Si layer, according to some
embodiments;

FIG. 28 is a cross section showing microstructured voids
buried or embedded in Si with a Si capping P* anode layer
2826, according to some embodiments;

FIG. 29 is a cross section showing Bragg reflectors
formed on the P—Si surface to provide a highly reflective
mirror, according to some embodiments;

FIG. 30 shows an example of a PIN PD/PV structure with
microstructured voids to enhance absorption, reduce bulk
refractive index, reduce capacitance and increase mechani-
cal flexibility of large sheets of PV on semiconductor
material, according to some embodiments;

FIG. 31 is a cross section showing regrown [—Ge with a
buried/embedded voids, according to some embodiments;

FIG. 32 is a cross section showing a device having buried
microstructured voids in [—Si with regrown I—Ge and
capped by a epitaxial layer, according to some embodi-
ments;

FIG. 33 is a top view showing distribution of microstruc-
tured pillars, holes and/or buried voids in an PD/APD,
according to some embodiments;

FIG. 34 is a top view showing distribution of microstruc-
tured pillars, holes and/or buried voids in an PD/APD,
according to some other embodiments;

FIG. 35 shows the basic epitaxial structure for a conven-
tional Si PV/PD diode on N Si substrate;

FIG. 36 shows microstructured voids incorporated into an
N—Si layer, according to some embodiments;

FIG. 37 is a cross section showing etched Si microstruc-
tured pillars/holes with regrown Ge covering the Si, accord-
ing to some embodiments;

FIG. 38 is a cross section showing microstructured Si
pillars/holes with Ge regrowth on an N—Si layer having
embedded microstructured voids, according to some
embodiments;

FIG. 39 is a cross section showing partial coverage I—Ge
on microstructured Si pillars/holes, according to some
embodiments;

FIG. 40 is a cross section sowing the basic components
for the a microstructured Si—Ge pillar hole array PD/PV
and/or APD, according to some embodiments;

FIGS. 41A-41B are cross sections showing aspects of a
microstructured pillar/hole array device above a N—Si layer
having buried microstructured voids, according to some
embodiments;

FIGS. 42A-42D are cross sections showing aspects of an
APD with microstructured pillar/hole arrays above an N—Si
layer having buried microstructured voids, according to
some embodiments;

FIGS. 43-46 are top views illustrating various dimen-
sions, spacings and shapes for microstructured elements,
according to some embodiments;

FIGS. 47-48 are cross sections showing microstructured
pillar and hole arrays having varying lengths and depths,
according to some embodiments;

FIG. 49 shows a microstructured surface having a com-
bination of both pillars and holes, according to some
embodiments;
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FIG. 50 is a cross section of an optical ridge waveguide,
according to some embodiments;

FIG. 51 is a cross section of a buried optical waveguide
in silicon using voids, according to some embodiments;

FIGS. 52 and 53 are a cross section and top view,
respectively, of a ridge waveguide integrated with a micro-
structured PD/APD, according to some embodiments;

FIGS. 54A and 54B show a microwave transmission line
on Si with voids, according to some embodiments;

FIG. 55 is a cross section of voids for thermal conduction
and thermal isolation of heat producing ICs and light emit-
ters, according to some embodiments; and

FIG. 56 is a cross section showing a distribution of voids
to increase lateral path length for increasing lateral electrical
resistivity and decrease lateral thermal conduction, accord-
ing to some embodiments.

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 enhance the bulk absorption constant (also referred
to as absorption coefficient) to achieve high quantum effi-
ciency (QE) while maintaining an absorption length suitable
for high data rate applications. As used herein, “QE” refers
to internal quantum efficiency (IQE). IQE is equal to exter-
nal quantum efficiency (EQE) in cases where reflection and
transmission are negligible.

According to some embodiments, microstructures are
used to improve bulk absorption constant at wavelengths in
the proximity of the semiconductor materials band gap. This
allows for extending the operating optical wavelengths
and/or operating spectrum of the photosensor. The enhanced
bulk absorption constant (or coefficient) is called the effec-
tive absorption constant (or coefficient). The term “effec-
tive” is used since absorption constant or coeflicient is an
inherent material property. However, with resonance effects,
plasmonic effects, field enhancement effects, scattering
effects, near field and sub wavelength effects, the effective
absorption constant or coefficient can be greater than the
bulk or material absorption constant or coeflicient. As used
herein, the following terms are used interchangeably
enhanced absorption constant, enhanced absorption coeffi-
cient; enhanced effective absorption constant; enhanced
effective absorption coefficient; enhanced absorption;
enhanced effective absorption; and effective absorption con-
stant; and effective absorption coefficient.

According to some embodiments, enhanced absorption
can also have drastic effects on path length. In one bulk
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absorption example, the path length for the photons to be
absorbed to 1/e of its original amplitude is, for example 100
micrometers (um), whereas under enhanced absorption
according to some embodiments, 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 absorption
coeflicient is 100 times greater than the bulk absorption
coeflicient.

This is seen by the relationship A=A e™** where A is the
decaying amplitude of the incident photon flux A, and a 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/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 microstructure is just one
micron long. To put it another way, in a very simplistic view,
the photons in the resonant 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
resonant structure. For simplicity, resonance/scattering/near
field effects will collectively be referred to herein as “reso-
nant” which can include, resonant, scattering, near field,
plasmonic, nonlinear and linear optical 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, submicrometer scale, and/or sub-wave-
length scale.

According to some embodiments, properties of the micro-
structures can also be explained as the absorption mode of
high contrast grating (HCG) being used to enhance the
effective absorption constant/coefficient or enhanced
absorption. Conventionally, HCG uses material that is trans-
parent at the optical wavelength of interest in contrast,
according to some embodiments, at least one of the micro-
structures is absorbing or weekly absorbing at the optical
wavelength of interest. According to some embodiments a
low-Q absorbing mode HCG enhances absorption (e.g. Q
values in the range of 2-200).

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 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 effective
low 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
1I-V material family. As used herein, the term “material
family” of a III-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
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example, the InP material family can include InGaAs,
InGaAsP, InAlAs. According to some embodiments, in the
case of microstructures, regrowth such as selective area
growth (SAG) of Ge, InGaAs, or other III-V material in
silicon microstructures can be carried out without the det-
rimental effects of lattice mismatch since the dimension of
the footprint of the lattice mismatched material on silicon is
small (approximately a few micrometers to sub-microm-
eters). 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
microcrystalline and amorphous semiconductor, conductor
such as carbon, graphene, insulator, dielectrics, sold, gas-
eous, liquid such as glass or polymer that can be semicon-
ducting.

