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MICROSTRUCTURE ENHANCED
ABSORPTION PHOTOSENSITIVE DEVICES
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[0016] This patent application incorporates by reference
the subject matter of each of the patent applications listed
above as well as of each of the additional U.S., International,
and provisional patent applications listed in the concurrently
filed ADS.

[0017] The above-referenced provisional patent applica-
tions are collectively referenced herein as “the commonly
assigned incorporated applications.”

FIELD

[0018] The present invention generally relates mainly to
photosensitive devices. More particularly, some embodi-
ments relate to photosensitive devices having microstructure
enhanced absorption characteristics.

BACKGROUND

[0019] Fiber-optic communication is widely used in appli-
cations such as telecommunications and communication
within large data centers. Because of attenuation losses
associated with using shorter optical wavelengths most

Jun. 12, 2025

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).

[0020] 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-mi-
cron diameter at 850 nm optical wavelength. As can be seen,
in order to obtain a quantum efficiency of 90% the thickness
“d” of the “I” region is over 30microns. 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 appli-
cations.

[0021] 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
multiplication 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 multi-
plication layer. This material system is compatible with an
absorption window of roughly 900 to 1700 nm.

[0022] However both InGaAs and Ge devices are rela-
tively expensive and have relatively high multiplication
noise when compared with silicon.

[0023] 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

[0024] According to some embodiments, a photodetector
with microstructure-enhanced photoabsorption is described.
The photodetector (e.g. photodiode or avalanche photo-
diode) 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
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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.

[0025] According to some embodiments, the microstruc-
tures 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, sub-
wavelength effects, and/or interference effects.

[0026] 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 nanometers with a quantum efficiency of at least 60%.
According to some embodiments a silicon avalanche pho-
todiode is provided that can detect source signals at a data
bandwidth of greater than 5 gigabits per second, at wave-
lengths of 850 nanometers, while having a gain of greater
than 2. According to some embodiments a silicon APD has
a multiplication region with microstructures that extend into
the P multiplication 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 effectively reduce capacitance of the pho-
todetector when compared to a microstructure-free device
having a similar photon absorbing length.

[0027] According to some embodiments, the absorbing
semiconductor 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
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microstructures are formed of I1I-V family material(s) such
as InP, GaAs, InGaAs, GaN, InGaN, InGaAsP, AlGaAs,
AlGaN, GaP, InSb or InAs.

[0028] According to some embodiments, the microstruc-
tures include voids buried within the absorbing semicon-
ductor 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.

[0029] According to some embodiments, a photovoltaic
device is described that includes a semiconductor material
having a plurality of voids buried therein. The semiconduc-
tor material 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 efficiency 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.

[0030] 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 flexibility of the glass material, and/or
increased resistance of the glass material to physical damage
and/or damage propagation.

[0031] According to some embodiments, a microwave
transmission line structure is described that includes: a
semiconductor substrate material having a plurality of high-
density dielectric-filled voids configured to reduce a dielec-
tric constant 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-
filled voids are filled 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 dispersion and reduce loss associated with the micro-
wave transmission lines at least in part by reducing current
loop flow and/or eddy currents.

[0032] According to some embodiments, an optical wave-
guide 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.

[0033] According to some embodiments, a heat exchanger
system 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
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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

[0034] 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:

[0035] FIG. 1 is schematic side cross section of three
dimensional micro structures that enhance bulk absorption
coeflicient in photo sensitive devices, according to some
embodiments;

[0036] FIG. 2 is a cross section diagram showing aspects
of a typical structure of a conventional PIN photodiode;
[0037] FIGS. 3A and 3B a plots showing bandwidth and
quantum efficiency (QE), respectively, of a bulk conven-
tional silicon photodiode versus “d” in microns;

[0038] 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;

[0039] FIGS. 5A and 5B are cross sections showing
aspects of a top illuminated microstructered PIN silicon
photodiode, according to some embodiments;

[0040] FIGS. 6A and 6B are cross sections showing
aspects of a bottom illuminated microstructered NIP silicon
photodiode, according to some embodiments;

[0041] FIGS. 7A and 7B are cross sections showing
aspects of a microstructered avalanche photodiode, accord-
ing to some embodiments;

[0042] FIG. 8 is a cross section showing a silicon epitaxial
structure for a high-speed high-efficiency microstructured
APD, according to some embodiments;

[0043] FIGS. 9A-9E are a series of cross sections showing
some basic microstructure processing steps, for a high-speed
APD, according to some embodiments;

[0044] FIGS. 10A-10B are cross sections showing aspects
of'a top illuminated microstructered photo diodes, avalanche
photo diodes and/or photovoltaics (PV) with microstruc-
tured voids in N-Si, according to some embodiments;
[0045] FIGS. 11A and 11B are cross sections showing
aspects of an heteroepitaxial APD structure of Ge on Si,
according to some embodiments;

[0046] FIG. 12 is a cross section illustrating aspects of a
passivation method for Ge surfaces on microstructures,
according to some embodiments;

[0047] FIGS. 13A and 13B are graphs showing the effects
of microstructure enhancement of Ge bulk absorption coef-
ficient for photodiodes and/or avalanche photodiodes based
on Ge on Si, according to some embodiments;

[0048] 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;
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[0049] FIGS. 15A-15D are cross sections illustrating
aspects of bottom-illuminated Ge on Si avalanche photo-
diodes having microstructured pillars/holes, according to
some embodiments;

[0050] FIGS. 16A and 16B are graphs comparing single
pass and double pass photodiodes and/or avalanche photo-
diodes based on Ge on Si, according to some embodiments;
[0051] FIGS. 17A-17B are cross sections showing aspects
of a top-illuminated Ge on Si photodiode structure having
microstructured pillars/holes for applications with signal
wavelengths ranging from 700 to 1800 nm, according to
some embodiments;

[0052] FIGS. 18A-18B 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, accord-
ing to some embodiments;

[0053] FIGS. 19A-19C are diagrams illustrating how
microstructures can reduce capacitance of a photodiode such
that a larger area photo diode can be fabricated with the same
bandwidth and QFE, according to some embodiments;
[0054] 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;

[0055] 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;
[0056] FIG. 21 is a cross section showing etching of
microstructured pillars and/or holes for devices having
microstructured Ge buried or embedded in an Si microstruc-
ture, according to some embodiments;

[0057] 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;

[0058] FIG. 23 is a cross section showing a device having
microstructured Ge buried or embedded in an Si microstruc-
ture, after I-Ge regrowth and planarization, and a cap layer
of P-Si, according to some embodiments;

[0059] FIGS. 24A-24B are cross sections showing aspects
of a microstructured APD with buried/embedded I-Ge
absorbing microstructures in [-Si microstructures, according
to some embodiments;

[0060] FIGS. 25A-25C are cross sections showing aspects
of a photodiode having buried/embedded Ge microstruc-
tures in a Si microstuctured pillar and/or hole array, accord-
ing to some embodiments;

[0061] 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;
[0062] FIG. 26 is a cross section showing starting epitaxial
layers in which mictrostructured voids are fabricated,
according to some embodiments;

[0063] FIG. 27 is a cross section showing microstructured
holes/pillars etched into the I-Si layer, according to some
embodiments;

[0064] 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;

[0065] 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;
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[0066] FIG. 30 shows an example of a PIN PD/PV struc-
ture with microstructured voids to enhance absorption,
reduce bulk refractive index, reduce capacitance and
increase mechanical flexibility of large sheets of PV on
semiconductor material, according to some embodiments;
[0067] FIG. 31 is a cross section showing regrown [-Ge
with a buried/embedded voids, according to some embodi-
ments;

[0068] FIG. 32 is a cross section showing a device having
buried microstructured voids in 1-Si with regrown [-Ge and
capped by a epitaxial layer, according to some embodi-
ments;

[0069] FIG. 33 is a top view showing distribution of
microstructured pillars, holes and/or buried voids in an
PD/APD, according to some embodiments;

[0070] FIG. 34 is a top view showing distribution of
microstructured pillars, holes and/or buried voids in an
PD/APD, according to some other embodiments;

[0071] FIG. 35 shows the basic epitaxial structure for a
conventional Si PV/PD diode on N Si substrate;

[0072] FIG. 36 shows microstructured voids incorporated
into an N-Si layer, according to some embodiments;
[0073] FIG. 37 is a cross section showing etched Si
microstructured pillars/holes with regrown Ge covering the
Si, according to some embodiments;

[0074] 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;
[0075] FIG. 39 is a cross section showing partial coverage

1-Ge on microstructured Si pillars/holes, according to some
embodiments;

[0076] FIG. 40 is a cross section sowing the basic com-
ponents for the a microstructured Si-Ge pillar hole array
PD/PV and/or APD, according to some embodiments;
[0077] 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;

[0078] 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;

[0079] FIGS. 43-46 are top views illustrating various
dimensions, spacings and shapes for microstructured ele-
ments, according to some embodiments;

[0080] FIGS. 47-48 are cross sections showing micro-
structured pillar and hole arrays having varying lengths and
depths, according to some embodiments;

[0081] FIG. 49 shows shows a microstructured surface
having a combination of both pillars and holes, according to
some embodiments;

[0082] FIG. 50 is a cross section of an optical ridge
waveguide, according to some embodiments;

[0083] FIG. 51 is a cross section of a buried optical
waveguide in silicon using voids, according to some
embodiments;

[0084] 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;
[0085] FIGS. 54A and 54B show a microwave transmis-
sion line on Si with voids, according to some embodiments;
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[0086] FIG. 55 is a cross section of voids for thermal
conduction and thermal isolation of heat producing ICs and
light emitters, according to some embodiments; and
[0087] 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,
according to some embodiments;

[0088] FIGS. 57A and 57B are simplified partial sche-
matic top views of a semiconductor surface having holes
configured as trenches, according to some embodiments.

DETAILED DESCRIPTION

[0089] A detailed description of examples of preferred
embodiments is provided below. While several embodi-
ments 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 embodi-
ments described herein, but instead encompasses numerous
alternatives, 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.

[0090] According to some embodiments, microstructures
are used to enhance the bulk absorption constant (also
referred to as absorption coefficient) to achieve high quan-
tum efficiency (QF) 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
external quantum efficiency (EQE) in cases where reflection
and transmission are negligible.

[0091] According to some embodiments, microstructures
are used to improve bulk absorption constant at wavelengths
in the proximity of the semiconductor 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 coefficient) is called the effec-
tive absorption constant (or coefficient). The term “effec-
tive” is used since absorption constant or coefficient 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 coefficient. As used
herein, the following terms are used interchangeably:
enhanced absorption constant, enhanced absorption coeffi-
cient; enhanced effective absorption constant; enhanced
effective absorption coeflicient; enhanced absorption;
enhanced effective absorption; and effective absorption con-
stant; and effective absorption coefficient.

[0092] 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, for example
100 micrometers (ium), whereas under enhanced absorption
according to some embodiments, the path length is 1
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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.

[0093] 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
absorption 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 coefficient 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.

[0094] As used herein the terms “microstructures” and
“microstructured” 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.

[0095] According to some embodiments, properties of the
microstructures 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 weakly 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).

[0096] 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, nanow-
ire 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 dimen-
sions on the order of the optical wavelength, the optical
electromagnetic field will see an average refractive index
consisting 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.
[0097] 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
III-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
example, the InP material family can include InGaAs,
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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

[0098] 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 inte-
gration of materials can be homo or hetero structures,
combination of crystalline and microcrystalline and amor-
phous semiconductor, conductor such as carbon, graphene,
insulator, dielectrics, solid, gaseous, liquid such as glass or
polymer that can be semiconducting.

[0099] 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
semiconductor, 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 effec-
tive capacitance 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 significantly lower than the capacitance of a homoge-
neous material such as a semiconductor. The lower capaci-
tance 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.

[0100] According to some embodiments, the photosensor
can be a photodiode (PD), avalanche photodiode (APD),
photovoltaic (PV) or solar cell, or any optoelectronic device
that converts photons to electrons. According to some
embodiments, emitters such as lasers and light emitting
diodes that convert electrons/holes to photons can also be
implemented using microstructures.

[0101] According to some embodiments, the enhanced
absorption 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 absorp-
tion length therefore shorter transit time; (3) increase quan-
tum efficiency with enhanced absorption; (4) be manufac-
tured 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 ampli-
fication, memory, cpu, electrical transmitter, optical wave-
guides, integrated optics, and other ICs for specific appli-
cations. This is advantageous for mass production using
CMOS foundries.

[0102] According to some embodiments, microstructures
such as voids are used to reduce effective refractive index to
create resonant structures to enhance the absorption. In
microstructures 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

Samsung Exhibit 1049, Page 54 of 79



US 2025/0194293 Al

region is a resonant structure to enhance the effective
absorption coefficient by 2 to over 100 times.

[0103] 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
material with silicon, the absorption takes place in Ge and/or
III-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.

[0104] According to some embodiments, microstructures
such as buried voids can reduce lateral electrical and thermal
conductivity. 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.
[0105] According to some embodiments, the absorption of
photons in semiconductors is enhanced with the use of
microstructures. The microstructures can have effects such
as resonance, field enhancement, near field and sub wave-
length 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.
[0106] 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 equiva-
lently 6.75 GHz approximately depending of the digital
coding format) at photons with wavelengths of 850 nm
approximately (which is the current datacom preferred
wavelength) with quantum efficiencies of approximately
90% or more.

[0107] Silicon optical detectors are very robust due to the
maturity of the
[0108] 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 II-V
material) and such detectors are CMOS compatible for
integration with electronics for signal processing and with Si
photonics.

[0109] According to some embodiments, other material
such as germanium, I1I-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.

[0110] According to some embodiments, microstructures
and voids are used to reduce the effective refractive index
and capacitance to achieve the absorption mode high con-
trast grating effect and to reduce the effective capacitance of
the device for lower RC time constants.

[0111] In addition, according to some embodiments,
microstructures buried in the semiconductor can reduce
lateral electrical and thermal conduction. Microwave trans-
mission 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
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thermal conductors. This is useful in thermal management of
components on a silicon substrate.

[0112] The enhancement using nanowires (Garnett et al,
Light trapping in silicon nanowire solar cells, Nano Letters,
2010, 10, 1082-1087; Kelzenberg et al, Enhanced absorption
and carrier collection in Si wire arrays for photovoltaic
applications, Nature Materials, vol. 9, March 2010, 239-
244) and nanoholes (Lin et al, Optical absorption enhance-
ment in silicon nanowire and nanohole arrays for photovol-
taic applications, 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 pho-
togenerated carriers diffuse to the anode or cathode of'a P-N
junction with zero external bias operating at DC (direct
current).

[0113] According to some embodiments, the photogene-
rated 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 10Gb/s bandwidth) and high quantum efficiency
and for APD for high current gain, with gain greater than 3
dB.

[0114] 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,
resonance effects, constructive and destructive optical inter-
ferences (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.

[0115] FIG. 1 is schematic side cross section of three
dimensional micro structures that enhance bulk absorption
coeflicient 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 1, is the refractive index of material M,. The center
to center distance L of the structures 110 can be between
AMn,; 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 pillarhole 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 An, 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
An,;<A<h/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
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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.

[0116] The HCG effect that may explain the high enhance-
ment of the absorption coefficient of the bulk material is that
a single or multiple HCG layer (or a single microstructured
pillar/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/micro-
structured pillar-hole array can be directed to propagate in
the plane of the HCG/microstructured pillar-hole array
rather than normal 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 photovol-
taic devices.

[0117] 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 coeflicient over the bulk
absorption coefficient by a factor of 1.1 to over 100.
[0118] 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 microstr FIG. 49: “Pillar with hole
structures in either Ge or Si to improve the quantum effi-
ciency (QE) and operating wavelength range of Si (400-
1100 nm) and Ge (400 to 1800 nm) and Ge on Si photo-
diodes and avalanche photodiodes operated 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
heterojuction, 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).

[0119] Known silicon photodetectors have been limited to
wavelength ranges of 200 to 1000 nm due to indirect
bandgap of 1.1 eV. In particular, near the band gap wave-
lengths of 800-1000 nm, the frequency response of the
silicon photodetector 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 frequency 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 kilome-
ters) multimode fiber optical datacommunication.
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[0120] The amount of incident photons absorbed is
approximately given by n=1-e** where 1 (also the quantum
efficiency if reflection off the surface of the PD is negligible)
is the amount absorbed and “a” is a the absorption constant
and “L” is the length 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 approxi-
mately 30 um. Known high speed photodetectors typically
have an absorption region of approximately 2 um 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.