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 lower capacitance
allows a device to have a larger area while still maintaining
suitably high data rate bandwidth, and/or increase the data
rate bandwidth by reducing the thickness of the device to
reduce the 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 with QE greater than 60% 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 effi-
ciency with enhanced absorption; (4) be manufactured of
silicon which has superior APD properties with low excess
noise; (5) be compatible with Si Photonics and CMOS
processes. According to some embodiments, the PD/APD
can be integrated with ASIC (application specific integrated
circuits) 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.

According to some embodiments, microstructures such as
voids are used to reduce effective refractive index to create
resonant structures to enhance the absorption. In microstruc-
tures where selective area growth are used to integrate Ge or
III-V material with silicon, voids can be made in the silicon
microstructure such that the absorbing region is a resonant
structure to enhance the effective absorption coefficient by 2
to over 100 times.
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According to some embodiments, silicon is used for
avalanche gain. Silicon has the lowest excess noise for an
avalanche photodiode. By integrating Ge and/or I1I-V mate-
rial with silicon, the absorption takes place in Ge and/or
1I-V material and the electronic gain occurs in silicon.
Depending on the optical wavelengths, 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, microstructures such as
buried voids can reduce lateral electrical and thermal con-
ductivity. In situations where directional conductivity of
electrical or thermal (phonons) is preferred, voids can be
used to confine the flow of electrical current and/or heat.

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, field enhancement, near field and sub wavelength
effects, scattering, plasmonics, photonic crystal, absorption
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 length.

According to some embodiments, microstructures used
for absorption enhancement for silicon photodiodes and
silicon avalanche photodiodes can result in silicon PD and
APD with bandwidths 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 approxi-
mately (which is the current datacom preferred wavelength)
with quantum efliciencies of approximately 90% or 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, other material such as
germanium, III-V, a-Si (amorphous silicon) may also be
used singly or together with other materials such that a
multiple bandgap in parallel can be fabricated with enhanced
absorption.

According to some embodiments, microstructures and
voids are used to reduce the effective refractive index and
capacitance to achieve the absorption mode high contrast
grating effect and to reduce the effective capacitance of the
device for lower RC time constants.

In addition, according to some embodiments, microstruc-
tures buried in the semiconductor can reduce lateral electri-
cal and thermal conduction. Microwave transmission lines
are possible for example where high-density voids are
buried in Si to reduce the dielectric constant and also eddy
currents in the semiconductor resulting in low loss and
dispersion. Voids can also be used for thermal isolation and
to improve thermal conductivity by filling the voids with
thermal conductors. This is useful in thermal management of
components on a silicon substrate.

The enhancement using nanowires (Garnett et al, Light
trapping in silicon nanowire solar cells, Nano Letters, 2010,
10, 1082-1087; Keizenberg at al, Enhanced absorption and
carrier collection in Si wire arrays for photovoltaic applica-
tions, Nature Materials, vol. 9, March 2010, 239-244) and
nanoholes (Lin et al, Optical absorption enhancement in
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silicon nanowire and nanohole arrays for photovoltaic appli-
cations, Proceeding of SPIE, Vol. 7772, 77721G-1, 2010)
have been reported. Nanowire is known to be used for light
trapping in photovoltaic applications where the photogene-
rated carriers diffuse to the anode or cathode of a P-N
junction with zero external bias operating at DC (direct
current).

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

The cause or causes of the enhancement of the absorption
coeflicient are believed to include one or more of the
following: an increase in optical field concentration, reso-
nance effects, constructive and destructive optical interfer-
ences (amplitude and phase) effects, scattering, and high
contrast grating (HCG) effects. See, e.g. Chang-Hasnain et
al, High contrast gratings for integrated optoelectronics,
Advances in Optics and Photonics 4, 379-440 (2012), here-
inafter “Chang-Hasnain.” The HCG effects are at the near-
wavelength regime (See, Chang-Hasnain) where the optical
wavelength in the material of the grating and the optical
wavelength in the surrounding material of the grating is the
range of the period of the grating.

FIG. 1 is schematic side cross section of three dimen-
sional micro structures that enhance bulk absorption coef-
ficient in photo sensitive devices, according to some
embodiments. Microstructured pillars 110 and/or holes 120
are etched into the “I” Si layer 100. The optical wavelength
in material M, is A/n, where n, is the refractive index of M,
and the optical wavelength in material M, is given by A/n,
where n, is the refractive index of material M,. The center
to center distance L of the structures 110 can be between
A/n; and A/n, or approximately 100-2000 nm, which is
referred to as the near-wavelength regime. The diffraction
regime is where L (one cycle) is greater than the wavelength,
while the subwavelength regime is where L is less than the
wavelength. The cross section of FIG. 1 shows the 3D
(dimension) microstructured pillar/hole array, which
enhances the bulk film absorption coefficient by factors of
1.5 to over 100. The period of the 3D pillar/hole microstruc-
tured array can be seen as a 3D high contrast grating, whose
period of the grating A can lie between A/n; where n, is the
optical refractive index of material M, and A/n, where n, is
the optical refractive index of material M,. If n,>n, then
A <A<i/n, where A is the optical wavelength of the light
to be absorbed by the microstructured pillar/hole array
typically in the “I” region of a P-I-N PD or for APD, the
absorbing “I” region P-I-P-I-N where the second “I” region
is the multiplication region, or the wavelength of the optical
signal to be detected by the PD and APD. At this near-
wavelength regime of the 3D HCG microstructured pillar/
hole array, the resonance Q (quality factor, or proportional to
the ratio of the energy stored in the resonator/energy losses
per cycle; where it is the optical cycle, the optical frequency
impinging on the resonator or in the resonator) can be as
high as 107 (see, Chang-Hasnain) if the HCG has minimal
absorption loss as is known. In addition, in most cases the
ratio of the index of the HCG to the surrounding material
index need only be approximately 1.1 to observe the effects
of the HCG.