[0121] Efficiency and bandwidth (transit and RC time): At
a field strength of 6x10* V/cm the electron drift velocity is
1x107 cm/s at a temperature of 300 K. The 3 dB bandwidth
of the photodetector due to transit time is given by: f(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-
carriers 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 “1” 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.

[0122] According to conventional techniques, a 30 um
thick absorption layer (‘1) 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 Gb/s) which is
too low for many current applications. Many current appli-
cations are in the 10-20 Gb/s range and in the near future 40
Gb/s. A d of 2 um or less is desirable for current high-speed
photodiodes in optical datacom applications to give over 30
Gb/s bandwidth.

[0123] 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/(2aRC); 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 8.854x107** farads/cm) which is
11.9 for Si, A is the area of the capacitor (7t(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 capaci-
tance 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.
[0124] 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:

[URRRC+(/2.4)12).

[0125] FIGS. 3A and 3B are plots showing bandwidth and
QE, respectively, of a bulk conventional Silicon photodiode
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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 m (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 30
um diameter PD, which is too low for most datacom
applications.

[0126] According to some embodiments, to overcome the
relatively 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-
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
[0127] Solar Cells, Nano Lett. 2010, 10, 1082-1087 (here-
inafter “Garnett et 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.

[0128] According to some embodiments, as described
earlier, the concept of

[0129] effective absorption coefficient is introduced. The
effective absorption coefficient of the ordered array of Si
nanowires is 73X that of bulk silicon; bulk a for Si is 760/cm
and nanowire Si a is 5.548x104/cm at 850 nm which is
higher than direct bandgap III-V material.

[0130] 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.

[0131] The nanowire array described in Garnett et 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 %4
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 2 that of a 30 pm diameter
parallel plate.

[0132] 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
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Gb/s, 98%; 49Gb/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 172X QE 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.

[0133] 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.

[0134] According to some embodiments, the weak absorp-
tion in the bulk can be taken advantage of for photodetector
applications since this will allow light at 850 nm and longer
to 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.

[0135] 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, III-V material
family such as InP, GaAs, GaN, InGaN; II-VI material
family such as ZnSe, and also heterostucture material such
as III-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.

[0136] FIGS. 5A and 5B are cross sections showing
aspects of a top illuminated microstructered 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 microstructured 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 optical signal is guided in an optical waveguide,
the microstructured absorption region can also be illumi-
nated edge wise, directly into the microstructures or eva-
nescently coupled to the microstructured i region.

[0137] 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
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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*7/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 approximately from
0.1 to 10 micrometers or more; [ 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 thickness 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 micrometers (10-80
micrometers in diameter are possible ranges) in diameter for
20 Gb/s or more bandwidth operation. According to some
embodiments, the area can be larger for lower bandwidth or
smaller for higher bandwidth operation. The Si microstruc-
tures 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 coefficient 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 from 750-1100 nm. A
transparent conducting oxide and P-ohmic layer 526 is also
provided.

[0138] The PD 520 is operated in a reverse bias mode,
with negative voltage

[0139] 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 embodiments, 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.

[0140] 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 illuminat-
ing 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.

[0141] FIGS. 6A and 6B are cross sections showing
aspects of a bottom illuminated microstructered 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
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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

[0142] “T” region is effectively doubled, the transit time
can effectively be reduce since only half of “I” is needed.
[0143] 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.
[0144] According to some embodiments, the basic struc-
ture of a microstructured Si photodiode such as shown in 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).

[0145] According to some embodiments, the basic layer
structures (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
deposition (CVD), metal organic chemical vapor deposition
(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.

[0146] 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 (filler 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-
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ments. A voltage bias is applied between the P layer (anode)
and the N layer (cathode) of -1 to —20 V, and the photodiode
is operated in a reverse bias mode to deplete as much as
possible the “I” layer, preferably the entire I layer.

[0147] FIGS. 7A and 7B are cross sections showing
aspects of a
[0148] microstructered avalanche photodiode, according

to some embodiments. As in the

[0149] Si microstructured photodiodes shown in FIGS.
5A, 5B, 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 illumi-
nated (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.

[0150] FIG. 8 is a cross section showing a silicon epitaxial
structure for a high-speed high-efficiency microstructured
APD, according to some embodiments.

[0151] Layers 800 are shown prior to microstructure pro-
cessing. With minor modifications, 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 phospho-
rous) with layer thickness ranging approximately from 0.1 to
10 um. A non-intentionally 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 um 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 pm. 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.

[0152] For best noise performance of the Si APD, photo-
generated electrons should dominate in the multiplication
process; i.e. holes diffuse/drift toward p (anode) and elec-
trons diffuse/drift toward the n (cathode) with reverse bias.
The Si layers 800 are grown epitaxially using chemical
vapor deposition, plasma enhanced chemical vapor deposi-
tion, 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 um for absorption, 0.1 pm for
charge, 0.5 pm for multiplication, with a total of 1.1 um 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 um for
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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.

[0153] 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.

[0154] 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 Player 812 for the microstructured pillars. 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 smooths the surface which
is favorable for electrical properties. In FIG. 9D a filler 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 depo-
sition. Once the contacts are made the fillers can be left in
place or removed by dissolving the filler with an 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 metallization is then applied to the cathode (N*)
layer either on the surface (924) or bottom (926) depending
on integration topology.

[0155] 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
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minimize reflection loss. Ohmic metallization is applied to
the N* layer followed by bond metal 924. On the micro-
structured 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 embodi-
ments, 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.

[0156] 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.

[0157] 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.

[0158] Taking advantage of low absorption constant of
bulk Si. High speed photodiodes made with I1I-V material
often are constructed such than the photocarriers are gener-
ated 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 III-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
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.

[0159] According to some embodiments, a method to
overcome this issue in silicon is to take advantage of the low
absorption 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

Jun. 12, 2025

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.

[0160] According to some embodiments, multiple dimen-
sions (both structure and spacing) of the microstructures
within a single PD/APD can broaden the resonance band-
width of the microstructures such that the enhanced absorp-
tion coeflicient is over a broader optical spectrum.

[0161] The substrate becomes less absorbing as the wave-
length approaches 1100 nm (1.1 eV Si indirect bandgap).
[0162] According to some embodiments, the microstruc-
tured pillars/holes/voids can have orientations that are not
perpendicular to the surface of the silicon substrate. Other
orientations 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.

[0163] 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,

[0164] Next Generation (Nano) Photonic and Cell Tech-
nologies for Solar Energy Conversion, edited by Loucas
Tsakalakos, Proc. of SPIE Vol. 7772, 77721G (2010).
According to some embodiments, instead of etching micro-
structured pillar arrays as described herein, microstructured
hole arrays are etched using RIE/DRIE and similar process-
ing for the pillars, including thermal oxidation for surface
passivation, deep ion implantation for electrical 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 complete the device
structure. According to some embodiments, in the case of
microstructured holes, fillers are not used in the PD/APD/
PV devices since the surface is contiguous rather than
consisting of islands as in the case of microstructured pillars.
[0165] According to some embodiments, the microstruc-
tured 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.

[0166] As discussed earlier, to optimize High Contrast
Grating in the Absorption regime of this invention, it may be
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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
microstructered 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 filled 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.

[0167] FIG. 10A shows the layers 1000 including N-Si
layer 1006 which contains microstructured voids 1008 that
effectively 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.
Microstructered voids 1008 can be random or patterned. The
microstructered voids 1008 can be used reflect photons back
to the absorbing “I” region if the voids 1008 are patterned to
have HCG effects at wavelenghs 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.

[0168] According to some embodiments, the microstruc-
turing techniques described herein are also applied to het-
eroepitaxial material (III-V on Si, Ge on Si, or II-VI on Si).
Ge (bandgap 0.66 eV at 300K) having much smaller band-
gap 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 11I-V
material based photodetectors. According to some embodi-
ments, microstructures are grown such as nano/microwires
or etched from bulk material with or without lithographic
masking.

[0169] Ge thin film can be grown epitaxially on Si. See,
e.g. Kang et al, Epitaxially-grown Ge/Si avalanche photo-
diodes for 1.3 pm light detection, 23 Jun. 2008/Vol. 16, No.
13/0OPTICS EXPRESS 9365 (hereinafter “Kang et al.”),
where an APD was fabricated for 1310 nm wavelength
operation for a 30 um diameter device. The QE of the device
with a 1 um 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
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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 pm
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.

[0170] 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 homoepi-
taxial APD/PD structure where only silicon is used with
different doping concentrations). Similar processing meth-
ods 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 embodiments, APDs and PDs with
bandwidths in excess of 30 Gb/s can be achieved in devices
with an active diameter of 30 um 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.

[0171] According to some embodiments, the microstruc-
tured pillar and hole (and variations thereof) arrays can be
fabricated in Si, Ge, Ge on Si, SiGe on Si, SiGe on Ge; it can
be any combination of Si, Ge and SiGe.

[0172] At longer wavelengths 1200-1800 nm, Ge (germa-
nium) 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 such as lens, dif-
fraction elements, light pipes, optical waveguides to name a
few) of optical signal to the microstructured photodiode and
avalanche photodiode have much less optical losses, typi-
cally a few percent or less. One of the reason is the large area
of the microstructured PD/APD which is 30 microns in
diameter as compared to waveguide photodiodes its dimen-
sions are a few microns, typically 1-2 microns. Not only is
coupling loss high in waveguide PD/APD, it often uses
active alignment which requires that the waveguide
PD/APD is turned on to monitor the coupling of the optical
signal into the waveguide PD/APD. This active alignment is
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slow and time consuming which adds cost to the packaging
of the waveguide PD/APD in any optical receiver module.
In contrast, the large area microstructured PD/APD, accord-
ing to some embodiments, uses only passive alignment
where it is aligned without turning on the microstructured
PD/APD. Such alignment is much faster and easier which
reduces the cost of a microstructured PD/APD in any optical
receiver module. It should be noted that with the effective
capacitance of the microstructured PD/APD significantly
lower than bulk PD/APD by 10 to 80% or more, the area of
the microstructured PD/APD can be correspondingly larger
by 10 to 80% or more.

[0173] In FIG. 11B, a microstructured Ge on Si pillars/
holes APD structure 1120 with bottom illumination is
shown. Epitaxial layers for an APD Ge on Si are used where
the optical absorption to generate electron-hole pairs takes
place in Ge and the gain/multiplication of the electrical
charged carriers takes place in Si. The epitaxially grown
layers are similar to Ge on Si bulk (thin film) APD with the
following layer compositions ranges (shown in FIG. 11A). N
is undoped, or low doped (20 ohms-cm) Si substrate 1102,
which can also be SOI or BOX, to allow removal of the Si
substrate for bottom illumination and/or to reduce the refrac-
tive index. If SOI or BOX substrates are used, the N ohmic
contact and bond metal will be on the N*-Si surface adjacent
to the multiplication I region. N* contact layer 1104 which
can be 2-8 microns, N*>5.10"® cm™. I multiplication layer
(or gain layer) 1106 which can be undoped (not intentionally
doped), 0.2-1.0 microns thick and 1<1.10'° cm™. P charge
layer 1108 having a thickness of 0.05-0.2 microns and
P~1-6. 107 cm™3. P~ low temp Ge buffer layer 1110 having
a thickness of ~0.01-0.04 microns and P~~<1. 10'® cm™. I
or P~ absorption layer 1112 having a thickness of 0.2-2.0
microns, and I (or P7)<1. 10"® cm™>. Finally, P* contact layer
1114 has a thickness of 0.05-0.2 microns, and P*>2. 10*°
cm™, approximately. Starting with a wafer with all the
layers 1100 grown for APD operation,

[0174] the processing details are left out for simplicity.
The basic steps involve first, depositing the p ohmic contact
metal layer 1126 using e-beam, thermal or sputtering depo-
sition. The microstructure pattern of either pillars or holes is
photolithographically, using positive or negative or image
reversal photoresist methods depending on pillars or holes,
defined to form the etch mask for either dry or wet etching.
According to some embodiments imprint lithography can be
used. The microstructure patterns are etched on the P* and
I (or P7) and P Ge layers 1114, 1112 and 1110, respectively,
partially or fully to the P Si layer 1108 (e.g. using fluorine,
chlorine, bromine based gases such as SF,, CF,, BCL,, Cl,,
for selective dry etching using RIE and DRIE). The selec-
tivity of the etch between Ge and Si can be as high as 70, so
as to etch Ge 70 times faster than Si by adjusting gases
mixtures, pressure, temperature and bias, and power. The
sidewalls of the microstructure patterns (pillars or holes) are
passivated with dielectric or SiGe and gradually reducing
the Ge content such that Si remains on the surface (using for
example atomic layer deposition ALD) and subsequently
using thermal oxidation to minimize surface recombination
of the photogenerated carriers via surface states due to
dangling bonds and other surface imperfections. According
to some embodiments, other passivation techniques may
also be applied such as ALD of Si oxides and Si nitrides.
Planarization is performed using either spin on glass, poly-
imide, or PECVD deposition of dielectrics such as Si oxides
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and Si nitrides. An etch back is performed to expose the P
layer. For microstructured holes and pillars, it may not be
necessary to planarize completely, by using polyimide or
spin-on glass to partially fill the holes and spaces between
pillars. Ohmic and/or bond contacts are formed on the P and
N layers. For top illuminated photodetectors, where the
optical signal enters on the epitaxial surface where the
microstructure patterns are fabricated, a transparent con-
ducting oxide 1126 (the transparent conducting oxide may
not be used in the case of microstructured holes) is deposited
to connect all the P ohmic metal layers (for pillars). A
voltage bias is applied between the P* Ge layer 1114 (anode)
and the N* Si layer 1104 (cathode) of -2 to —-45 V. The APD
1120 is operated in a reverse bias mode to deplete as much
as possible both of the “T” layers. Many detailed processing
steps are left out such as annealing, surface preparations,
deposition of ohmic contacts, bond metal, RIE, DRIE, wet
etching, masks for etching, mask removal, antireflection
coatings, mirrors such as Bragg reflectors on the microstruc-
tured layers, to name a few. Ohmic contact metallization to
P and N semiconductors and bond metallizations are well
known in the art and details are not mentioned here. Also,
holes are used in electron-hole pairs as charged electrical
carriers and holes as in a physical void such as the micro-
structured holes. From context it should be understood if
“hole” refers to a charged electrical particle or a physical
void.

[0175] According to some embodiments, Ge surfaces of
the microstructured pillars or holes and any Ge surfaces
exposed to an electric field, where electric current can flow
and/or where electric charges are formed are passivated to
reduce current leakage, minimize surface states that can be
a potential sink or recombination centers for carriers, espe-
cially photogenerated carriers of electrons and holes (as in
Si, thermal oxide or rapid thermal exidation, to create SiO,
and SiO_ used to passivate any silicon surfaces that can
cause excessive leakage current or recombination centers for
photogenerated carriers, or a carrier sink) and GeO,N,
which is a native Ge oxynitride that is formed in two stages,
where the Ge microstructured pillars and/or holes are first
exposed to oxygen and then to ammonia ambient in a rapid
thermal annealer to form the Ge oxynitride passivation layer.
These passivation methods are well known in the art.

[0176] FIG. 12 is a cross section illustrating aspects of a
passivation method for Ge surfaces on microstructures,
according to some embodiments. Shown are microstructured
Ge pillars 1202 (or holes) for a PD and/or APD. On the Ge
surfaces is conformally epitaxially grown SiGe layer 1210.
Gradually, the Ge content is reduced within layer 1210 until
only Si is exposed on the surface. Thermal oxidation of Si
is then used to passivate the exposed Si surfaces, forming
SiO2 layer 1212, to minimize leakage current and surface
states that can be a potential sink for carriers, especially
photogenerated carriers (electrons and holes) that can
degrade QE.

[0177] FIGS. 13A and 13B are graphs showing the effects
of microstructure enhancement of Ge bulk absorption coef-
ficient for photodiodes and/or avalanche photodiodes based
on Ge on Si, according to some embodiments. According to
some embodiments, a 73x enhancement of bulk absorption
coeflicient is gained in PD/APD devices having microstruc-
tured pillars/holes at 1550 and 1600 nm. FIG. 13 A shows the
bandwidth verses “d” or the length of the “T” layer for 1550
nm (point 1310) and for 1600 nm (point 1312) Note that
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APDs have both a Ge “I” layer and an Si “I” layer; whereas
for PDs have just a Ge “I” layer. FIG. 13B shows QE verses
“d” or “I” layer length for 1550 nm (point 1320) and 1600
nm (point 1322). It can be seen that for a 30 micron diameter
active region PD/APD bandwidths of 40 and 31 Gb/s can be
attained at 1550 nm and 1600 nm optical wavelength
respectively with 90% QE. This result was not achievable
with bulk Ge photodiodes and avalanche photodiodes of
conventional design.

[0178] The separation of using Ge microstructures to
absorb the light generating e-h (electron-hole) pairs and
using Si for the avalanche multiplication of the carriers,
preferably electrons, results in an APD with very low noise
due to the fact that the ionization ratio (defined as hole
ionization rate/electron ionization rate) for electrons injected
into the multiplication region (gain region which is a func-
tion of applied reversed bias voltage) is lower than in III-V
material family. This result in a low excess noise factor leads
advantageously to a high signal to noise ratio (S/N).

[0179] 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. FIG. 14A shows the bulk layers 1400. In FIG. 14B,
top illuminated microstructured Ge on Si APD 1420 is
shown with a semitransparent conductive oxide 1426 con-
necting the P-ohmics on the Ge microsturctured pillars 1424
(holes 1422) as described supra. Both top and bottom
illuminated microstructured Ge on Si share similar epitaxial
structures. The processing steps for top and bottom illumi-
nated microstructured APDs are similar. The main differ-
ences are that the transparent conductive oxide for top
illuminated APD (or PD) is replaced with an opaque ohmic/
bond metallization that can act as a mirror to reflect the
optical signal back toward the absorption I layer. According
to some embodiments, the mirror can also consist of Bragg
reflectors either wafer bond to the microstructure or epitaxi-
ally or vacuum deposited such as dielectric or conductive
metal dielectrics to enhance the reflectivity to greater than
90% of the optical signal. In addition, bottom illuminated
PD/APD may require a window or via where most of the Si
substrate is removed to reduce optical losses depending on
the wavelength of the optical signal.

[0180] FIGS. 15A-15C are cross sections illustrating
aspects of bottom-illuminated Ge on Si avalanche photo-
diodes having microstructured pillars/holes, according to
some embodiments. FIG. 15A shows the bulk layers 1500
prior to forming the microstructures (pillars and/or holes).
FIG. 15B shows a Ge on Si microstructured APD 1520 with
the optical signal illuminating from the bottom (substrate
side) for wavelengths from 1200-1800 nm. Note that Si is
basically transparent at these wavelengths. According to
some embodiments, to further reduce optical losses, the Si
wafer can be thinned just at the area of illumination, for
example through a via of 50-500 microns in diameter and
thinned to the N* layer of the Si; or the Si substrate 1502 can
include a BOX or SOI layer 1502. The Si substrate 1502 can
then be thinned selectively to the BOX or insulator layer
1502 which can be etched away selectively. According to
some embodiments, an anti reflection layer (not shown) can
be added to minimize reflection. The advantage of this
arrangement is that the optical signal will have a double
bounce, reflecting off the metallization 1526 on the Ge P*
layer 1514 and traversing the Ge “I” absorber region 1512
once again. For example, as shown in FIGS. 13A and 13B,
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keeping the same absorption length, Ge “I” length, the QE
for both 1550 and 1600 nm would be approximately 90% or
higher for a Si substrate side (bottom) illumination by the
optical signal assuming negligible reflection loss. According
to some embodiments, the Ge “I” absorption length can be
further shortened to increase the bandwidth and still main-
tain acceptable QE.

[0181] For Ge epitaxially grown on Si, it is known that the
bulk absorption coefficient is greater than that of Ge bulk by
itself (not grown on Si); at 1750 nm the Ge on Si absorption
coefficient is approximately 100 cm™. According to some
embodiments, this can be enhanced by the microstructured
pillars and/or holes by 172 times. The resulting enhanced Ge
on Si microstructured pillar and/or holes absorption coeffi-
cient can be about 1.72. 10* cm™".

[0182] FIG. 15C shows an APD 1540 in which the micro-
structure extends all the way to the N cathode layer 1506 to
further reduce capacitance and refractive index. In this case,
the absorbing i layer 1512 is microstructured as is the charge
layer 1510 and the i multiplication layer 1508. According to
some embodiments, the microstructures can also be formed
partially into the charge and multiplication layers 1510 and
1508. Additionally, according to some embodiments, the
microstructures in the absorbing layer 1512 and the multi-
plication layer 1508 need not be the same. In FIG. 15D,
photons may generate electron hole pairs in the multiplica-
tion region which may contribute to added gain but also may
contribute to excess noise. According to some embodiments,
the absorption and multiplication region using the micro-
structure APD is combined in one region without the use of
the charge layer. This is possible due to enhanced absorp-
tion: the length of absorption and multiplication can be of
the order of one micron or less allowing reasonable ava-
lanche voltage.

[0183] FIG. 15D shows a microstructered APD 1560
where the absorption and multiplication region are a single
region 1566, pillars or holes, according to some embodi-
ments. This is enabled by the microstructure enhancing the
absorption coefficient so that less than one micron of the
absorbing microstructure length is needed to achieve QE of
approximately 90% or more and avalanche multiplication
can also occur in this length of material. For example, if 0.5
um of microstructured Si shown in FIG. 15D is the thickness
of'layer 1566, a back illuminated APD 1560 allows a double
bounce of the optical signal reflecting off the N ohmic
contact and bond metallization resulting in an effective
length of one micron of absorption length. The Si APD 1560
can operate at 0.5 pm multiplication length resulting in gain
of'3 dB or more with a reverse bias ranging from -5 to -50
volts. According to some embodiments, the structure shown
in FIG. 15D can be applied to other material systems such
as Ge, Ge on Si, III-V, and III-V on Si or not on Si.
[0184] FIGS. 16A and 16B are graphs comparing single
pass and double pass photodiodes and/or avalanche photo-
diodes based on Ge on Si, according to some embodiments.
Points 1610 and 1620 show the bandwidth and QE values for
single pass with d of approximately 1.4 microns and points
1612 and 1622 show the bandwidth and QE values for a
thinner d of approximately 0.7 microns single pass. For
double pass the device will have points 1612 for bandwidth
and point 1622 for QE. At 1750 nm optical signal wave-
length, using absorption coefficient data of 100/cm for Ge on
Si and with, for example, 172 times (172X) enhancement
factor due to the microstructured Ge on Si photodiode/
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avalanche photodiode structures, a bandwidth of 27 Gb/s
and a QE of approximately as high as 90% can be attained
with an “I” (also “d”) length of approximately 1.4 microns
for a single pass (top illuminated-where the optical signal
illuminates the top Ge microstructured side). As mentioned
earlier, for photodiodes the “I” or “d” is the absorption
length, whereas for avalanche photodiodes the “I” is the
combined absorption length and the multiplication length.
For example, for an APD to achieve 27 Gb/s the total “T”
length needs to be limited to 1.4 microns. A double pass
arrangement can be used such that for example the absorp-
tion length is 0.9 microns and the multiplication is 0.5
microns, making the absorption length effectively 1.8
microns to achieve QE above 90%. However, if we instead
have the optical signal illuminate from the bottom Si sub-
strate side, the Si substrate and Si layers are basically
transparent and have minimal optical losses (approximately
1-3 dB/cm) at optical radiation energies that are below the
bandgap of Si (1.1 eV or 1127 nm wavelength at 300K) for
example for radiation from 1200-1800 nm wavelengths. The
advantage of illuminating from the Si substrate side (bot-
tom) is that the optical signal can have a double pass at the
Ge “I” absorbing region if the metallization on the P*
contact layer is reflective which it should be since it is
metallic composing of Au, Al, Ag, Cr, Zn, Ti, Ta, Ge, or a
combination of these metals and semiconductors. Bragg
reflectors consisting of material with alternating refractive
indices from oxides, nitrides, chlorides, semiconductors,
either wafer bonded to the microstructures or deposited on
the microstructures can also be incorporated. Reflectivity
can be greater than 90%. With double pass, as shown in
FIGS. 16 A and 16B, a bandwidth of 40 Gb/s can be attained
with a QE approximately as high as 90% or more.

[0185] FIGS. 17A-17B are cross sections showing aspects
of a top-illuminated Ge on Si photodiode structure having
microstructured pillars/holes for applications with signal
wavelengths ranging from 700 to 1800 nm, according to
some embodiments. FIG. 17A shows the bulk layers 1700.
In FIG. 17B, Ge on Si microstructured pillars 1724 and/or
holes 1722 are in a configuration for photodiode 1720. This
is essentially a P-I-N structure where the “P” and “I” are Ge
with microstructured pillars 1724 and/or holes 1722 to
enhance the bulk absorption coefficient of Ge grown on Si.
The increase in the absorption coefficient of Ge grown on Si
(Ge on Si) could be due to the stress build in the Ge epitaxial
layer due to lattice mismatch with the Si host substrate that
it is grown on. Optical signal as in the case for Ge on Si APD
can be illuminated from either the microstructured side (as
in FIG. 17B) or the substrate side (as in FIG. 18B).

[0186] FIGS. 18A-18B 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, accord-
ing to some embodiments. FIG. 18A shows the bulk layers
1800. FIG. 18B shows photo diode 1820 configured for
signal illumination from the Si substrate side (bottom illu-
mination) with photo energies that are less than the Si
bandgap of 1.1 eV at 300K. The corresponding wavelength
range is 1200 to 1800 nm. Ohmic contact 1826 can also act
as a mirror such that the light makes a double pass of the Ge
absorbing microstructures where the metal contact layer on
the P Ge can reflect the optical signal back toward the Ge “I”
absorbing layer.
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[0187] It should be noted that in all the discussions of the
P-I-N structures, according to some embodiments the P and
N are interchanged such as with an N-I-P structure formed
on a P substrate or on a low doped P substrate or undoped
substrate. According to some embodiments, the N and P for
the APD structures are also interchanged and the substrate
can be P, low doped P or undoped.

[0188] However, in an Si multiplication layer, to achieve
the lowest noise and the best S/N, electrons are injected into
the multiplication region as dominantly as possible since the
ionization rate of electrons is higher than the ionization rate
otf'holes in Si; the ionization ratio for Si can range from 0.06
to 0.002 where as compared to Ge and InGaAs it is 0.9 and
0.45 respectively. This is why in many of the embodiments
described herein the enhanced absorption is in Ge micro-
structures and the gain or multiplication which is dependent
on the field strength and therefore on the applied reverse bias
voltage which for the described devices can range from —-10
to =60V, is in Si.

[0189] According to some embodiments, the microstruc-
tured pillars and or holes for Si and Ge on Si photodiodes
(PD) and avalanche photodiodes (APD) are used to replace
relatively expensive 1II-V photodiodes. The Si microstruc-
tured pillars and holes PD/APD can operate from 500 to
1100 nm at bandwidths of 20 Gb/s or higher and QE of 90%
or higher. In particular, the datacom wavelengths of 730-980
nm. The microstructured pillars and or holes on Ge epitaxi-
ally grown on Si PD and APD can operate from 500-1800
nm with bandwidths of 20 Gb/s or more and QE of 90% or
more. In particular, the telecom wavelengths of 1250-1600
nm and possibly to 1750 nm. The techniques described
herein thus extends the wavelengths, bandwidth and QE of
conventional Si and Ge on Si free space coupled photo-
diodes and avalanche photodiodes.

[0190] According to some embodiments, the microstruc-
tured pillars can also be fabricated using VLS (vapor-liquid-
solid epitaxy) growth of Ge nanowires on an Si substrate.
Others have demonstrated the growth of vertical Ge nanow-
ires on Si (111) orientation for example, with Au nanopar-
ticles as catalysts for the VLS epitaxial growth using chemi-
cal vapor deposition (CVD) or metal organic chemical vapor
deposition (MOCVD). Crystal orientations other than (111),
or with materials with multiple orientations such as in
polycrystalline may be used. Materials such as Si, Ge, 1II-V,
glass, quartz, metal, to name a few can also be used as
substrates.

[0191] According to some embodiments, a thin Ge buffer
layer of approximately 2 nm on Si (111) substrate is formed
together with Au nanoparticles as catalysts for VLS growth
in a CVD reactor. The Au catalyst can be deposited using a
lithography mask to expose photoresist that is coated on the
Si substrate. The Au is evaporated onto the Si substrate with
patterned photoresist. Using standard processing methods
such as lift-off, the Au pattern is left behind on the Si
substrate which is then the catalyst for Ge VLS growth on
Si substrates. According to some embodiments, it can also
be grown using selective area growth where a dielectric
mask is deposited on the Si substrate with a pattern of voids
that allow Ge to grow in the void using CVD.

[0192] The microstructure of pillars and holes on the
surface of a bulk photodiode not only enhance the absorp-
tion coeflicient by factors ranging from 10-200 over the
absorption coeflicient of bulk material (material without any
microstructured features and grown on lattice matched sub-
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strates so that stress due to lattice mismatch is minimal) but
also significantly reduce the capacitance of devices such as
PDs and APDs. The reduction in capacitance allows the PD
or APD to have a shorter absorption length, which in turns
result in a faster transit time for the photogenerated carriers
to be swept out of the high field region. The absorption
region typically is depleted as much as possible by the
reverse bias voltage that is applied externally with an
electric field strength approaching 10,000 V/cm or higher. If
the microstructured pillars or holes can result in removing
half or more of the semiconductor material, which for silicon
has a dielectric constant of 11.9 and germanium have a
dielectric constant of 16, replacing the removed material
with either air (dielectric constant of 1) or polyimide (dielec-
tric constant of 3.5) or other dielectrics with low dielectric
constants, then the overall capacitance can be estimated to
be the sum of the capacitance due to the total area occupied
by the semiconductor and the capacitance due to the area
occupied by air or polyimide. C(total)=C(semiconductor)+
C(air or polyimide) where C=eA/d where € is the dielectric
constant times the free space permittivity (8.854 107
farads/cm), A is the area occuped by the semiconductor or
air/polyimide and d is the length of the “I” region which can
be the absorbing region or the absorbing and multiplication
region as in the case for APD. From the equation for C
(total), the more semiconductor material which has a high
dielectric constant removed and replaced by low dielectric
material such as air/polyimide/SiOx/spin on glass the lower
the overall capacitance and the faster the RC time. This
reduction of capacitance for PD and APD invention can be
extended to other PD and APD such as those of III-V
material, microstructures can be fabricated on its surfaces
and extend into and pass the optical signal absorbing regions
to remove half or more of the semiconductor material to
reduce its capacitance and can effectively make a larger area
PD/APD and have the same bandwidth as before etching
microstructures on the device. The larger area allows for
easier coupling of the optical signal to the photodetector. A
simple formula for the increase in radius for example by
replacing semiconductor material with low dielectric mate-
rial is: r=(e,/((€,-€,)x+€,)))""? r, where x is the fraction of
semiconductor area left, €, is the dielectric constant of the
semiconductor, €, is the low dielectric material such as air or
polyimide or spin on glass, and r, is the radius of the active
area of the PD/APD before etching microstructured pillars
and or holes. As an example, for a 20 micron diameter Ge
photodiode with €,=16 and for simplicity e,=1 (air) and
x=0.5 (half of the semiconductor material is removed in the
microstructured pillar or holes), the increase in the new
radius with the same capacitance as the non-microstructured
Ge PD is 13 microns or a diameter of 26 microns which is
significantly larger than 20 microns and can significantly
reduce the cost of coupling the optical signal into the
microstructured large area photodetector. This reduces the
cost of passive packaging of the optical receiver module and
increase the yield.