The HCG effect that may explain the high enhancement of
the absorption coeflicient of the bulk material is that a single
or multiple HCG layer (or a single microstructured pillar/
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hole array layer) due to its resonance effects and/or due to a
varying of the microstructured pillar/hole period spacing,
the optical signal resonating in the HCG/microstructured
pillar-hole array can be directed to propagate in the plane of
the HCG/microstructured pillar-hole array rather than nor-
mal to the surface. Together with resonance and in-plane
propagation this can greatly increase the absorption path
length in the HCG/microstructured pillar-hole array.
According to some embodiments, the absorbing HCG mode
is operated with a reverse voltage bias for PD/APD and a
built-in bias (zero applied bias) in photovoltaic devices.

Using the phenomenon of near-wavelength and also deep-
wavelength where the HCG period is much less than the
optical wavelength, and the diffraction regime where the
HCG period is greater than the optical wavelength (See,
Chang-Hasnain) the microstructured pillar-hole-void array
can have enhanced absorption coefficient over the bulk
absorption coefficient by a factor of 1.1 to over 100.

According to some embodiments, the HCG effect is also
used in the absorbing mode or lossy mode or low Q of
1-10000 (compared with known HCG that are in the non-
absorbing mode or non-lossy mode to achieve high Q of
greater than 1,000,000 and high reflectivity), in both buried/
embedded (not fully buried) Ge microstructures in Si and
buried/embedded void microstructures in either Ge or Si to
improve the quantum efficiency (QE) and operating wave-
length range of Si (400-1100 nm) and Ge (400 to 1800 nm)
and Ge on Si photodiodes and avalanche photodiodes oper-
ated in a reverse bias mode of the pn, pin, pinip junctions (p
and n can be switched for certain device configurations) that
can be homo or heterojunction, crystalline or amorphous or
any combinations thereof. In addition, the substrate can be
on SOI or BOX or voids to reduce the index of refraction or
effective index of refraction and the dielectric constant or
effective dielectric constant (a dielectric with many voids
can be represented as an effective dielectric constant, or
equivalently effective capacitance).

Known silicon photodetectors have been limited to wave-
length ranges of 200 to 1000 nm due to indirect bandgap of
1.1 eV. In particular, near the band gap wavelengths of
800-1000 nm, the frequency response of the silicon photo-
detector to a modulated optical signal at Gb/s rate is limited
to 1.5 Gb/s approximately or less due to the weak absorption
constant of Si at those wavelengths which are approximately
760 cm™' at 850 nm and 67 cm™ and 63 cm™ at 980 and
1000 nm respectively, resulting in long absorption lengths of
material, 30 microns or more, which results in low fre-
quency response for the PD/APD. The wavelengths 850 nm
is of interest since this is the standard wavelength for short
distance (few meters to a few kilometers) multimode fiber
optical datacommunication.

The amount of incident photons absorbed is approxi-
mately given by m=1-¢** where m (also the quantum
efficiency if reflection off the surface of the PD is negligible)
is the amount absorbed and “o”” is a the absorption constant
and “L” is the length of the absorber. Using this equation and
the absorption constant of Si at 850 nm, 90% of the incident
photons are absorbed at a depth of approximately 30 pm.
Known high speed photodetectors typically have an absorp-
tion region of approximately 2 pum in length. The reason for
this is that transit time and RC time of the photodiode need
to be considered to have a bandwidth of 20 GHz (or
approximately 30 Gb/s) or more and still have an external
quantum efficiency of 80-90% or better.

Efficiency and Bandwidth (Transit and RC Time):

At a field strength of 6:10* V/cm the electron drift velocity
is 1-107 cm/s at a temperature of 300 K. The 3 dB bandwidth
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of the photodetector due to transit time is given by: (3
dB)=0.45/t(transit) where t(transit) is the transit time for the
carriers to cross the depleted high field region. FIG. 2 is a
cross section diagram showing aspects of a typical structure
of a PIN photodiode structure. Assuming negligible photo-
copiers generated in the P region 210 of the PIN 200 and
mostly generated in the “i” region 220, the transit time is
determined by the electron drift velocity and “d” (the high
field “i” region). The PIN 200 is reversed biased (e.g.
between -4 and -25 V). The “i” region 220 is fully depleted
in this case. The RC time of the PIN structure 200 is
determined by the capacitance, which is the ratio of the area
(m w?/4) of the PIN 220 to d.

According to conventional techniques, a 30 pm thick
absorption layer (“i”) to achieve 90% absorption for Si at
850 nm wavelength will give a transit time limited 3 dB
bandwidth of 1.5 GHz (approximately 2.2 Gils) which is too
low for many current applications. Many current applica-
tions are in the 10-20 Gb/s range and in the near future 40
Gb/s. A d of 2 pm or less is desirable for current high-speed
photodiodes in optical datacom applications to give over 30
Gb/s bandwidth.

RC time is another time to consider in photodiodes
(applies to both APD and PD). The 3 dB bandwidth due to
RC time is given by f(RC)=1/(2nRC); where C is the
capacitance of the photodiode and R is the load resistance
which is typically 50 ohms (and occasionally 25 ohms).
Capacitance in the case of a conventional PIN structure
photodiode with the “i” region fully depleted by the reverse
bias, is just a parallel plate capacitance given by e A/d where
¢ is the dielectric constant of the material (multiplied by
vacuum permittivity of 8.854-107" farads/cm) which is 11.9
for Si, A is the area of the capacitor (m(w/2)?), and d is the
depleted “i” (i and I are used herein interchangeably). The
f(RC) becomes larger as d increases since the capacitance is
decreasing with increasing d and a fixed area, where the
diode diameter for example is 30 pm (diameters of high
frequency PD/APD range from 5 to 60 pm). Diameter of
diode for calculating the RC time is the total capacitive area
of the diode that includes the photosensitive area and any
metallization that may contribute to the overall capacitance.

The overall frequency bandwidth of the photodiode is a
sum of the squares of the transit time and the RC time. This
is given by the equation:

SUQRIRC)+(v/2.4)%)12),

FIGS. 3A and 3B are plots showing bandwidth and QE,
respectively, of a bulk conventional Silicon photodiode
versus “d” in microns. From plots 310 and 312 in FIGS. 3A
and 3B, for the combined (3 dB) of the transit time and RC
time and the quantum efficiency q (assuming negligible
reflection losses) we see that for bulk silicon to reach 10
Gb/s, the quantum efficiency (QE) is less than 40%, for a m
diameter PD, which is too low for most datacom applica-
tions.