[0193] FIGS. 19A, 19B and 19C are diagrams illustrating
how mictrostructures

[0194] 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. FIG.
19A shows the bulk layers 1900 in an InP—InGaAs—InP
structure. In FIG. 19B, the InP—InGaAs—InP layers with
microstructured holes 1922 effectively reduce the capaci-
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tance of the photodiode 1920 to allow a larger area photo-
diode to be fabricated with the same bandwidth and QE.
FIG. 19C is a top view showing PD 1920. The microstruc-
tured holes 1922 can be 100-1000 nm in diameter with depth
0t 0.1 to 3 microns. Also visible in FIG. 19C is contact ring
1930 and bond pad 1932. According to some embodiments,
a complementary microstructured pillars can also be fabri-
cated. According to some embodiments, the sidewalls of InP
and InGaAs can be passivated with SiOx, SiNx (silicon
oxide and silicon nitride via ALD or PECVD), polyimide or
spin-on-glass that can be spun on using standard processing
methods. The absorption coefficient of the bulk material can
be enhanced by up to two orders of magnitude or more.
[0195] According to some embodiments, III-V material
such as InP, InGaAs, InGaAsP, InAs, InSb, GaSb, InGaSb
on Si, Ge on Si, is epitaxially grown in a sub micrometer
selective area growth (SAG) or vapor liquid solid (VLS)
(See, e.g. Sarkar et al, Heteroepitaxial growth dynamics of
InP nanowires on silicon, Journal of Nanophotonics, Vol. 2,
021775 (12 Feb. 2008); Roest, et al, Position-controlled
epitaxial III-V nanowires on silicon, Nanotechnology 17
(2006) S271-S275) heteroepitaxy using metal organic vapor
epitaxy with or without catalyst which can consists of Au,
Cu, Al, Ti, W, Fe, Cr to name a few. Also for vertical oriented
microwires grown on silicon, wafers with surface orienta-
tion (111) are selected. It is not necessary that the microwires
be normal to the surface, it can be off normal and even have
a mixture of orientations.

[0196] In VLS growth, the silicon wafer that has the layer
structure for APD or PD just prior to heteroepitaxial growth
is photolithographically (or e-beam or nanoimprint litho-
graphically) patterned with aperture ranging from 10-5000
nm, and spaced between 10-3000 nm. An Au deposition
(e-beam, or thermal evaporation) follows with thickness of
0.1-10 nm, followed by a lift-off, VLS epitaxial growth in a
MOCVD reactor.

[0197] For SAG growth (See, e.g. Chu et al, Wurtzite InP
nanowire arrays grown by selective area MOCVD, Phys.
Status Solidi C 7, No. 10, 2494-2497 (2010)), a 50 nm SiN,
is PECVD (or sputtered or ALD) deposited on a (111)
oriented Si wafer with the necessary APD or PD epitaxial
layers grown on it ready for heteroepitaxial growth. Using
lithography (photo, e-beam or nanoimprint) apertures are
defined with dimensions ranging from 10-5000 nm and
spaced between 10-10000 nm followed by dry etching (RIE)
to open a via to the silicon surface. The wafer is then ready
for SAG of Ge, III-V microwires in a MOCVD reactor.
[0198] Detailed processes such as surface treatments, sur-
face preparations, annealing, plasma etching, are not
described for simplicity. These processes can be found in the
literature.

[0199] FIGS. 19D and 19E are cross sections showing
aspects of fabricating an APD device having a III-V absorb-
ing layer grown on a P-I-N silicon multiplication layer,
according to some embodiments. In FIG. 19D, a Si APD
structure 1940 is etched as shown for v epitaxial growth of
the III-V material. In FIG. 19E a III-V absorbing layer is
grown on P-I-N silicon multiplication layer for APD device
1960. As in the III-V on Si for a PD device, the III-V
nanowires or microwires can be grown on Si using VLS
process with or without catalyst. Since the footprint of the
nano/microwires on Si is of the order of a micron, defects
due to stress from lattice mismatch are not a significant issue
and high quality III-V nano/microwires can be grown on Si.
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According to some embodiments, SAG is used for fabricat-
ing III-V microstructures on Si electronic gain layers.
[0200] From FIGS. 19D and 19E it can be seen that the
InGaAs on Si APD 1960 starts with a Si APD structure 1940
where microstructures of holes or pillars are etched to the
charge layer 1944 or just before the charge layer 1944.
According to some embodiments, the microstructure holes
and/or pillars can be etched into the multiplication layer
1942. Then using a process, for example SAG, with or
without silicon oxide on the Si microstructure’s sidewalls,
I-InGaAs is grown, ending with P-InGaAs at the surface.
Surface growth can use a process such as epitaxial lateral
overgrowth (ELOG) to form a continuous P-InGaAs film of
high quality. P ohmic alloy and bond metal 1966 are formed
and annealed on the P-InGaAs. The back side processing
consist of thinning the Si wafer using for example a BOX
layer for selective etch stop and removing the BOX layer.
Anti reflection can be coated on the backside silicon to
reduce reflection. N ohmic 1968 is fabricated on the N Si
layer. The optical signal is illuminated from the bottom. A
reverse bias of -5 to =50 volts is applied to the cathode and
anode. As mentioned earlier, the small footprint of the
InGaAs on Si microstructure of the order of 10 square
microns allows for high quality InGaAs material to be
grown where lattice mismatch causing crystal defects are not
significant.

[0201] According to some embodiments, the integration of
Ge, III-V with Si PDs, PVs (See, FIG. 25C, infra.) and APDs
allow the absorption spectrum of Ge and III-V material on
a mature Si electronic platform. It allows integration of 11I-V
with Si CMOS ICs for example for photodetector, optical
light source such as light emitting diodes (LED) and laser
diodes (LD) and III-V electronics such as transistors.
[0202] Multiple absorbing material and voids as micro-
structures. According to some embodiments, the microstruc-
tured pilllars and/or holes are regrown with Ge such that
both Si and Ge are microstructured to enhance the bulk
absorption coefficient. According to some embodiments,
voids can also be buried or embedded to generate a buried/
embedded microstructure such that the surface is more
planar. The microstructured voids can also enhance the
absorption coefficient, by being patterned so as to enhance
reflection and also to reduce the effective refractive index of
a material (e.g. Si), reduce the weight of the device, and
increase mechanical flexibility. The microstructured voids
can be random, pseudo-random or patterned typically with
dimension and spacing that are approximately the order of a
wavelength or subwavelength. According to some embodi-
ments, instead of combining Ge with Si, others combina-
tions can be used for example III-V with Si or other
semiconductor material, polymers, or other non semicon-
ductor absorbers, which can significantly broaden the
absorption spectrum over that of a single absorber.

[0203] The enhancement using nanowires (See, e.g. Gar-
nett et al, Light trapping in silicon nanowire solar cells,
Nano Letters, 2010, 10, 1082-1087; Kelzenberg et al,
Enhanced absorption and carrier collection in Si wire arrays
for photovoltaic applications, Nature Materials, vol. 9,
March 2010, 239-244) and nanoholes (See, e.g. Lin et al,
Optical absorption enhancement in silicon nanowire and
nanohole arrays for photovoltaic applications, Proceeding of
SPIE, Vol. 7772, 77721G-1, 2010) have been reported by
various groups. The known use of nanowire for light trap-
ping are for photovoltaic applications where the photogene-
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rated carriers diffuse to the anode or cathode of a P-N
junction with zero external bias, operating at DC (direct
current). According to many of the embodiments described
herein, 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 (e.g. greater than or equal to 10 Gb/s bandwidth)
and high quantum efficiency and for APD for high current
gain (e.g. gain greater than 3 dB). In addition, according to
some embodiments, multiple absorbing materials can be
used to broaden the absorption spectrum. The multiple
absorbing materials are connected in parallel as current
sources whereas in known technology the absorbing mate-
rials are connected in series. In addition, the use of voids as
microstructures to enhance the absorption of the material
according to many embodiments described herein allows the
surface to be more planar and simplify processing since
fillers may be avoided. Also, the more planar surface allows
the epitaxial growth of semiconductor Bragg reflectors to
enhance reflection for double or multiple pass absorption in
the 1 absorption layer of the PD/APD. According to some
embodiments, Dielectric Bragg reflectors can also be used in
a more planar surface since the surface can be highly N or
P doped and the ohmic contact can be made on the periphery
such as a ring ohmic contact and the dielectric Bragg
reflectors deposited on the photosensitive area such as
shown in FIG. 29, infra. Chemical mechanical polishing
(CMP) can be used to smooth the surface of the epitaxial
layer with buried voids.

[0204] Further aspects of fabricating devices having
microstructured Ge that is buried or embedded in Si micro-
structure will now be described. 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. The final P-Si layer, according to some
embodiment will be the last layer grown in the epitaxial
structure where the first layer grown is the layer adjacent to
the substrate, followed by the second layer that is adjacent
to the first layer, and so forth to the last layer grown. Shown
in FIG. 20 is P-I-N PD structure 2000 and a P-I-P-I-N APD
structure 2020 both without the final P-Si layer. In many of
the embodiments described herein, N can refer to N (mid N
type doping of 5. 10*® cm™ to 8. 10'7 cm™>, low N doping
less than 1. 10'” cm™, and high N doping greater than 5.
10*” ¢cm~>, with the same for P doping. 1 (or i) doping is
commonly defined as intrinsic, or not intentionally doped or
low doping back ground doping of less than 5. 10*° cm™.
The “I” region is configured such that the field of a P-I-N
junction is developed across the “I” region usually with an
external reverse bias. In PD and APD applications, the
absorbing material is in the “I” region so that the photo-
generated carriers can be quickly sweep to anode (P) and
cathode (N) layers. For APDs, the carriers (electrons in most
cases shown here, since this gives the lowest noise APD) are
swept to the second “I” region for multiplication (current
gain) before transiting to the cathode layer). In the Figures
herein, P-I-N, P-I-P-I-N structures are shown and the top
Player(s) that are in contact to external circuits are referred
to as the anode and the N layer(s) that are in contact to
external circuits are referred tp as the cathode; the layers can
be interchanged from P to N and N to P with P or low dope
substrates to also fabricate PD’s and APD’s.

[0205] FIG. 21 is a cross section showing etching of
microstructured pillars and/or holes for devices having
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microstructured Ge buried or embedded in an Si microstruc-
ture, according to some embodiments. The microstructure
pillars 2104 and/or holes 2102 are etched into the I-Si layer,
partially or entirely or to/into the N (PD structure) or P (APD
structure) Si layer. The etching process can be one of the
following: wet chemical etching, dry etching using reactive
ion etching (RIE), a deep reactive ion etching (DRIE), ion
milling, and/or focused ion beam milling. The etching can be
isotropic or anisotropic or a combination of isotropic and
anisotropic. As shown in FIGS. 22 and 23, infra, Ge is then
regrown in the etched region (i.e. the area around the pillars
and on the sidewalls of the pillars in the case of pillars, or
area in the holes, sidewalls of the holes in the case of holes)
isotropically, anisotropically, or by selective area growth
(SAG) where a dielectric layer such as SiOx, SiNx, cover
area where regrowth of Ge is not desired which in some
embodiments can include the sidewalls. During etching if a
dielectric mask material such as SiOx, SiNx, SiCx is used
and left in place during epitaxial growth, the epitaxy layers
may not grow on the dielectric mask in a crystalline film and
may be amorphous in nature or may not grow on the
dielectric layer other than some dendrites. Note that the
isotropic or anisotropic growth rate often depends on the
crystal plane it is growing on and any etched structures may
expose multiple crystal planes resulting in different growth
rates at those planes that can lead to anisotropic growth in
the etched regions with 3D microstructures.

[0206] Growth of Ge on Si is well documented in the
literature where a thin buffer Ge layer is first epitaxially
grown at a lower temperature followed by a higher tem-
perature Ge epitaxial growth using chemical vapor deposi-
tion (CVD), molecular beam epitaxy (MBE), atomc layer
deposition (ALD), low pressure-CVD, and or a combination
of growth techniques, for example the thin Ge buffer layer
can be grown by MBE and the high quality thicker Ge film
grown by CVD. The thin Ge buffer layer is to allow lattice
mismatch stress to be accommodated between Si and Ge,
(see, e.g. Feng et al, High-speed Ge photodetector mono-
lithically integrated with large cross-section silicon-on-in-
sulator waveguide, APPLIED PHYSICS LETTERS 95,
261105,2009).

[0207] The Ge regrowth may have voids or non-planarities
and, where useful, the surface can be planarized using
polishing such as chemical mechanical polishing (CMP) or
etching. 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. Note that
according to some embodiments, planarization is not needed
and is omitted. After the Ge “I” layer 2202 is grown and
planarized, a P* Ge capping layer 2204 is grown to complete
the P-I-N structure of a PD or P-I-P-I-N structure of an APD.
Optical signal or photons with wavelengths ranging from
400 to 1800 nm can illuminate the PD/APD 2220 from the
anode (top) side (P* side) 2202 and optical signal or photons
with wavelength ranges 950-1800 from the substrate side
(bottom) since Si is mostly non-absorbing at these wave-
lengths.

[0208] According to some embodiments, it is advanta-
geous to configure the device 2220 for illumination from the
substrate side since this will allow a double bounce of the
optical signal or photons within the absorbing Ge micro-
structures embedded in Si. Shown in these figures are only
the basic epitaxial layer structures. Structures and layers not
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shown for simplicity include: anti-reflection coatings, pas-
sivations, ohmic metals, bond metallization, any metal inter-
connect to CMOS, via’s for electrical connectivity, arrays of
PD/APD for multichannel optical interconnects, to name a
few. Optical signal/photons can illuminate either normal to
the surface or at any angle off normal, including rotation
angles for optimal PD/APD performances; optimizing QE
and bandwidth of the PD/APD.

[0209] FIG. 23 is a cross section showing a device having
microstructured Ge buried or embedded in an Si microstruc-
ture, after I-Ge regrowth and planarization, and a cap layer
of P-Si, according to some embodiments. In the case of FIG.
23, the buried Ge microstructures 2302 are capped with a P*
Si layer 2304. The Si P* cap layer (anode) 2304 has low
optical loss at optical wavelengths of 950-1800 nm and
therefore generates minimal photocarriers that are not in the
high field “I” region of the PD/APD 2320 and contribute
minimal diffusion photocurrent which can lead to a degra-
dation of the frequency response of the PD/APD 2320 and
the QE of the PD/APD.

[0210] Some dimension doping ranges for the buried or
embedded Ge and capping layers shown in FIGS. 20-23 will
now be provided in greater detail, according to some
embodiments. The dimension of the microstructured Ge
(e.g. 2202 and/or 2302) can range in depth from 0.1 to 5
micrometers, have a lateral dimension range from 10-5000
nm, and a spacing between adjacent microstructure struc-
tures (the structures can be identical or non-identical) in
contact (overlapping) to 5000 nm. The “I”” doping for both
Ge (2202 and/or 2302) and Si (2104) is less than or equal to
5.10'%cm?>. “T” is often called intrinsic or not intentionally
doped and can have either a p or n background doping, the
doping level is low enough that a reverse bias voltage of -2
to —45 volts can fully deplete the “I” region of mobile holes
or electrons (carriers). The capping layer, Si (2304) or Ge
(2204) thickness can range from 0.1 to 5 um with doping
level greater than or equal to 6. 10*7/cm>. These parameters
can be adjusted to other values, but the goals are to increase
or optimize the QE and bandwidth of the PD/APD for a
given application.

[0211] Series resistance, photogenerated diffusion current,
ohmic contacts, capacitance, transit time, depletion of the
“I”” absorption region all contribute to the performance of the
PD/APD. In addition for double/multiple bounce within the
“I” region for optical signal illuminating from the bottom
substrate side, a reflective metal or dielectric stack such as
a Bragg refelctor/mirror consisting of alternating dielectric
layers of different refractive indices or HCG can be used to
reflect the optical signal back into the microstructured
absorbing region at the top anode side. With the Si cap layer
as in FIG. 23, the optical signal can illuminate the Si P* cap
layer (anode) 2304 and, since Si has minimal losses at
1100-1800 nm (below bandgap radiation), it can also have
double bounce of the optical signal within the microstruc-
tured buried/embedded Ge 2302 by providing a reflector
such as a Bragg reflector epitaxially grown at the Si N* layer
or at the Si substrate to reflect the light back into the
absorption region.

[0212] According to some embodiments, all the discus-
sions of microstructured layers herein, light can additionally
impinge from top and bottom surfaces, as well as on the
sides of the microstructures, either directly or from scatter-
ing, near field effects, interferences, or resonance, which can
vastly improve the QE of the microstructured photosensors
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since photogenerated carriers are generated directly in the
high field absorbing “I” (“T”) layer(s).

[0213] According to some embodiments, dopant choices
for Si and Ge (group 4 elements) include the following: (1)
for donors (n-type) from group 5 elements—antimony,
phosphorus, and arsenic; and (2) for acceptors (p-type) from
group 3 elements—boron, aluminum, and gallium.

[0214] It is also noted that in the structure shown in FIG.
23, the I-Ge microstructures 2302 buried in Si 2104 are
completely surrounded by Si which has a lower refractive
index than Ge. At 1000-2000 nm wavelength range, the
refractive index of Si is approximately 3.49 and for Ge is
4.1. The index ratio of Ge/Si is 1.17 so according to
Chang-Hasnain reference, HCG effects will exist. The reso-
nance and field concentration in the absorbing Ge micro-
structures can further enhance the absorption coefficient
from that of the bulk absorption coefficient value anywhere
from greater than 1X to several orders of magnitude. The
index difference also causes light to be confined and con-
centrated in the high index material, in this example, Ge;
further improving QE.

[0215] The silicon (Si) microstructure can detect photons
with wavelength ranging from 300-1100 nm and the ger-
manium (Ge) microstructure can detect photons with wave-
lengths ranging from 300-1800 nm. According to some
embodiments, for high bandwidth and high QE, the shorter
wavelengths, 300-600 nm, may generate photocarriers out-
side the “I” region resulting in a diffusion current that can
result in non-optimal bandwidth and or QE. Where band-
width is not an issue, the degradations may not be very
significant.

[0216] FIGS. 24A and 24B are cross sections showing
aspects of a microstructured APD with buried/embedded
1-Ge absorbing microstructures in I-Si microstructures,
according to some embodiments. FIG. 24A shows the bulk
layers 2400. In FIG. 24B, the etched pillars 2424 and/or
holes 2422 are filled with I-Ge (intrinsic-Ge, non-intention-
ally doped or undoped or low doped Ge) and finished with
a capping layer 2426 of P* Ge or Si to complete the anode
of the APD 2420. The microstructured Ge 2422 is buried/
embedded in Si 2412. Optical signal of wavelength 950-
1800 nm (or photons from 300-1800 nm where the shorter
wavelengths, 300-900 nm, may not have as high a band-
width) can illuminate the APD 2420 from either top or
bottom at various angles to the normal and/or normal to the
surface. According to some embodiments, the starting layers
prior to the I-Ge regrowth into the etched regions can also
include the P* Si layer 2426, such as shown in FIG. 7 with
layer 726, supra. In the case shown in FIG. 24B, the starting
layer was removed to minimize P dopant diffusion during
1-Ge regrowth. The buried or embedded Ge microstructure
in Si microstructure allows the APD (or PD) 2420 to operate
in two regimes. A first regime is at wavelengths where Si is
low loss and Ge is absorbing or high loss (950-1800 nm). In
this Si low loss regime, the Ge microstructures 2422 with a
Si P* anode cap layer 2426 is completely buried in Si which
has a lower refractive index than Ge. The Ge microstructure
arrays can have HCG low Q with Q ranging from 1 to 3000
approximately (or other resonant, scattering, near field,
linear and non-linear optical effects) or high enhancement of
the absorption coefficient. A second regime is where both Si
and Ge are absorbing, 300-945 nm, and both Si microstruc-
tures 2424 and Ge microstructures 2422 work in parallel
(parallel current generators) absorbing the photons with
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enhancement of the absorption coefficients of both Si and
Ge. This is particularly advantageous for examples in pho-
tovoltaic applications.

[0217] FIGS. 25A-25C are cross sections showing aspects
of a photodiode having buried/embedded Ge microstruc-
tures in a Si microstuctured pillar and/or hole array, accord-
ing to some embodiments. Starting with a Si PD epitaxial
layer structure 2500 with or without the P layer 2526,
microstructures of holes 2522 and/or pillars 2524 are etched
into the Si P layer 2526 and I layer 2512 and can extend into
the N layer 2510. Regrowth of Ge 2522 (or III-V material
such as InGaAs, InAs, InSb, GaN, InGaN to name a few)
using a process such as SAG with our without silicon oxide
on the sidewalls of the Si microstructure 2524 or using a
process such as VLS with or without catalysts, the I-Ge layer
2522 is grown followed by P Ge 2526 (or a P-Si layer which
may be more suitable for top illuminated devices) at the
surface where a process such as ELOG can be used to form
a contiunous P-Ge film. P ohmic alloy, annealed, followed
by bond metallization completes the contact 2528 for the
anode. The back side processing as discussed earlier is
deposited on the silicon surface to reduce reflection. See,
e.g. FIGS. 19A-19C, supra, where the silicon is thinned and
etched to the BOX layer selectively. The BOX layer is
etched selectively and an anti reflection N ohmic alloy is
formed on the N-Si layer, annealed and followed by bond
metallization, which completes the cathode contact. Reverse
bias of -2 to —10 volts is applied between the anode and
cathode for high bandwidth PD applications. In PV appli-
cations, 0 bias is applied.

[0218] According to some embodiments, the dimensions
and doping are similar to the Si microstructured PD shown
in FIGS. 5A-5B, supra, with the I-Ge doping level less than
5.10" cm™, and dimensions ranging in thickness of 0.1 to
5 micrometers, and lateral dimension of the microstructure
ranging from 10 to 5000 nm with adjacent structures that can
touch/overlap to 5000 nm separation. Optical signal/photons
can either illuminate from the anode top side or cathode
bottom side with wavelength range of 300-1800 nm and
normal to the surface or at an angle to normal which can also
include rotation. For bottom side illumination, the Si is
thinned down to a few micrometers thickness for illumina-
tion at wavelength ranges of 300-900 nm. Only the basic
layers are shown for simplicity. For example, the following
structures are not shown: isolation mesa or diffusion or ion
implantation, passivation, anti-reflection, ohmic metal,
guard rings (e.g. for an APD). Both Si microstructures and
Ge microstructures can detect the optical signal/photons in
parallel for wavelengths where both are absorbing, 300-1100
nm, and only the Ge microstructure at wavelength ranges
900-1800 nm. The cap layer 2526 and 2546 in FIGS. 25B
and 25C respectively can be either P* Si or P* Ge. For broad
modulation bandwidth (sometimes just referred to as band-
width) of greater than 10 Gb/s (gigabits per second), P* Si
cap layer is preferred for wavelengths ranges from 950 to
1800 nm, since at these wavelengths Si has low optical
losses (also referred to low loss). According to some
embodiments, the structure shown in FIGS. 25B and 25C
can also be use for photovoltaic applications where no
external bias is purposely applied in the reverse direction.
[0219] According to some embodiments, for all the struc-
tures shown, the P and N can be interchanged to form for
example N-I-P structures for the PD and PV (photovoltaic)
and N-I-N-I-P structures for the APD.
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[0220] The regrowth of Ge microstructures in Si also have
applications in photovoltaic devices where the device is
operated without external reverse bias. The P-I-N PD struc-
ture for example with Ge microstructures embedded or
buried in Si microstructures effectively have two bandgaps,
Si bandgap and Ge bandgap that is exposed to the solar
radiation. The combination of two bandgaps widen the
absorption spectrum of the photovoltaic device and therefore
can collect a broader spectrum of the solar energy. The two
bandgaps can have a higher QE and or short circuit current
over that of single bandgap photovoltaic devices or multiple
devices connected in series. The microstructures also have
enhanced absorption that can further improve the QE and or
short circuit current of the photovoltaic device. The solar
spectrum at AM 0 and AM 1.0, with a photovoltaic device
with a spectrum width of 300-1800 nm, at least approxi-
mately 90% of the solar spectrum is captured. In addition, in
the PV device with Ge and Si microstructures are adjacent
laterally to each other (i.e. in parallel) rather than being
vertically adjacent (i.e. in series) as in prior art PVs. This
allows the Si and Ge to be exposed to solar photons equally
and are parallel current generators that are additive; I+
15.=1,0,.; Where I is the photocurrent generated by the Si
microstructures and I, is the photocurrent generated by the
Ge microstructure and I, is the total photocurrent.
[0221] Although according to some embodiments the use
of Si and Ge are described, according to some other embodi-
ments, other materials are used. According to some embodi-
ments, Si is used with an InP microstructure embedded or
buried. According to some embodiments, more than two
materials are used such as Si, Ge, InGaAs, InP, GaAS, GaN,
InGaN, InSb, to name a few. The microstructures, in addi-
tion to pillars and holes, can be embedded and or buried to
use the effects of HCG to enhance the absorption coefficient
over that of bulk absorption coefficient to further improve
QE and minimize the use of material in order to reduce cost
of manufacturing.

[0222] FIG. 25C is a cross section showing grown Ge, InP,
InGaAs to name a few, within silicon microstructures. SAG
can be used where the sidewalls of the microstructures are
oxidized or coated with a conformal dielectric and where the
oxide/dielectric is removed at the bottom of the microstruc-
ture surface where it is approximately parallel to the silicon
substrate where it can provide crystalline information for the
growth of Ge, InP, InGaAs microstructures. The area where
the Ge, InP, InGaAs will epitaxially grow with or without
catalysts using various growth methods such as VLS,
MOCVD, CVD to name a few, is approximately 100 square
microns or less; more typically around 0.3-3 square microns.
Because of the small area, crystalline defects due to lattice
mismatch are not significant. The sidewalls with the silicon
dioxide that can be thermally grown or deposited using
ALD, provide an electrical insulation between the Si and the
Ge, InP, InGaAs SAG grown layer. It should be noted that
SAG growth can continue until the Ge or InP or

[0223] InGaAs (to name a few) can merge above the
silicon microstructure and with lateral over growth (LOG)
epitaxial process, the microstructures of Ge or InP or
InGaAs can form a continuous epitaxial thin film layer that
can be doped P type for the anode layer.

[0224] FIGS. 25D and 25E are cross sections showing
aspects of a forward biased device such as a vertical cavity
surface emitting laser (VCSEL), according to some embodi-
ments. VCSEL 2562 can also be fabricated using similar
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processing as described supra for the PDs, PVs and/or
APDs. Starting with a Si PIN structure 2562, Si microstruc-
ture hole(s) 2564 are etched through 1-Si layer 2566 to the
N-Si layer 2568. According to some embodiments, the
etching ofhole 2564 can extend into the N-Si layer 2568. An
SAG process is followed with or without silicon oxide on the
Si microstructure sidewalls (oxide 2570 is shown). First, a
GaAs/AlGaAs distributed Bragg reflector 2572 (DBR) all N
type is grown, follow by N-GaAs 2574, The active layer
2576 is undoped InGaAs/GaAs multiple quantum well
(MQW) of 1-5 wells, followed by P-GaAs 2578 to the
surface and using ELOG which can form a continuous film
at the surface of the I-Si 2566. Dielectric DBR 2582 on the
P-GaAs 2580 completes the optical cavity. P ohmic alloy
with anneal and bond metal 2584 on P-GaAs 2580 com-
pletes the anode contact and N ohmic alloy with anneal and
bond metal 2582 on N-Si 2568 completes the cathode
contact. Forward bias of 1 to 20 volts to the anode and
cathode will result 1200-1300 nm light to be emitted from
the VCSEL 2560.

[0225] The design and growth of VCSELs at 1200-1300
nm and other wavelengths are known. See, e.g. “High-
performance 1200-nm InGaAs and 1300-nm InGaAsN
quantum-well lasers by metalorganic chemical vapor depo-
sition”, Tansu et el; Selected Topics in Quantum Electronics,
IEEE Journal of (Volume: 9, Issue: 5), 2003.

[0226] According to some embodiments, longer wave-
length are selected when embedding InGaAs, InGaAsN and
other III-V material, because at wavelengths greater than
1000 nm silicon is mostly transparent and does not introduce
excess additional optical losses. Accordingly, Si is a good
heat sink for the VCSEL 2560. According to some embodi-
ments, the GaAs/AlGaAs DBR 2572 is replaced with a
silicon/air or a dielectric DBR on the bottom by thinning the
Si wafer and etching to the BOX layer, removing the BOX
layer and depositing a dielectric DBR. Design of

[0227] DBR, dielectric and semiconductors are well
known. The silicon/air DBR will require further processing,
using sacrificial layers such as Ge that can later be selec-
tively etched away via etch trenches.

[0228] According to some embodiments, an LED is fab-
ricated by applying minor variations, including removing
the DBRs and adding multiple Si microstructures. The LED
can use MQW or just a simple heterojunction of P-GaAs/
I-InGaAs/N-GaAs for example. Other semiconductors can
also be used such as InGaAsN, InGaAsP, GaAsN, to name
a few. The substrate can be another material such as sap-
phire, SOI, insulator on Si (IOS), ceramic, glass, quartz,
GaN, crystalline or non-crystalline. Addtionally, other mate-
rial for blue/UV LEDs such as GaN, AlGaN, GalnN, AIN,
can be grown using epitaxial reactors and methods of
fabrication described above.

[0229] According to some embodiments, voids are
formed, that are buried or

[0230] embedded in Si or Ge on Si or Ge. As used herein
“buried” refers to cases when the void is beneath the surface,
and “embedded” refers to cases when the void can intersect
or be slightly above the surface. As described supra, during
regrowth of Ge on a microstructured Si with pillar and/or
hole arrays, voids can develop due to the fact that growth
rate during epitaxial growth often depends on the crystal
orientation of the surface. Since etching microstructured
pillars and/or holes in Si can expose different surface ori-
entation of the side walls, asymmetric growth rate of Ge on
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these different Si surface orientation can result in void
formation. According to some embodiments, the void for-
mation is exploited to generate a buried and/or embedded
microstructured void arrays that can behave as HCG and or
light trapping structures that concentrate the optical field
and/or resonance through interference of the optical field
(amplitude and phase), scattering, near field, linear and
non-linear optical effects to enhance the bulk film absorption
coeflicient by one to several orders of magnitude. In addi-
tion, the voids can be used to reduce the effective refractive
index of a material (e.g. Si with voids) since the optical field
sees an average or effective refractive index. At dimensions
on the order of a wavelength or less, the refractive index of
voids and Si, for example, can be approximated with an
effective refractive index which is the average of the volume
occupied by Si and the volume occupied by the void. For
example, if Si occupies V2 the volume and voids occupy %2
volume, the Siindex is 3.49 and the void is 1.0 (for air), then
the average effective index is approximately 2.25.

[0231] The voids also reduce capacitance of the device if
the voids are generated in the “I” region, as discussed supra;
where the space between microstructured pillars or the
microstructured holes can reduce the capacitance of the
P-I-N PD diode or the P-I-P-I-N APD diode. The voids
according to some embodiments are either buried (buried
holes) or embedded (space between pillars) and the total
capacitance is approximately the capacitance of the total
area occupied by the voids plus the capacitance of the total
area occupied by the semiconductor. In the case where the
voids do not occupy the full thickness of the “I” layer (i.e.
only occupy part of the thickness), then the effective dielec-
tric constant can be estimated by taking into account a
volume that contains both the void and the semiconductor
extending through the thickness of the “I” layer, the volume
of the void and the volume of the semiconductor in a given
volume; for example if the voids occupy 2 of a given
volume of the thickness of the “I” layer and the semicon-
ductor material occupies %%, and if the semiconductor mate-
rial is Si with dielectric constant of 11.9, then the average
effective dielectric constant is approximately 6.5, where the
void is assumed to be air with dielectric constant of 1 for that
given volume. The total area occupied by this effective
dielectric constant, consisting of both voids and semicon-
ductor material, is used in the capacitance calculation plus
the area occupied only by semiconductor in the “I” region to
give the total capacitance of the P-I-N or P-I-P-I-N diode.
Reduction of capacitance leads to a reduction in RC time
constant for the diode which improves the bandwidth of the
PD and APD.

[0232] Although buried voids in semiconductor material
are known, such voids are conventionally regarded as det-
rimental and as such are to be avoided. According to some
embodiments, such voids are intentionally created and form
useful features in the semiconductor material.

[0233] FIG. 26 is a cross section showing starting epitaxial
layers in which

[0234] mictrostructured voids are fabricated, according to
some embodiments. To generate voids in PD, PV and APD
structures start with a structure 2600. The starting material
can be a Si PD or APD structure with or without the Si P*
anode layer. Details of the layers are not shown for simplic-
ity.

[0235] FIG. 27 is a cross section showing microstructured
holes/pillars etched into the I-Si layer, according to some
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embodiments. The microsctured holes 2722 (or space
around pillars) are etched into the Si “I” layer and can extend
pass the “I” layer or can be partially into the “I” layer. Wet
and/or dry etching can be used or a combination of wet
chemical and dry etching (RIE, DRIE for example) where
the wet etching can be used to remove damage due to dry
etching or wet etching in combination with dry etching and
oxidation to form a certain shape or surface smoothness. As
shown in FIG. 27, the etch can be isotropic or anisotropic,
the sidewall can have negative or positive slope (slope
defined with respect to the plane of the substrate). For
anisotropic etching both negative and positive slope can
exist at the same time for an etched feature such as a pillar
or hole. Anisotropic epitaxial growth can result in void
formation, with the shape of the void being determined by
many factors including: side wall slope, crystal orientations
of the side wall, growth conditions, pressure, temperature,
flow rate, growth technique (CVD, MBE, ALD or a com-
bination of growth methods), surface preparation, and sur-
face oxidation. According to some embodiments, surface
oxide, partial oxide or other dielectric 2726 can be inten-
tionally deposited on the side walls, which can also influence
the regrowth of Si or Ge (or any other semiconductor such
as InP, GaAs, InGaAs, GaN, InGaN, to name a few) and can
be used to form voids.