According to some embodiments, to overcome the rela-
tively weak absorption of semiconductors with radiation
energies near the bandgap and indirect bandgap semicon-
ductors, for example Si at 850-1100 nm, a microstructured
array is used that is etched into silicon that is grown by
conventional methods epitaxially such as chemical vapor
deposition (CVD) or metal organic chemical vapor deposi-
tion (MOCVD), atomic layer deposition (ALD), molecular
beam epitaxy (MBE). Note that according to some embodi-
ments, non semiconductors can be used: such as polymers,
glass, ceramics, hybrid material such as transition metal
oxides, hydrides, chlorides, sulfides embedded with semi-
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conductor, metal, carbon nanoparticles and or atoms, which
may or may not have a bandgap. The microstructured array
of silicon consists of pillars of Si and/or holes in Si. See,
Garnett and Yang, Light Trapping in Silicon Nanowire Solar
Cells, Nano Lett. 2010, 10, 1082-1087 (hereinafter “Garnett
at al.”) that experimentally demonstrates that an ordered
array of silicon nanowires increased the optical path length
of the incident optical radiation by 73 times greater than that
of bulk silicon.

According to some embodiments, as described earlier, the
concept of effective absorption coeflicient is introduced. The
effective absorption coeflicient of the ordered array of Si
nanowires is 73x that of bulk silicon; bulk a for Si is 760/cm
and nanowire Si o is 5.548x10%*cm at 850 nm which is
higher than direct bandgap II1I-V material.

It should be noted that the microstructures can also be
epitaxially grown using methods such as VLS (vapor liquid
solid epitaxial grown) nanowires or microwires (some
nanowires have the largest dimension, such as the diameter,
in the micron range, so that it can be called a microwire)
with or without catalysts, or using a dielectric mask for
selective area growth (SAG) epitaxy.

The nanowire array described in Garnett at al. has a
diameter of the nanowire of approximately 390 nm using an
array of beads of 530 nm as a dry etch mask. Roughly Y% of
the Si material is etched away; the effective capacitance for
the nanowire array is less than that of the bulk. The effective
capacitance can be estimated as two parallel capacitors, one
with Si and another with polyimide (filler) whose dielectric
constants are 11.9 and 3.4 respectively. The area of each
capacitor will be % that of a 30 pm diameter parallel plate.

With the effective capacitance lower, the overall 3 dB
bandwidth for a 30 um diameter device is significantly
higher. FIGS. 4A-4D are graphs showing the enhancement
of bulk absorption coefficient vs bandwidth and QE for a
microstructured Si  photodetector, according to some
embodiments. FIGS. 4A and 4B shows the bandwidth (plot
410) and quantum efficiency (plot 420) of a microstructured
Si photodiode (PD) or avalanche photodiode (APD) at 850
nm wavelength photons impinging on the PD/APD either
single or double pass. With an effective absorption coeffi-
cient (EAC) of 73x (412), 30x (414) or 15x (416) over bulk
absorption coefficient (BAC), the bandwidth and QE are 54
Gb/s, 98%; 49 Gb/s 90%, 28 Gb/s 90% respectively for a 30
micrometer diameter PD/APD for example. At 1100 nm,
shown in plots 430 and 440 of FIGS. 4C and 4D, with
enhancement, for example, of 172xQE of 90% and band-
widths of 26 Gb/s can be attained using Si microstructured
PD/APD. Both PD and APD operate at a reverse bias of -2
to =50 volts range. APDs in general will have less bandwidth
than PDs for the same geometry due to the added multipli-
cation layer of the APD. In addition, APDs have a gain-
bandwidth product. For simplicity, APD and PD are shown
to be approximately the same.

According to some embodiments, a combination of low
capacitance due to the gaps between the microstructured
pillars and the enhanced absorption allows the silicon pho-
todiode and avalanche photodiode to operate at bandwidths
greater than 10 Gb/s with high quantum efficiencies (>90%)
at 850 nm wavelength. This has not been demonstrated by
conventional silicon PD/APD at these wavelengths. 850 nm
is chosen as the nominal wavelength, but according to some
embodiments, wavelengths can have values from 700 to
1100 nm.

According to some embodiments, the weak absorption in
the bulk can be taken advantage of for photodetector appli-
cations since this will allow light at 850 nm and longer to
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pass through Si substrate and epitaxial layers toward the
microstructured silicon with minimal optical loss and mini-
mal photocurrent outside of the high field region, which can
diffuse to the i-region and can cause the photodetector to
have a degradation in frequency response.

According to some embodiments, the techniques
described herein are applied to other semiconductors, poly-
mers, organic films, glass, dielectrics, hybrid material such
as glass, dielectrics, polymers embedded with nanoparticles
of metal, semiconductors. According to some embodiments,
one or more of the following are used: Ge, II1I-V material
family such as InP, GaAs, GaN, InGaN; II-VI material
family such as ZnSe, and also heterostucture material such
as I1I-V grown on Si, Ge grown on Si. For example, for Ge
on Si, microstructures are fabricated on the Ge to increase
absorption which allows a shorter length of Ge to be used
resulting in higher speed due to lower effective capacitance
and shorter transit time for the carriers.

FIGS. 5A and 5B are cross sections showing aspects of a
top illuminated microstructured PIN silicon photodiode,
according to some embodiments. FIG. 5A shows the starting
basic material structure 500. In FIG. 5B, silicon epitaxial
structure is shown for a high-speed high efficiency micro-
structured photodiode 520. The photophoto diode 520 in
FIG. 5B is designed for top illumination. According to some
embodiments, BOX/SOI layer 504 may not be used. FIGS.
6A-B, infra show an example for bottom illumination. Note
that with minor modifications the n and p doping can be
switched and the direction of illumination may also be
affected. According to some embodiments, the illumination
can be either perpendicular to the surface of the PD/APD or
at an angle off perpendicular to the surface. According to
some embodiments, in integrated structures where the opti-
cal signal is guided in an optical waveguide, the microstruc-
tured absorption region can also be illuminated edge wise,
directly into the microstructures or evanescently coupled to
the microstructured i region.

FIG. 5B shows a microstructured pillar and or hole PD
520 in silicon with the starting material 500 consisting of a
P-I-N Si layer grown on an Si substrate 502 that can be N
doped or low doped in which case an extra N* layer is first
grown on the substrate to minimize series resistance. The
dimensions and doping of the layers can range as follows;
N* cathode contact layer 506 (or a thin layer on top of 506,
between 506 and 508) with N doping of greater than
5-10"/cm?, and thickness ranging approximately from 0.1
to 10 micrometers or more; N layer 506 with N doping
greater than 5-10*”/cm?, and thickness ranging approxi-
mately from 0.1 to 10 micrometers or more; I high field
absorption region 508 with background doping of less than
5x10'%/cm? and thickness ranging approximately from 0.1
to 5 micrometers depending on applications; and P* anode
layer 510 with P doping greater than 5-10*%/cm® and thick-
ness ranging approximately from 0.1 to 5 micrometers or
more. The PD (and APD) photosensitive area (defined by the
P-I-N or P-I-P-I-N junction area) is nominally 30 microm-
eters (10-80 micrometers in diameter are possible ranges) in
diameter for 20 Gb/s or more bandwidth operation. Accord-
ing to some embodiments, the area can be larger for lower
bandwidth or smaller for higher bandwidth operation. The Si
microstructures of arrays of holes 522 and/or pillars 524
shown in FIG. 5B, which can be random, patterned or
pseudo-random, are for enhancing the bulk absorption coef-
ficient of Si to detect photons with wavelengths from
300-1100 nm. In the case of datacom applications, according
to some embodiments, the optical signal wavelengths range

20

25

40

45

60

65

16
from 750-1100 nm. A transparent conducting oxide and
P-ohmic layer 526 is also provided.

The PD 520 is operated in a reverse bias mode, with
negative voltage on the anode (P* layer 510 via P-ohmic and
bond contact metal 528) and positive voltage on the cathode
(N* layer 506 with N-ohmic bond contact metal 530)
ranging from -1 to =20 volts. According to some embodi-
ments, the PD structure 520 shown in FIG. 5B (and PD
structure 620 in FIG. 6B, infra) can also be used for
photovoltaic (PV) operation without any external bias.

As shown in FIG. 5B, the optical signal can impinge
normal to the surface or at an angle off normal. In certain
cases, optical signal coming in at an angle off normal can
have a higher QE and can also be at a certain rotation about
the axis normal to the surface. This is to avoid the bald spot
effect where some photons travelling normal to the surface
can “see” bald spots whereas for photons illuminating at an
angle off normal to the surface, the bald spots are hidden by
other microstructures. This is not the case in near field optics
where the spacing of the microstructures are of the order of
the optical wavelength or subwavelength, the bald spots are
not a significant issue.

FIGS. 6A and 6B are cross sections showing aspects of a
bottom illuminated microstructured NIP silicon photodiode,
according to some embodiments. The optical signal
impinges on the photodiode 620 from the substrate side or
bottom. The substrate 602 can be thinned to 10 microns or
less by etching for example a via and stopping at the P layer
or the photodiode can be fabricated on a BOX (buried oxide)
or silicon on insulator (SOI) silicon wafer and the etch via
can stop at the BOX layer 604 which can also be selectively
etched to the silicon layer 606, the via 630 is as wide or
wider as the photosensitive area of the photodiode 620. An
antireflection layer (not shown) is applied to the silicon
remaining layer 606 or the BOX layer 604 (the BOX layer
604 can be designed as a part of the antireflection layer for
example) to minimize reflection (the BOX layer 604 can
also be selectively etched off such that antireflection layer
can be applied to the silicon P layer 606 to minimize
multiple reflections). The back illuminated photodiode 620
has the advantage that a reflector 626 can be applied on the
N layer 610 to reflect any light not absorbed on the first pass,
in effect doubling the length of the “I”” layer 608. The QE can
be increased due to the extra length. In addition the reflector
626 on the N layer 610 can be smooth of textured to scatter
(non-specular or diffused reflection) the light (optical signal)
to optimize absorption by the microstructures (arrays of
pillars 624 or holes 622). Since the length of the “I” region
is effectively doubled, the transit time can effectively be
reduce since only half of “I” is needed.

Bottom illuminated PDs such as PD 620 in FIG. 6B are
also sometimes referred to back/substrate illuminated PDs,
and top illuminated PDs such as PD 520 in FIG. 5B are also
sometimes referred to front/surface illuminated PDs.

According to some embodiments, the basic structure of a
microstructured Si photodiode such as shown in FIGS. 5A,
5B, 6A and 6B, is fabricated from a bulk thin film epitaxially
grown silicon with a P-I-N structure on a silicon wafer
which can be doped N type or not intentionally doped or low
doped N type Si substrate with (100) orientation or other
orientation such as (111).

According to some embodiments, the basic layer struc-
tures (such as layers 502, 504, 506, 508 and 510 of structure
500 of FIG. 5A, and layers 602, 604, 606, 608 and 610 in
structure 600 of FIG. 6A) are all grown epitaxially using one
or more of the following methods: chemical vapor deposi-
tion (CVD), metal organic chemical vapor deposition
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(MOCVD), plasma enhanced chemical vapor deposition
(PECVD), molecular beam epitaxy (MBE), atomic layer
deposition (ALD), pulsed laser deposition (PLD) on Si
substrate of either P or N or low doped or undoped) or
BOX/SOI substrates.

Processing details have been left out for simplicity.
According to some embodiments the following basic steps
are carried out first (for pillars, not necessary for holes),
depositing the p ohmic contact metal layer using e-beam,
thermal or sputtering deposition; second, photolithographi-
cally (or imprint lithography) defining the microstructure
pattern either pillars or holes and forming the etch mask for
either dry or wet etching; third, etching of microstructure
patterns on the P and I layers partially or fully and can
extend into the N layer; fourth, passivating the sidewalls of
the microstructure patterns (pillars or holes) with thermal
oxide to minimize surface recombination of the photogene-
rated carriers via surface states due to dangling bonds and
other surface imperfections (other passivation techniques
may also be applied such as ALD (atomic layer deposition)
of Si oxides and Si nitrides); fifth, planarization (filer step)
using either spin on glass, polyimide, or plasma enhanced
chemical vapor deposition (PECVD) of dielectrics such as
Si oxides and Si nitrides; sixth, etch back to expose the P
layer or P ohmic metal layer (polyimide or spin-on glass
may partially fill the holes or space between the pillars/
microstructures); and seventh, ohmic and/or bond contacts
formed on the P and N layers. In the case of top illuminated
photodetectors, where the optical signal enters on the epi-
taxial surface where the microstructure patterns are fabri-
cated, a transparent conducting oxide is deposited to connect
all the P ohmic metal layers (for pillars). In the case where
the microstructures are holes or voids the transparent con-
ducting oxide layer is not used, according to some embodi-
ments. A voltage bias is applied between the P layer (anode)
and the N layer (cathode) of -1 to =20V, and the photodiode
is operated in a reverse bias mode to deplete as much as
possible the “I” layer, preferably the entire I layer.