[0236] 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. The buried
voids 2800 can be uniformly spaced, or with chirped spac-
ing, or any complex patterns with a combination of periodic
and aperiodic spacing or it can be random or pseudo-
random. The buried voids 2800 can have a length ranging
approximately from 0.1 to 10 micrometers and lateral
dimension ranging from 10-5000 nm. The voids can also be
overlapping one another. Although FIG. 28 shows buried
voids in Si, according to some embodiments buried voids
can be formed in Ge. For example, in a Ge epitaxial layer on
Si, or any other semiconductors, such as InP, GaAs, InGaAs,
GaN, InGaN, InGaAsP, and other semiconductors in the
II1-V material family. The voids can be non-uniform is size
and shape within the void and adjacent voids. The voids may
also have non-uniform spacing and/or orientation. However,
with proper process control uniformity in size and shape,
patterning, random and pseudo-random placements of the
voids can be attained. For simplicity the voids are shown to
be uniform.

[0237] 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. With a more planar
surface, high reflectivity Bragg reflectors 2900 may be
deposited or grown using dielectrics or semiconductors on
the P silicon layer 2826 surface. The ohmic contact and the
bond metallization 2902 can be on the peripheral in a ring
configuration as shown in FIG. 29. Optical signal illuminat-
ing from the bottom will have a double/multiple pass
through the absorbing I region thereby improving QE and
the bandwidth of the PD/APD. In PV where bandwidth is not
an issue, then the QE will be improved. According to some
embodiments, Bragg reflectors 2900 can be configured for
wavelength selectivity so as to reflect the optical signal back
into the absorbing I region.

[0238] According to some embodiments, voids are not
only in the I region but are also formed in the P and/or N
region of a PIN PD or PV, in the P charge region, in the I

Samsung Exhibit 1049, Page 70 of 79



US 2025/0194293 Al

multiplication region and/or the P anode and N cathode
region of an APD. According to some embodiments, voids
can also be formed in the substrate. The density, shape and
material (voids can be filled with different material from
vacuum, gas, helium to dielectrics with or without doping
with rare earth elements for optical gain for example,
carbon/graphene/diamond, copper, ceramics for thermal
conductivity for example) of the voids in each layer can be
different or the same, or different/same within the same
layer.

[0239] According to some embodiments, voids are also
used to make the material more mechanically flexible and
bend and or conform to different surface contours. For
example, in PV applications where large sheets of the device
are fabricated, the sheets can conform to contours in for
example the roof, or the sheets of semiconductor PV can be
rolled for compactness in storage prior to deployment.
According to some embodiments, voids sized between 0.01
microns and 1000 microns are introduced into semiconduc-
tor and/or glass material for use with photo voltaics for
purposes of increasing flexibility and/or resistance to physi-
cal damage and/or damage propagation.

[0240] High-density voids in semiconductors are also
resistant to crack propagation since the crack will terminate
at a boundary, in this case the boundary of the void. This is
advantageous for large devices such as solar cells where if
an object such as hail or stone strikes the solar cell, only the
point of contact will be damaged and perhaps a small
adjacent area (5-50% of the diameter of impact for example)
where the damages are localized to area of impact and cracks
will not propagate across the entire cell. A device may
survive such small damage events with minimal degraded
performance without taking the entire solar panel down.
[0241] According to some embodiments, the voids are
also formed in other materials also such as glass, ceramics,
polymers, metal, plastics, to name a few, to avoid crack
propagation in case of foreign object impacts since cracks
will terminate at a boundary, in this case the boundary at the
void.

[0242] FIG. 30 shows an example of a PIN PD/PV struc-
ture 3000 with microstructured voids to enhance absorption,
reduce bulk refractive index, reduce capacitance and
increase mechanical flexibility of large sheets of PV on
semiconductor material, according to some embodiments.
The Si substrate is removed leaving only the BOX/SOI
layers together with the PIN epitaxially grown layers.
Ohmic contacts, bond metallizations, antireflection coatings,
passivations, are not shown for simplicity. In addition to PV,
the techniques are also applicable to PD, APD, light emitters
such as light emitting diodes and diode lasers, and to
electronic integrated circuits such as CMOS and ASIC
(application specific integrated circuits) where voids can not
only make the material more flexible and lighter but also as
mentioned earlier more resistant to cracking. The voids,
according to some embodiments can be filled with a gel that
can repair impact damage and seal exposed cracked edges to
prevent further deterioration due to moisture for example to
the semiconducting surfaces. The gel can be spin on glass for
example. According to some embodiments, the voids can be
filled with material to enhance thermal conductivity for
example, reduction of optical or microwave losses by
removing the silicon and replacing with material that is not
lossy such as Ar, He, Xe, N,, Ne gas, or vacuum for
example. The voids can have different sizes and shapes and
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densities and can be random, pseudo random, aperiodic,
periodic, chirped, single or multiple patterns. The voids can
also be in a single layer or in multiple layers of the device.
FIG. 30, for example, shows the voids in P-Si layer 3002,
1-Si layer 3004, and N-Si layers 3006 and 3008. According
to some embodiments the index of refraction near the
uppermost surface can be altered to more effectively index
“match” with surrounding air so as to reduce reflections of
incident light. For example, in PV applications near surface
voids can be used to index match such that less incident
sunlight is reflected from the PV surface. According to some
embodiments, the index of refraction at lower surfaces can
be altered so as to increase internal reflections that may, for
examples, increase the number of passes light makes
through an absorbing region.

[0243] According to some embodiments, random voids
can also be generated by dry etching/electrochemical etch-
ing the surface of the semiconductor without any mask.
Generating semiconductor nanowires followed by epitaxial
regowth on these random nanowires will result in buried
voids. As discussed in Frajtag et al, Growing thin films that
contain embedded voids, 23 Jun. 2011, SPIE Newsroom;
DOI: 10.1117/2.1201105.003750, this method can be used
in GaN light emitting diodes to minimize defect formation
due to lattice mismatch of the GaN epitaxial layer with the
substrate which can be sapphire, Si, SOI, IOS to name a few.
The random formation of semiconductor nanowires by dry
etching of the surface of the semiconductor (which can be
Si, Ge, III-V material family such as InP, GaAs, InGaAs,
InGaAsP, GaN, InGaN, InSb, to name a few) without any
mask and subsequently regrowing on the nanowires epitaxi-
ally using CVD for example, to form random buried voids
can also be used to reduce the effective refractive index of
the semiconductor and reduce the effective capacitance of
the P-I-N, P-I-P-I-N diodes if the voids are formed in the “1”
absorption layer and/or P, N layers, and/or charge, multipli-
cation layers of the PD, APD, in any combination to opti-
mize the performance of the device in bandwidth, QE, and
energy consumption.

[0244] FIG. 31 is a cross section showing regrown [-Ge
with a buried/embedded voids, according to some embodi-
ments. The regrowth of Ge 3104 epitaxially on Si micro-
structured pillars and/or holes results in voids 3102 in the Ge
layer that can be intrinsic or non-intentionally doped or low
doped using the method shown in FIGS. 27-28, supra. In
addition, selective masking with dielectric such as SiOx,
SiNx for example can be used to generate nanowires only in
the selected areas such as the Ge regrowth, for example, and
with additional regrowth of Ge, random voids can be buried
only in the selected Ge areas. The random voids can be
combined with patterned voids to optimize a device perfor-
mance in terms of bandwidths, quantum efficiencies and
power consumption. The microstructures shown in FIG. 31
combine the Ge microstructure and void microstructure to
enhance to bulk absorption coefficient and reduce the effec-
tive capacitance of the diode.

[0245] FIG. 32 is a cross section showing a device having
buried microstructured voids in 1-Si with regrown 1-Ge and
capped by an epitaxial layer, according to some embodi-
ments. As can be seen in FIG. 32, the buried/embedded
microstructure voids 3202 can be in [-Si layer 3200 while
the Ge microstructure 3104 is also buried/embedded in Si
layer 3200 using a few additional processing steps. First the
voids 3202 are buried/embedded as in FIG. 28 with or
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without the P-Si anode layer 3226. Microstructures are then
again etched into the 1-Si layer 3200 with the voids and then
Ge 3104 is regrown resulting in a microstructure with voids
3202 in the Si layer 3200 and a Ge microstructure 3104 to
enhance the bulk absorption coefficient and reduce the
capacitance of the diode. Not shown is that the microstruc-
tured voids can also be buried/embedded entirely in Ge for
Ge on Si layers, such that in FIG. 28, if the I-Si layer 3200
is replaced with I-Ge followed by a P* Ge capping anode
layer 3226.

[0246] The buried/embedded microstructure voids is an
inverse HCG structure with absorption, or a lossy HCG
structure, and can have resonance, constructive and destruc-
tive optical interference effects of both phase and amplitude
that can result in the enhancement of the bulk absorption
coeflicient. The period of the microstructure pillar, hole,
void, buried/embedded Ge arrays can fall in the near-
wavelength regime of the HCG effect or it can fall in the
subwavelength regime where the grating period is much less
than a wavelength and the diffraction regime where the
period is greater than a wavelength. The HCG characteristics
of the microstructure array and the input optical signal can
be coupled to in-plane optical modes. The microstructured
arrays can also behave as a lens to mode match the incoming
optical signal. Good coupling efficiency also improves the
overall QE of the PD/APD. According to some embodi-
ments, a lossy HCG is provided where the absorbing region
is a part of or included in the HCG structure (other effects
such as scattering, near field, plasmonic, resonance, linear
and non-linear optical effects to name a few, can also play a
significant role in absorption enhancements), and where Si
can be the HCG for photon energies that are below the Si
bandgap and the Ge microstructures are buried or embedded
within the Si that is absorbing to the photons with wave-
length ranging from 950-1800 nm (where Si has relatively
low optical losses).

[0247] According to some embodiments, the microstruc-
tures of holes, pillars, and voids can be arranged in any
pattern or no pattern in the active area, including any parts
of the P-I-N structure of a PD or P-I-P-I-N structure of an
APD; the active area includes the absorbing “I” region and
the P and N regions. According to some embodiments, to
simplify manufacturing and to improve yield, the micro-
structures can extend outside the active areas of a PD/APD
if it does not interfere with the PD/APD operations and
performance. FIG. 33 is a top view showing distribution of
microstructured pillars, holes and/or buried voids in an
PD/APD, according to some embodiments. The microstruc-
ture array 3300 consists of pillars, holes, and/or voids, and
buried/embedded Ge in Si or Si in Ge or any combination of
multiple semiconductors, can be distributed over the entire
active area 3302 of the photodiode or avalanche photodiode
or just partially for example in the center where the optical
intensity is the highest. The active area can be defined as any
area that contributes to the generation of electrical signal
upon illumination with optical signal, or in the case of a PV,
the generation of electricity upon illumination with photons.
In FIG. 33, the active area 3302 is commonly the area within
the metal ohmic contact/bond metal ring 3304. The distri-
bution of the array 3300 can be non uniform, non periodic,
non uniform is size of the microstructure, or in shape.

[0248] FIG. 34 is a top view showing distribution of
microstructured pillars, holes and/or buried voids in an
PD/APD, according to some other embodiments. In FIG. 34,
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the QE is optimized at the center of the active area where the
optical intensity is the highest and away from the center,
more semiconductor material is removed in the microstruc-
ture pattern to reduce the capacitance of the active area in
order to decrease the RC (resistance, capacitance) time
constant to achieve higher bandwidth for the PD/APD and or
to increase the active area to allow passive alignment of the
optical signal to the PD/APD thereby reducing the cost of
packaging and assembly. Microstructured pillars/holes/bur-
ied voids 3400 near the center of the PD/APD optimize QE
while the microstructured pillars/holes/buried voids 3410 at
the periphery of active area 3402 minimize capacitance
while still maintaining good QE.

[0249] Buried voids in the N (or Pif P and N are switched)
part of the P-I-N or P-I-P-I-N diode structure can reduce the
effective refractive index of the semiconductor in the N
layer. This is useful in increasing the refractive index
contrast for HCG structures (to include other possible opti-
cal effects that may be significant in absorption enhance-
ments such as scattering, plasmonic, near field, linear and
non-linear optical effects to name a few), for example in Si
the refractive index is approximately 3.5 (for wavelengths
950-1800 nm) and it half of the volume of the material is air,
then the effective refractive index (Y2 air and V2 Si) would be
approximately 1.8 for the air-Si composite material. Any
semiconductor microstructures of pillars or holes fabricated
on top of this composite air-Si material will have a index
contrast of, for example Si pillars on the composite air-Si
layer, approximately 2. The high index contrast would
enhance the performance of the HCG. According to some
embodiments, this is used to enhance the lossy HCG per-
formance (where loss can be as high or higher than -1
dB/cm) and enhance the absorption coefficient with its
resonance, light concentration and in-plane light coupling
effects to name a few. There is an advantage in having the
voids in the N and or N™ layers since it will have a minimal
effect on the electrical properties and characteristics of the
diode since once electrons are swept into the N and or N*
layer, they are majority carriers.

[0250] The microstructured voids in the N and or N* layer
can be patterned,

[0251] non-patterned or random or pseudo-random, and
can be defined using lithography, masking and etching or
just etching followed by a regrowth of Si, or Ge or any other
material. The voids can range in length approximately from
0.01 to 10 micrometers and lateral dimensions can range
approximately from 10-5000 nm with spacing between
adjacent voids ranging approximately from overlapping to
5000 nm.

[0252] FIG. 35 shows the basic epitaxial structure 3500
for a conventional Si PV/PD diode on N Si substrate. FIG.
36 shows the structure of FIG. 35 with microstructured voids
incorporated into the N-Si layer, according to some embodi-
ments. The doping and thickness of the layers are dependent
of the applications. For high bandwidth PD applications the
“I” Si thickness ranges from 0.1 to 3 micrometers whereas
for PV applications the “I” Si thickness ranges from 1 to 20
micrometers with doping range of intrinsic or not intention-
ally doped, background doping of <5. 10'® cm™. Device
size to define the area of the capacitance for high bandwidth
PD (for circular apertures) ranges from 5 to 100 micrometer
diameter whereas for PV, the lateral dimension can range
from 0.1 to >50 cm (centimeters) limited only by the size of
the wafer or substrate. The doping ranges and layer thick-
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nesses for non “I” layers are similar for PV, PD and APD; P
or P* layer thickness ranges 0.1 to 3 micrometers P doping
>5.10'® em™, N or N* layer(s) thickness ranges of 0.1 to 10
micrometers N doping >1. 10'”7 cm™>. The Si substrate can
be N doped, low N doped or undoped.

[0253] After growing the N/N™ layer(s) on the Si substrate,
microstructures of pillars and or holes and or nanowires are
etched into the N/N* layer(s) 3604 and followed by a N/N*
layer(s) regrowth resulting in buried voids 3622 as shown in
FIG. 36. The regrowth surface may or may not need further
planarization such as using chemical mechanical polishing
(CMP). Some applications may have more optimal perfor-
mance with a non-planar surface, for example PV that can
couple sun light in multiple angles with minimal reflections
(a rough surface reflect less light).

[0254] Subsequent “T” Si layer 3606 and P/P* layer 3608
are grown on the N/N* layer(s) 3604 with the buried voids
3622. In addition to reducing the effective refractive index,
at wavelengths where Si has low loss (approximately -1
dB/cm or less), 950-1800 nm, the buried voids 3622 can be
patterned into a reversed HCG and behave as a very reflec-
tive (close to 100% reflectivity) broad spectrum mirror for
any photons illuminating from the top (P side) and not
absorbed in the “I”” microstructured pillar/hole region on the
first pass, the photons can be reflected back toward the
absorbing “I” region. In addition, with the voids, the sub-
strate may be more flexible and lightweight such that it can
be more adaptable to contoured surfaces and/or for use
where weight is an issue such as a solar panel, or for
mobility.