FIGS. 7A and 7B are cross sections showing aspects of a
microstructured avalanche photodiode, according to some
embodiments. As in the Si microstructured photodiodes
shown in FIGS. 5A, 58, 6A and 6B, the epitaxial layers 700
for the APD 720 are grown first followed by microstructure
processing. The microstructured avalanche photodiode 720
can be illuminated (e.g. with 300-1100 nm) from the top
with transparent metal oxide P ohmic contact 726, or the P
ohmic contact 726 can be a mirror to reflect the photons
illuminating from the bottom (e.g. with 950-1100 nm) to
have a double pass absorption. The double pass absorption
greatly improves the RC time and the Transit time of the
APD for a higher frequency response.

FIG. 8 is a cross section showing a silicon epitaxial
structure for a high-speed high-efficiency microstructured
APD, according to some embodiments. Layers 800 are
shown prior to microstructure processing. With minor modi-
fications, the n and p doping can be switched and the
direction of illumination may also be affected. Starting with
a N silicon substrate 802 (or low doped or silicon on
sapphire or a BOX/SOI wafer depending on the application
and packaging considerations), an N* layer 804 (N ohmic
contact layer) is formed with doping concentration of greater
than 10'® cm™ (typically phosphorous) with layer thickness
ranging approximately from 0.1 to 10 um. A non-intention-
ally doped layer “i” 806 or a P~ (very low doping level P
layer) has a doping concentration less than 5x10"® cm™ (this
is the multiplication or electronic gain layer of the APD)
with thickness ranging approximately from 0.1 to 2.0 pm
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depending on gain and bandwidth of the APD. A P charge
layer 808 is grown with an approximate thickness 0.05-0.2
um and doping concentration of greater than 2x10"7 ¢cm™.
An absorption layer 810 is grown (P~ or “i””) (“I”” and “i” are
used interchangeably herein) with doping less than 5x10*®
cm™ with thickness ranging approximately from 0.1 to 5
pum. Finally a P* contact layer 812 is grown with doping
greater than 5x10' cm™ with layer thickness ranging
approximately from 0.1 to 1.0 pm. According to some
embodiments, all layers 800 are grown epitaxially using
CVD or MOCVD reactors. Doping and thickness are
approximate and are adjusted depending on applications.

For best noise performance of the Si APD, photogene-
rated electrons should dominate in the multiplication pro-
cess; i.e. holes diffuse/drift toward p (anode) and electrons
diffuse/drift toward the n (cathode) with reverse bias. The Si
layers 800 are grown epitaxially using chemical vapor
deposition, plasma enhanced chemical vapor deposition,
molecular beam epitaxy, atomic layer deposition (can be a
combination of these methods to generate the optimal layer
structure in doping and interface quality) on doped or
undoped substrates. The total length for the electrons to
transit range from approximately 0.25 to 7.2 microns. This
can be, for example, 0.5 pm for absorption, 0.1 pum for
charge, 0.5 um for multiplication, with a total of 1.1 pm for
the APD layer structure 800 shown. According to some
embodiments, for higher QE, the absorption region can be
lengthened to one um for a total transit length of 1.6 pm for
example. Other layer thickness and doping concentrations
can be adjusted to optimize device characteristics for dif-
ferent wavelength, integration with CMOS, application
requirements, operating conditions such as bias voltage, gain
and noise.

Also, the APD can be illuminated with modulated optical
signal from the bottom, where using BOX or SOI, the bulk
of the substrate can be removed to minimize optical losses
and thus can use the double pass of the photons in the
enhanced absorbing microstructured layer.

FIGS. 9A-9E are a series of cross sections showing some
basic microstructure processing steps, for a high-speed APD,
according to some embodiments. FIG. 9A shows the high
speed APD epi structure 800 as described with respect to
FIG. 8. In FIG. 9B, as in the PD process, a P-ohmic
metallization or dielectric mask 910 can be deposited first on
the P layer 812 for the microstructured pears. In the case of
holes and/or voids this step may not be carried out. Dry etch
mask 910 is deposited on the surface using photolithogra-
phy, metal/dielectric deposition techniques and wet/dry
etching. In FIG. 9C, according to some embodiments, reac-
tive ion etching (RIE) or deep reactive ion etching (DRIE),
wet etching using chemicals and oxidation of the Si are used
to generate the microstructured pillars 914. Native silicon
oxide for surface passivation can be provided by thermal
oxidation (which is preferred in some cases), electrochemi-
cal anodization, and/or plasma enhanced chemical vapor
deposition. According to some embodiments, the thermal
oxidation of the pillars 914 can also be used to fine tune the
diameter of the pillar since the oxide is created from the Si
material. Thermal oxidation also smoothes the surface
which is favorable for electrical properties. In FIG. 9D a filer
916 is used to fill or partially fill the space between the Si
pillars 914 to support subsequent contact layers to be
deposited. The filler 916 can be spin on glass, polyimide,
dielectric such as silicon nitride, or silicon oxide, that can be
deposited for example using plasma enhanced chemical
vapor deposition. Once the contacts are made the filers can
be left in place or removed by dissolving the filler with an
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etchant or solvent Removing the filler has an advantage of
further reducing the capacitance of the device since air has
a dielectric constant of 1. The reduction of the capacitance
allows the device to operate at higher bandwidth due to
reduction of the RC time. In FIG. 9E, the anode and cathode
ohmic contact metallizations 922, 924 and 926 are made.
Depending on the direction of illumination, transparent
conducting oxide TCO 932 (such as indium tin oxide ITO)
can be used. In the case of top illumination, a dry etch can
be used to expose the pillars if they are buried in the filler.
The TCO 932 can then be used to contact the P* silicon
pillars at the tip or the P ohmic metallization 922. Ohmic
contact metalization is then applied to the cathode (N*) layer
either on the surface (924) or bottom (926) depending on
integration topology.

In the case of the optical signal coming from the substrate
side (the bottom), the wafer is thinned. If the thinning is
carried out by etching it can include a buried silicon dioxide
layer such as silicon on insulator, SOI/BOX, such that the
oxide layer can act as an etch stop layer. The wafer can be
thinned first by chemical mechanical polishing to 100 um
followed by a via etch to the oxide layer which can be
selectively etched off, such that the optical signal only need
to traverse a few micrometers of Si bulk material. Anti-
reflection coating 930 is applied to the Si surface to mini-
mize reflection loss. Ohmic metalization is applied to the N*
layer followed by bond metal 924. On the microstructured
pillars, ohmic metallization is applied to the P* tips (if its not
applied already in the preliminary steps), followed by bond
metal 922. According to some embodiments, an advantage
of the optical signal entering from the substrate surface (i.e.
the bottom) is that the light will bounce and travel twice
within the pillar structures, thus increasing the quantum
efficiency. According to some other embodiments, the pillars
can be made shorter to improve the transit time.

According to some embodiments, the optical signal can
also enter from the edge as shown FIG. 52, infra, either in
a guided mode or in free space. In the edge application, TCO
932 and solid anode ohmic contacts may not be used and
wafer thinning may not be carried out. Cathode ohmic
contacts can instead complete the structure. According to
some embodiments, in edge approach, the pillars are
arranged such that their density is not uniform to optimize
the capture of the optical radiation. It can be arranged in a
V pattern for example to reduce optical reflection.

Not shown in FIGS. 9A-9D are mesa etching steps used
to define the diameter of the APD 920. According to some
embodiments, other methods such as ion implantation may
also be used. Note that the microstructures themselves
provide good confinement of current in the vertical direction
and not in the lateral direction. Other known processing
steps that are not shown for sake of simplicity include:
thermal oxidation passivation of exposed surfaces; adding
guard rings; thinning of the wafer; adding anti-reflection
coatings; annealing of ohmic contacts; and creating via holes
for removal of filler.

Taking advantage of low absorption constant of bulk Si.

High speed photodiodes made with III-V material often
are constructed such than the photocarriers are generated
only in the i layer of a PIN structure to minimize the
photogenerated carriers outside of the high field region that
can cause degradation to the frequency response of the
device. This can be done easily in I1I-V material since there
are many ternary and quaternary material such as InGaAsP,
InGaAs, InAs, that are lattice matched to InP and the
bandgap of these alloys can be changed by altering the
composition such that the P+ anode 812 and P charge 808
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layers are mostly transparent and the i layer is absorbing.
However it is not easy for silicon since there are no materials
that are lattice matched to silicon. Germanium can be grown
on silicon but with the addition of a buffer layer to accom-
modate for the lattice mismatch.

According to some embodiments, a method to overcome
this issue in silicon is to take advantage of the low absorp-
tion constant of silicon at radiation near the bandgap of
silicon. According to some embodiments, the wafer can be
thinned to the insulator of an SOI structure and the 850 nm
optical signal will only traverse 1-2 um of bulk silicon losing
approximately 10% or less of the incident radiation. The rest
of the radiation continues to the microstructured pillar
silicon where the absorption is stronger possibly due to
resonance effects. According to some embodiments, the
shape of the pillars can be circular, oval, rectangle, chevron,
hexagon, double-circle, crescent, star, or any shape to opti-
mize absorption and collection efficiency. The pillar diam-
eter range from 50-1200 nm (smallest dimension can be 50
and largest dimension 1200 nm) and can be spaced uni-
formly or non-uniformly, periodic or aperiodic, chirped, or
a pattern either locally or globally to optimize APD/PD
performance and applications. The spacing of the pillars can
be 20-2000 nm. The microstructured pillars can be 100 to
10000 nm in length that is optimized for bandwidth and
efficiency for a particular wavelength near the silicon band-
gap for example 850, 880, 980, 1000 nm.

According to some embodiments, multiple dimensions
(both structure and spacing) of the microstructures within a
single PD/APD can broaden the resonance bandwidth of the
microstructures such that the enhanced absorption coefli-
cient is over a broader optical spectrum.

The substrate becomes less absorbing as the wavelength
approaches 1100 nm (1.1 eV Si indirect bandgap).

According to some embodiments, the microstructured
pillars/holes/voids can have orientations that are not perpen-
dicular to the surface of the silicon substrate. Other orien-
tations off perpendicular or with multiple orientations or
even random or pseudo-random are possible to optimize the
QE with respect to the directivity of the optical signal. In
multiple and/or random or pseudo random orientations of
the microstructures, the device become less sensitive to the
direction of light illumination which is beneficial in PV
applications. In certain applications, antenna like high direc-
tivity of the PD/APD may be desirable to avoid cross talk for
example from other optical signal sources or to further
improve its QE.

According to some embodiments, microstructured hole
arrays, instead of pillar arrays, are used as light traps in
silicon. Microstructure hole arrays have similar properties as
microstructured pillars. See e.g. Lin et al, Optical absorption
enhancement in silicon nanowire and nanohole arrays for
photovoltaic applications, Next Generation (Nano) Photonic
and Cell Technologies for Solar Energy Conversion, edited
by Loucas Tsakalakos, Proc. of SPIE Vol. 7772, 77721G
(2010). According to some embodiments, instead of etching
microstructured pillar arrays as described herein, micro-
structured hole arrays are etched using RIE/DRIE and
similar processing for the pillars, including thermal oxida-
tion for surface passivation, deep ion implantation for elec-
trical Isolation, confinement of optical fields and reduction
of capacitance. In the case of the hole arrays, it is possible
that the filler need not extend the entire length of the hole.
For example, if the surface tension of the filler is high, only
partial filling of the holes with filler will be possible and
provide support for subsequent layers of TCO, metal, oxide,
silicide, alloys to name a few that may be necessary to
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complete the device structure. According to some embodi-
ments, in the case of microstructured holes, fillers are not
used in the PD/APD/PV devices since the surface is con-
tiguous rather than consisting of islands as in the case of
microstructured pillars.

According to some embodiments, the microstructured
holes can have diameters of 50-3000 nm and can be a square,
hexagon, oval, rectangle, chevron, double-hole, with the
smallest dimension at 50 nm to the largest dimension of
3000 nm approximately. The spacing between holes (adja-
cent edges) can be regular or Irregular or a pattern at
20-2000 nm. The depth (or length) of the hole can be 100 to
10000 nm and can be uniform depth or non-uniform depth.
Dimensions are chosen for optimal absorption, quantum
efficiency, bandwidth and radiation collection efficiency for
a particular wavelength and application.