[0255] FIG. 37 is a cross section showing etched Si
microstructured pillars/holes with regrown Ge covering the
Si, according to some embodiments. The starting structure is
the same as layers 3500 in FIG. 35. The Si microstructure
pillar and/or hole arrays are etched with a depth ranging
from 0.1 to 10 micrometers and subsequently regrown with
a [-Ge layer 3702 of thickness 0.01 to 4 micrometers
including according to some embodiments a 1-10 nm low
temperature buffer Ge layer to account for lattice mismatch
between the Si and Ge. Note that the Ge buffer may not be
included for pillar hole lateral dimensions of approximately
1000 nm or less since the lattice mismatch strain at that
small area may not be significant to cause extensive defects
to form. The lateral dimensions of the microstructured
pillars 3704 and holes 3706 range from 10 to 5000 nm and
spacing of adjacent elements from overlapping to 5000 nm.
The P/P* Si layer 3708 is left on in FIG. 37 as it may be
useful in making good P ohmic contact with the ohmic
metals of Ti, W, Al silicide that are 1-50 nm thick to be
semitransparent or transparent transition metal silicide.

[0256] 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. The structure shown in FIG. 38 is similar in
starting material as shown in FIG. 36. The buried voids 3822
in the N/N™ layer 3804 act to reduce the effective refractive
index of layer 3804. The voids spacing and lateral dimen-
sions can be subwavelength (<A) or even deep subwave-
length (<<\) to minimize optical scattering loss such as
Rayleigh scattering which is proportional to A~* where A is
the wavelength. The wavelength of interest range from 300
to 1800 nm.

[0257] FIG. 39 is a cross section showing partial coverage
1-Ge on microstructured Si pillars/holes, according to some
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embodiments. In the variation of the microstructure shown
in FIG. 39, instead of regrowing [-Ge over the entire Si
microstructured pillars and holes, it is only grown on part of
the Si microstructures. Part of the Si microstructure is
without I-Ge and the other part has regrown I-Ge. The partial
regrowth of Ge can be accomplished by partially covering
the Si microstructure with a dielectric such as SiOx or SiNx
by directional deposition such as electron beam evaporation
deposition, or directional laser ablation deposition or other
directional methods such as ion milling to remove native
oxide of Si selectively or ALD thin layer of oxides/nitrides
and removing selectively and directionally with ion beam
milling. Once the Si microstructure is partially coated with
an oxide or nitride (or other dielectric such as CaFx, TaOx,
TiOx, to name a few) Ge epitaxial regrowth will predomi-
nantly occur where there is lattice information such as a Si
surface. The I-Ge regrowth 3902 thickness can range from
0.1 to 4 micrometers or more. The Si microstructure of
pillars 3904 or holes 3906 can have a depth of 0.1 to 10
micrometers and a lateral dimension of 10 to 5000 nm and
spacing between adjacent microstructures of overlapping to
5000 nm. Both Si and Ge microstructures are exposed to
photons with wavelengths ranging from 300-1800 nm from
photons impinging from the anode surface and impinging on
the sidewalls of the microstructure directly, scattered, near
field, resonance, HCG effect, linear and non-linear optical
effects, and with enhanced absorption coefficient. Both Si
and Ge will generate photocurrent due to the incident
photons. The Si current generator and Ge current generator
are in parallel and the total photocurrent generated by this
PD/PV is the sum of the Si and Ge photocurrent generators.
The buried voids 3922 reduce the refractive index of the
N/N* layer 3914 and improve the index contrast of the
microstructure and the substrate thus improving the perfor-
mance of the lossy HCG for enhancing the absorption
coefficient. The voids 3922 in the Si 3914 can also behave
as a good reflector to reflect photons back toward the “1”
absorbing layer for a double pass (for photons illuminating
from the top side). BOX or SOI 3912 can also be used in
addition with the buried voids or without the buried voids,
as the refractive index of SiO, is approximately 1.54,
roughly half that of silicon at infrared and near infrared
wavelengths.

[0258] FIG. 40 is a cross section showing the basic com-
ponents for a microstructured Si-Ge pillar hole array PD/PV
and/or APD, according to some embodiments. Note that the
APD multiplication layers are not shown for simplicity.

[0259] Only the very basic parts of the device is shown.
After processing steps shown in FIG. 39 are completed,
surface passivation is carried out using thermal oxide or
ALD or PECVD or CVD deposition of oxide or nitride to
passivate or SiGe as a passivation layer on Ge. A filler 4002
is spun on or deposited such as spin-on-glass, or SiO_, SiN_
by PECVD or CVD. Using RIE to etch back to expose either
the Ge or P/P* Si (during i-Ge epitaxial growth, the P dopant
in the P/P* Si may diffuse into the Ge layer to also result in
a P/P* Ge layer). Ge and or Si P-ohmic material may be Al,
W, AuGe, Au, AwTi and Al, TIN, Pt, transition metal-
silicide respectively; ohmic contacts to P and N semicon-
ductors are well known in the literature and art and these are
only a few examples of possible ohmic contacts. A trans-
parent conducting oxide (TCO) 4004 such as indium tin
oxide (ITO) may be used to further reduce the series
resistance of the anode. For microstructured holes, since the
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P/P* layers are contiguous, TCO 4004 may not be used and
only a perimeter (ring for circular apertured PD/APD/PV)
border ohmic contact and metallization 4006 may be used
instead to reduce series resistance of the ohmic contact, such
as Al, Au/Ti. Cu, to name a few. Anti-reflection layers are not
shown for simplicity. N ohmic material can be used on the
substrate or on the N/N* layer together with metallization.
Al, Pt, transition metal silicide, followed with Al or Au
deposition (e-beam, sputter, thermal evaporation) on the
ohmic contacts reduce series resistance. Ohmic contacts
normally use an annealing process that is well known in the
art. Bond and/or connecting metallization 4006 is deposited
(using standard processing methods) to complete the
PD/APD/PV device. Sunlight/optical signal is illuminated
from the top (anode) of the device normal to the surface or
at any angle off normal and may be rotated to optimize the
QE. At wavelengths where Si is low loss (950-1800 nm or
more) the buried voids can both reduce the effective refrac-
tive index of Si and act as a reflector to reflect photons that
are not absorbed back toward the absorbing region. The
surface of the N/N* layer 3914 can be non-planar to help
diffuse the reflected photons to optimize its absorption in the
microstructured Si and Ge array. A contact pad 4008 can be
provided, for example, on the side of layer 3914 as shown.
Although many of the embodiments show the microstruc-
tures of Si and Ge, Si, Ge are normal to the surface
(vertically aligned) and straight, according to some other
embodiments if the N/N* surface is non-planar, subsequent
layers may also be non-planar. Etching (wet chemical or dry
RIE, DRIE) may result in microstructures that are off normal
and not straight (with bends) which may further improve the
absorption of photons. Due to the non-planar topology of the
surface, the microstructures may have various orientations
depending on the orientation of the crystal within the same
device. The different orientations of the microstructures are
advantageous to capturing photons that may be illuminating
the surface of the device at different angles, for example for
PV as the sun changes position in the sky and for PD/APD
for applications where multiple optical signal may illumi-
nate the PD/APD from different angles/directions.

[0260] Microstructured Si pillar and/or hole arrays/pat-
tern/random PD shown in FIG. 5, supra, can also have
buried voids in the N/N* layers as shown in FIG. 10 to both
reduce the refractive index of Si so that the microstuctures
of Si pillars/holes are more optimized as lossy HCG by
increasing the refractive index contrast and also as a HCG
reflector in Si for wavelengths where Si has low loss,
950-1100 nm for this application as a wide bandwidth (>5
Gb/s) PD or as a PV.

[0261] The Si substrate in all the embodiments described
herein can be either Si with doping, not intentionally doped,
low doping, or buried oxide (BOX) or silicon on insulator
(SOI) where the silicon layers again can be doped, heavily
doped, lightly doped or not intentionally doped. The BOX
and SOI layers allow the removal of the all or almost all of
the Si substrate to reduce optical losses, increase mechanical
flexibility and also the refractive index of SiO, in BOX and
SOI have refractive index of approximately 1.54 in the
infrared and near infrared wavelengths which is roughly half
of silicon refractive index. The low index of SiO, also
improves the performance of HCG, or the silicon dioxide
layer can be removed for bottom illuminated PD/APD/PV.
[0262] FIGS. 41A-41B are cross sections showing aspects
of a microstructured pillar/hole array device above a N-Si
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layer having buried microstructured voids, according to
some embodiments. The bulk layers 4100 shown in FIG.
41A include 1I-Si layer 4112 and N-Si layer 4110. Micro-
structured voids 4102 are formed in the N-Si layer 4110
using techniques such as described herein supra. The struc-
tures in FIGS. 41A and 41B are a version of the PDs/PVs
shown in FIGS. 25A-B but with buried voids 4102 in the
N/N* layer 4110 to improve the refractive index contrast for
lossy HCG (microstructures of Si and Ge) and to provide a
reflector low loss HCG for photons. Pillars 4124 and/or
holes 4122 arrays are formed in I-Si layer 4112. I-Ge is
regrown in the etch region 4122 resulting in a buried/
embedded Ge “I” layer with microstructure voids 4102 in
the N Si layer 4110 to reduce the effective refractive index
of Si and/or to reflect photons entering from the anode
surface at wavelength where Si is low loss (950-1800 nm).
Cap layer 4126 can be P-GE or P-Si regrowth. In the case
of bottom illumination, an anti-reflection coating 4130 may
be provided.

[0263] 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. The APDs shown in FIGS. 42A-42D
are versions of the APD shown in FIGS. 24A and 24B, supra,
except that buried voids 4202 are included in the N/N* layer
4210 to improve the refractive index contrast for lossy HCG
(microstructures of Si and Ge) and to provide a reflector low
loss HCG for photons. According to some embodiments,
BOX/SOI Si wafers can also be used with or without buried
voids to improve refractive index contrast for optimal HCG
lossy operation. Only the basic structures are shown for
simplicity. Electrical isolation, passivations, ohmic metalli-
zation, anneal, anti reflections, bond/interconnect metalliza-
tion, guard rings, to name a few are not shown. FIG. 42A
shows the bulk layers 4200, which include N-Si layer 4206,
1-Si layers 4208 and 4212 and P-Si layer 4210. Microstruc-
tured voids 4202 are formed in the N-Si layer 4206 using
techniques such as described herein supra. As in the case of
FIG. 41B, 1-Ge is regrowth in the etched area 4222. The
voids 4202 are to reduce the effective index of the N-Si since
the optical field will be an average effective refractive index
composing of air and Si. If the voids 4202 are patterned for
HCG effect, photons can be reflected that are not absorbed
in the first pass through the “I” absorbing region 4212 for
photons illuminating the APD 4220 from the top or anode
surface. The APD can also be illuminated from the bottom
or cathode side.

[0264] FIGS. 42C and 42D show another variation of an
APD 4230 in which voids 4204 are formed in the I-Si
multiplication layer 4208 as well as in N* layer 4206 to
reduce the effective refractive index and capacitance of
those layers. Note that the elongated nature of the micro-
structured voids will have a minimal effect on charged
carrier transport in the semiconductor materials. According
to some embodiments, voids of various shapes and densities
can be formed in the P anode, N cathode, P charge, and/or
I multiplication layers of the APD in addition to the absorb-
ing I layer. The addition of voids in the I multiplication layer
4208 and the [ absorption layer 4212 can reduce the effective
capacitance resulting in a short RC time constant for the
device. The voids 4204 in the multiplication I Si layer 4208
also reduce the effective refractive index, which is helpful in
enhancing the absorption coefficient in a HCG absorbing
mode.

Samsung Exhibit 1049, Page 74 of 79



US 2025/0194293 Al

[0265] Epitaxial growth/regrowth/overgrowth/selective
area growth/epitaxial lateral over growth of Si, Ge, SiGe,
III-V such as InP, GaAs, GaN, InGaN, InGaAs, InGaAsP,
InSh, heteroepitaxy, homoepitaxy, heterogeneous epitaxy to
name a few, using chemical vapor deposition (CVD), metal-
lic organic chemical vapor deposition (MOCVD), atomic
layer deposition (ALD), molecular beam epitaxy (MBE),
gas source molecular beam epitaxy (GSMBE) plasma
enhanced chemical vapor deposition (PECVD), laser abla-
tion deposition (LAD) to name a few, are well known in the
art.

[0266] According to some embodiments, material other
than Si and Ge on Si are used. For example, the techniques
described herein can be applied to all combinations of Si,
Ge, 1II-V and 1I-VI material families and substrates.
[0267] FIGS. 43-46 are top views illustrating various
dimensions, spacings and shapes for microstructured ele-
ments, according to some embodiments. FIG. 43 shows a
microstructured pillar and/or hole array 4300 (also appli-
cable to embedded or buried voids) that is uniformly spaced
with a fixed diameter ranging from 100-5000 nm and a
spacing ranging from 100-10000 nm. The pillars and or
holes can be formed in or using: Si, Ge, SiGe, or other
materials such as III-V or 1I-VI material family. Examples
includes: GaAs, InP, InGaAs, InGaAsN, InGaAsP, InAs,
GaN, InGaN, ZnTe, CdS, ZnSe, and HgTe. According to
some embodiments, the microstructures can also be formed
in or using absorbing polymers, glass, and/or ceramics.
[0268] FIG. 44 shows a microstructured pillar and/or hole
array 4400 having a fixed diameter but with non-uniform
spacing such as aperiodic or a mixture of periodic and
aperiodic or random/pseudo random spacing or a mixture of
random/pseudo random, periodic and aperiodic. According
to some embodiments, the arrays can also be uniformly
spaced periodic but with varying diameter. FIG. 45 shows a
microstructured pillar and/or hole array 4500 having both
variable diameters (ranging from 100 nm to 5000 nm) and
variable spacing (ranging from 100 nm to 10000 nm).
According to some embodiments, the variations can be
random/pseudo random, or a pattern or a mixture of patterns
or any combinations thereof. FIG. 46 shows a microstruc-
tured pillar and/or hole array 4600 having various shapes
such as oval, circular, rectangle, doublets, triplets, and stars.
In general, any shape that can be generated using a photo-
lithographic mask, or e-beam direct write or that can be
generated with a mold for imprint lithography, can be used.
The pillar/hole arrays can also have a combination of
different shapes and spacings, as well as variations in the
depth of the microstructured holes or lengths of the micro-
structured pillars/mesas. The variations can be periodic,
aperiodic, or random (or a mixture of periodic, aperiodic and
random) within a single array.

[0269] According to some embodiments, for some appli-
cations an array dimension of Si or Ge or III-V microstruc-
tured pillars or holes of length 2 pm approximately (or depth
of 2 um approximately) with diameter of pillar/hole of 390
nm approximately and center to center spacing of 1060 nm
approximately has been found to be suitable for enhance-
ment of the absorption coefficient of greater than 50X.
[0270] According to some embodiments, the material can
be Si, Ge, SiGe, Ge on Si, I1I-V, II-VI, III-V on Si, polymer,
glass, ceramic and any combination thereof. Examples of
III-VI and II-VI are InP, GaAs, AlGaAs, AlAs, AllnAs,
InGaAs, InGaAsP, InAs, InGaAsN, InN, GaN, InSb, ZnSe,
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ZnTe, HgTe, and CdS. Also II-V, II-VI and group IV
material such as Ge can be embedded in Si microstructures
using SAG, VLS, ELOG growth methods in MOCVD,
CVD, MBE, reactors.

[0271] FIGS. 47-48 are cross sections showing micro-
structured pillar and hole arrays having varying lengths and
depths, according to some embodiments. FIG. 47 shows a
microstructured pillar array 4700 having different lengths,
diameters and spacing. According to some embodiments, the
pillar diameters range from 10 nm to 5000 nm and the pillar
heights range from 0.1 to 10 microns. FIG. 48 shows a
microstructured hole array 4800 having different depths,
diameters and spacings. According to some embodiments,
the holes have diameters ranging from 10 nm to 5000 nm
and depths ranging from 0.1 to 10 microns. The variation in
lengths and etched depths can be accomplished by additional
lithographic masking steps where regions are masked for
longer etch or shorter etch to vary the length of the pillars
and the depth of the holes. The lengths and depths can be
gradually or sharply varied. A patterned grating effect can be
used to further optimize the optical path lengths and increase
the enhancement factor for absorption coefficient. Other
uses include forming a light trap by using constructive and
destructive optical interference, generating a fresnel lens,
matching the mode of the optical signal, forming a filter in
wavelength selectivity in wavelength division multiplexing
for example, or as a wavelength selector for spectroscopy
and sensor applications. It should be noted that by varying
the dimensions and spacing of the microstructured pillars
and holes in an array can also result in constructive and
destructive optical interferences that can also increase the
enhancement factor of the absorption coefficient, improve
light trapping, create fresnel lens, mode matching of radia-
tion patterns of the optical signal.