As discussed earlier, to optimize High Contrast Grating in
the Absorption regime of this invention, it may be desirable
to have the microstructured enhanced absorption structures
on materials of a lower refractive index such as BOX or SOI
where the silicon dioxide refractive index is lower than that
of Si, Ge or III-V/II-VI material. According to some
embodiments, the effective refractive index can be made
lower than the refractive index of the microstructures with
the inclusion of voids in the substrate. FIGS. 10A-10B are
cross sections showing aspects of a top illuminated micro-
structured photo diodes, avalanche photo diodes and/or
photovoltaics (PV) with microstructured voids in N—Si,
according to some embodiments. Voids can be included in
the substrate or as a microstructure for enhancing absorption
coeflicient as will be discussed infra. Refractive index in the
optical spectrum of Si, Ge, III-V material typically range
from 3-3.6, by using silicon dioxide such as SOI and voids
that are 50% of the material in volume, the refractive index
or effective refractive index can be reduced to approximately
0.5 that of the bulk semiconductors. By adjusting the ratio of
the volume of the voids to the material (Si for example) the
effective refractive index can also be adjusted from a few
percent to more than 90% that of the bulk material. The
voids can be filed with other material such that it Is not just
air, gas or vacuum, but a dielectric such as glass, polymer,
dielectric, oxide, or amorphous semiconductor that can be
optically and/or electrically passive and or active with
optical and/or electrical gain for example.

FIG. 10A shows the layers 1000 including N—Si layer
1006 which contains microstructured voids 1008 that effec-
tively reduce the refractive index of the N—Si layer 1006 as
described. FIG. 10B shows a top illuminated PD/APD/PV
1020 that includes microstructured pillars 1024 and/or holes
1022, as well as transparent conducting oxide layer 1026.
Microstructured voids 1008 can be random or patterned. The
microstructured voids 1008 can be used reflect photons back
to the absorbing “I” region if the voids 1008 are patterned to
have HCG effects at wavelengths where loss is low such as
950-1100 nm. According to some embodiments, BOX or
SOI substrates can also be used together with voids or
without voids or without BOX/SOI.

According to some embodiments, the microstructuring
techniques described herein are also applied to heteroepi-
taxial material (III-V on Si, Ge on Si, or II-VI on Si). Ge
(bandgap 0.66 eV at 300K) having much smaller bandgap
than SI, can be used for detecting optical signals at 850 and
1300 nm. Using the techniques described herein, Ge devices
can also be made to detect optical signal with wavelength at
1550-1600 nm which can than replace I1I-V material based
photodetectors. According to some embodiments, micro-
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structures are grown such as nano/microwires or etched
from bulk material with or without lithographic masking.

Ge thin film can be grown epitaxially on Si. See, e.g.
Kang et al, Epitaxially-grown Ge/Si avalanche photodiodes
for 1.3 pum light detection, 23 Jun. 2008/Vol. 16, No.
13/OPTICS EXPRESS 9365 (hereinafter “Kang et al.”),
where an APD was fabricated for 1310 nm wavelength
operation for a 30 pm diameter device. The QE of the device
with a 1 pm Ge absorption length is only 56% whereas by
using microstructured pillars/holes/voids according to
embodiments described herein, QE of approximately 90% or
greater can be achieved at 1300-1600 nm wavelength with
bandwidths of approximately 30 Gb/s or greater for a 30
micrometer diameter PD/APD. Such devices can find useful
applications in datacenters, local area networks, and in
metro and long distance optical data/telecommunications.
According to some embodiments, integration on silicon Is
used which results in significant cost reduction in manufac-
turing and packaging. In comparison, in Kang et al. a 30 um
diameter APD was only able to reach approximately 15 Gb/s
bandwidth at 1310 nm and cannot extend the wavelength
due to low absorption of the bulk material without sacrific-
ing a significant reduction in bandwidth.

FIGS. 11A and 11B are cross sections showing aspects of
an heteroepitaxial APD structure of Ge on Si, according to
some embodiments. Layers 1100 and APD device 1120
show a possible heteroepitaxial APD structure of Ge on Si
(as opposed to descriptions, supra, of homoepitaxial APD/
PD structure where only silicon is used with different doping
concentrations). Similar processing methods as in the
homoepitaxial Si APD are used to fabricate microstructured
pillar/hole arrays. According to some embodiments, the
absorption constant of bulk Ge is enhanced by greater than
70x, for example 73-172x. According to some embodi-
ments, APDs and PDs with bandwidths in excess of 30 Gb/s
can be achieved in devices with an active diameter of 30 pm
or less at wavelengths to 1750 nm and QE of approximately
90% or greater. This is a significant improvement over
existing Ge on Si APD with Illumination normal or off
normal to the surface of the substrates.

According to some embodiments, the microstructured
pillar and hole (and variations thereof) arrays can be fabri-
cated in Si, Ge, Ge on Si, SiGe on Si, SiGe on Ge; it can be
any combination of Si, Ge and SiGe.

At longer wavelengths 1200-1800 nm, Ge (germanium)
photodiodes are often used since Ge has a bandgap of 0.66
eV (whereas Si has a bandgap of 1.1 eV). However, for high
bandwidth applications (greater or equal to 20 Gb/s) Ge
photodiodes are only good to 1350 nm due to the fact that
for transit times to be approximately 30 picosec (electron
saturated drift velocity is 6x10° cm/s at 1x10* V/cm in order
to have a bandwidth of approximately 20 Gb/s (f(3
dB)=0.44/t where T is the transit time through the “I”
region) the length of the absorption region or the “I” region
is limited to approximately 2 microns. At this length, the QE
at 1550 and 1600 nm Is less than 10%, which is not generally
acceptable for optical receivers for datacom and telecom
applications. In a waveguide configuration, the length of the
absorption region can be 50-100 microns and still achieve 20
Gb/s or higher with QE equal or greater than 90%. The
waveguide Ge on Si photodiode structure have been
reported by other research groups however such waveguide
photodiodes have excess optical losses due to waveguide
losses and coupling loss (coupling of optical signal to the
optical waveguide) which can be as high as 3 dB or half of
the optical signal is lost. The “free-space” coupling (where
the optical signal is directed to the PD/APD using elements
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