[0272] FIG. 49 shows shows a microstructured surface
having a combination of both pillars and holes, according to
some embodiments. Microstructure array 4900 includes
pillars and holes co-existing on the same microstructured
surface either globally or locally. Both pillars and holes can
exist in a single array (such as shown in FIG. 49) for the
microstructured photodetector, or holes and pillars can exist
on separate arrays for different microstructured photodetec-
tors. In addition, hole(s) can exist in a pillar and pillar(s) can
exist within a hole and these also can be global or local. The
pillars, holes, hole(s) in pillar and pillar(s) in holes can have
any shape, for example a rectangular pillar within a round
hole, can have any mixture thereof to optimize enhancement
of the absorption coeflicient, light trapping, constructive and
destructive optical interference, scattering, near field effects,
linear and non-linear optical effects, subwavelengths effects,
fresnel lens, wavelength selection, optical mode matching,
diffraction, high contrast grating, blazed grating, high Q
resonator, highly reflective mirrors using high contrast grat-
ing.

[0273] The microstructured pillar and hole (and variations
thereof) arrays can be fabricated in Si, Ge, Ge on Si, SiGe
on Si, SiGe on Ge. The array structure can be any combi-
nation of Si, Ge and SiGe. The array can be entirely Si or Ge
or SiGe, or Ge on Si, or Si on Ge, or Ge on Si with SiGe on
both. The structure can also include I1I-V and II-VI material
systems together with Si, Ge and SiGe and any combination
of Si, Ge, and III-V, II-VI material systems. According to
some embodiments, the array structure can also include
polymer, glass, oxides, nitrides, sulfides and chlorides of
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transition metals, ceramics, quartz, SOI, 10S, organic con-
ducting and non conducting polymers, carbon based mate-
rial such as graphene to name a few.

[0274] The microstructures pillars, holes, voids, and any
other shapes such as pyramids, microwires, nanowires,
multiple materials, SAG microstructures, can have orienta-
tions that are not perpendicular to the surface of the sub-
strate. They can have a single or multiple orientations that
can be perpendicular and or off perpendicular to the surface.
They can be random or pseudo random, single pattern or
multiple pattern orientations at any angle where angle can
range from 0 to 90 degrees with respect to the normal to the
silicon substrate, and they can be on sidewalls and on all
three dimensions. With the microstructures at certain orien-
tations, the photosensor can have a higher sensitivity to
certain direction of illumination. Conversely, with multiple
orientations and or random or pseudo random orientations
the photosensor can be mostly insensitive to direction of
illumination.

[0275] Reducing the effective refractive index with buried
voids in semiconductor has applications beyond PD/APD
and PV devices. It also, for example, has applications in
optical waveguides. FIG. 50 is a cross section of an optical
ridge waveguide, according to some embodiments. Wave-
guide 5000 uses the density of voids to alter the effective
refractive index of Si. According to some embodiments
materials other than Si are used, for example other semi-
conductors such as Ge, SiGe, any of the III-V semiconductor
family, or other material such as ceramics, glass, polymer. In
Si photonic optical waveguide 5000, the ridge 5002 and slab
5004 are made of Si on a BOX (buried oxide) Si substrate
5006. Due to the high refractive index of Si. 3.49 at
1100-1800 nm wavelengths, the dimensional tolerance of
the solid Si waveguide is very critical. Known Si photonic
components are difficult to manufacture and have low yield
and are temperature sensitive. According to some embodi-
ments, voids are buried in the Si layers. By varying the
density of the voids, the refractive index of the composite
Si-voids can be adjusted. In the schematic diagram of FIG.
50, a ridge waveguide 5000 has voids 5014 on slab 5004, as
well as voids 5012 on ridge 5002. The density of voids 5012
in the ridge 5002 is less than the density of voids 5014 in the
slab 5004. The refractive index in the ridge 5002 is therefore
higher than the refractive index in the slab 5004 resulting in
a ridge optical waveguide. The optical mode of the wave-
guide 5000 is indicated by the dotted oval 5022. The lower
refractive index helps in reducing the dimensional tolerance
and the optical waveguide can have a larger dimension.
[0276] Thus, according to some embodiments, the refrac-
tive index can be varied by varying the void density making
other components such as couplers easier to manufacture.
The dimensions of the voids can be subwavelength ranging
from 10 nm to 1000 nm depending on optical wavelengths.
[0277] According to some embodiments, voids are also
buried in a silicon wafer (including BOX/SOI silicon
wafers) to adjust the effective refractive index of the Si
wafer. The Si wafer with buried voids can then be the
starting platform for silicon photonic circuits. It can also be
the platform for large area PV cells that allow mechanical
flexibility but still retain the high quality of silicon and its
electrical characteristics. This can also be the platform for
flexible displays and other electronics that require mechani-
cal flexibility and or light weight. According to some
embodiments, burying or embedding voids is not limited to
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just Si, but can include Ge, GeSi, amorphous semiconduc-
tors, 11I-V, 1I-VI material families, polymers, glass, quartz,
metal, alloys, ceramics and any other material that requires
flexibility. In some embodiments, the voids can be filled
with gas, liquid or solid for specific applications. Gel such
as spin on glass that does not require anneal for example can
be used for impact/crack situations where the integrity of the
device is compromised such as a crack due to impact, to seal
surfaces such as semiconductors or any surfaces sensitive to
environment such as moisture, water, oxygen to name a few
to prevent further deterioration. Voids are also excellent in
preventing crack propagation.

[0278] FIG. 51 is a cross section of a buried optical
waveguide in silicon using voids, according to some
embodiments. A composite waveguide 5100 is formed in Si
substrate 5106 using Si-voids to selectively alter the effec-
tive refractive index in certain locations. The effective
refractive index of Si can be adjusted precisely by adjusting
the total volume of the voids in a given volume of Si. In the
example shown in FIG. 51, the higher density voids 5114
surround a central region of lower density voids 5112. The
optical mode of the waveguide 5100 is indicated by the
dotted oval 5122.

[0279] According to some embodiments, the dimension
and spacing of the voids are optimized to reduce scattering
losses and to provide ease of manufacturing. Also, the void
dimensions and spacing can be adjusted for certain appli-
cations. For example, in HCG the dimensions and spacings
are selected to satisfy the near field regime where the
dimensions and spacing lie approximately between the
wavelength in the high refractive index material and the
wavelength in the low refractive index material. In most
cases, in the applications to reduce the effective refractive
index, the void and the surrounding material dimensions and
spacing are in the subwavelength regime where the micro-
structures containing the voids are less or much less than the
wavelength in either the high or low index material. For
coupling applications, the diffraction regime may be the
microstructure (voids and material) dimensions and spacing.
It can also be a mixture of two or more regimes to optimize
a device performance. Array patterns can include micro-
structure ensembles whose distribution

[0280] of individual microstructures can be periodic, ape-
riodic, chirped, random, pseudo-random, uniform, or non-
uniform in all three dimensions, orientations and spacings,
(including overlapping). According to some embodiments,
the patterns can include microstructures within microstruc-
tures. The terms “array” and “pattern” are used herein
interchangeably.

[0281] The PD/APD are biased between the anode and
cathode, to extract a broadband modulation signal greater
than a gigabit per second (Gb/s) at a typical transmission line
impedance is 25-50 ohms. According to some embodiments,
the external bias is provided with a bias-tee connected to the
transmission line to block the RF signal from reaching the
DC power supply and to block the DC from biasing the
transmission line away from the PD/APD. The bias-tee
basically consists of an inductor and capacitor, the inductor
to block the RF and the capacitor to block the DC away from
the PD/APD. External bias of -2 to -30 volts is applied
depending on the application, PD or APD and performance
desired.

[0282] In PV mode, no external bias is applied and the PV
is basically a current generator. All the electrical connections
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are for DC current from the PV which then connects to a
converter that converts the DC current/voltage to AC cur-
rent/voltage.

[0283] PV devices are in DC mode whereas PD/APD for
data and tele communication are all RF with modulation
bandwidth ranging from 1 to 100 Gb/s. Transit time of
carriers and capacitance are critical in PD and APD but not
so much for PV.

[0284] The terms “modulation bandwidth” and “band-
width” are interchangeable as used herein. Both terms refer
to the modulation (e.g. of a laser or LED) where an RF signal
is impressed on the light. When this modulated light (also
referred to as “optical signal”) illuminates the PD/APD, the
RF modulated signal is extracted and converted from light to
electrical signal. For example, a bandwidth or modulation
bandwidth of'a PD/APD of 20 Gb/s means that an RF signal
impressed on the laser light beam at a data rate at 20 Gb/s
can be converted by the PD/APD from optical to electrical
with good signal integrity or signal replication. The laser/
LED is the transmitter and the PD/APD is the receiver where
the electrical signal can be further processed by an amplifier
such as a transimpedance amplifier and the signal sent for
further analysis and processing in application specific inte-
grated circuits (ASIC) computers (CPU central processing
unit), routers, memories, to name a few.

[0285] According to some embodiments the applications
for the microstructured pillars and or holes in Si and Ge and
Si regrowth with Ge, Ge on Si, with and or without buried
or embedded voids photodiodes and avalanche photodiodes,
are in data and tele communications. According to some
embodiments, these applications include: fiber to home,
local area network, data center optical interconnects board to
board, on the board, rack to rack, and chip to chip, between
data centers, metro area network, and optical communica-
tion for distances from less than a centimeter to over 10
kilometers or more. The applications in consumer space also
includes: game box, personal computers, tablets, mobile
devices such as smart phones, animations studios, and
anywhere that benefits from a bandwidth of more than one
gigabit per second. Other applications of the microstructured
PDs and APDs, according to some embodiments, are in
sensors where broadband communication is important, such
as sensors for infrastructures, health, environment, oil explo-
ration, where the sensors communicate with a remote
receiver that is connected to data centers for data analysis.
[0286] Other applications of the microstructured PD and
APD, according to

[0287] some embodiments, are in analytical instruments
and optical tests and measurement instruments where high
sensitivity and bandwidth are important.

[0288] According to some embodiments, the microstruc-
tured PV have applications in energy harvesting for power
generation all the way from gigawatts to watts, to power
cities and homes to powering sensors. Since the microstruc-
tured

[0289] PV is lightweight and high efficiency it can be used
in mobile applications, space, solar transportation, recycling
of photons in home, offices and factories. The PV can also
be used on windows and can be semi-transparent.

[0290] The described microstructures in Si, Ge, Si
regrowth with Ge, Ge on Si, pillars, holes, and voids can be
any shape and form, and are not limited to the schematics
shown. According to some embodiments, the dimensions
range from 10-10000 nm (nanometers). The microstructures
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can be within each other such as pillar(s) in hole(s), hole(s)
in pillar(s) and void(s) can be in the pillar, and buried and or
embedded in any layer of the semiconductor heterogeneous
or homogeneous. The material used includes semiconduc-
tors such as Si, Ge, GeSi, Ge on Si, and the III-V group
material family of InP, GaN, InGaAsP, GaAs, and other
semiconductors such as ZnO, CdTe, CulnGaSe (CIGS),
amorphous Si, or any amorphous semiconductor and or
microcrystalline and crystalline semiconductor. The material
can be a combination of amorphous, microcrystalline, crys-
talline heterogeneous and or homogeneous. The material
used is also not limited to semiconductors, but also include
polymers, electrically conducting, semiconducting, non con-
ducting polymers, organic and or inorganic polymers, glass,
conducting, semiconducting, non conducting glass. Nan-
oparticles of semiconductors and or metal can also be buried
in the polymer and glass. Semiconductors, polymer and
glass can exist within the same microstructure, separately or
in any combination.

[0291] According to some embodiments, in silicon pho-
tonic circuit applications, optical waveguides such as shown
in FIG. 50, supra, can be integrated with optical sources and
optical detectors such as photodiodes, avalanche photo-
diodes and photoconductors. FIG. 52 is a cross section of a
ridge waveguide integrated with a microstructured PD/APD,
according to some embodiments. Device 5200 includes a
ridge waveguide that is edge coupled to a microstructered
Ge on Si photodiode or avalanche photodiode (with multi-
plication layers added). In the ridge wave guide portion, as
shown in FIG. 50, a ridge 5202 has lower density voids 5212
and slab 5204 had higher density voids 5214. Ion implan-
tation is used to increase the N doping (region 5224) for the
PD and a coplanar transmission line is fabricated on the
photodiode to extract the electrical signal as shown in FIG.
53, infra. Anode contact 5226 is made of P-Ge, according to
some embodiments. The cathode contact is made to layer
5224 (cathode contact not shown for simplicity and clarity
of drawing.)

[0292] FIG. 53 is a top view the integrated ridge wave-
guide and microstructured PD/APD shown in FIG. 52,
according to some embodiments. The device 5200 is in a
coplanar transmission line configuration. Ridge portion
5202 is 0.5 to 10 pm wide and 0.1 to 10 um deep, according
to some embodiments. Slab portion 5204 has higher density
voids, as shown in FIG. 52, to vary the refractive index as
a platform for silicon photonic circuits. Coplaner cathodes
5228 and 5230 are in contact with the N-Si ion implanted
region 5224 shown in FIG. 52. According to some embodi-
ments, the optical field can also be coupled evanescently by
placing the PD/APD above the optical waveguide such that
the optical field overlaps the absorbing I microstructures.

[0293] FIGS. 54A and 54B show a microwave transmis-
sion line on Si with voids, according to some embodiments.
High bit rate transmission lines on silicon suffers from a
multitude of effects, from slow wave to dispersion to loss.
However by removing most of the silicon material with the
addition of high-density voids according to some embodi-
ments, the dispersion and loss can be alleviated and signal
integrity restored. An advantage is that silicon can be the
substrate for both microwave transmission line and for ICs
without the use of intermediate ceramic such as alumina for
transmission line to connect various IC chips. FIG. 54A is a
cross section showing high density voids 5314 buried in
silicon 5304 which reduce the effective dielectric constant of
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the silicon, and disrupt lateral electrical conductivity which
in turn can result in lower microwave loss and dispersion
which are important as bit rate increases into the multi Gb/s
range (e.g. 40-60 Gb/s). Coplanar microwave metallic trans-
mission lines 5310 are provided as means to move the
electrical signal to/from electronic devices (e.g. processors,
storage devices, input-output devices, ASICs, CPUs, and
memories) on the same substrate. FIG. 54B is a top view.
Conventional techniques use multi chip carriers that need
additional packaging. According to some embodiments,
having many devices all on the same silicon substrate
greatly reduces the cost since it can be all fabricated at once
and requires no additional packaging for each chip. Accord-
ing to some embodiments, the voids 5314 are arranged in a
fashion where the path length in silicon laterally is signifi-
cantly increased in order to increase lateral resistivity.
According to some embodiments, lon implantation of pro-
tons and or oxygen can be used to further increase electrical
resistivity. Although FIGS. 54A and 54B show a co-planar
arrangement, according to some embodiments other micro-
wave transmission line arrangements (e.g. microstrip, slo-
tline, and stripline) are used with a semiconductor substrate
having high-density buried voids.

[0294] According to some embodiments, the positioning
and/or other properties (e.g. size, shape, and filling material)
of the high-density voids can be selected such that the slow
wave effect can be manipulated or “tuned” in a way that is
suitable for the application at hand.

[0295] FIG. 55 is a cross section of voids for thermal
conduction and thermal

[0296] isolation of heat producing ICs and light emitters,
according to some embodiments. The buried voids in silicon
5404 can be filled with thermal conductors such as helium
gas, metal such as copper, aluminum, tungsten, or ceramic
such as boron nitride, or carbon, graphene, diamond like
carbon, or heterogeneous material/ceramic doped with metal
nanoparticles, carbon nanotubes. The voids 5414 underneath
the heat producing elements such as ICs and CPUs 5422,
and light emitters 5420 such as laser diodes and bipolar
drivers, can be filled with enhanced thermal conductors to
extract the heat from the hot components and direct it to a
heat sink 5402. Voids 5412 between hot elements are kept at
a low thermal conducting state that are either in partial
vacuum or filled with a gas such as nitrogen, argon, carbon
dioxide, for example to prevent thermal cross talk between
the hot components or to any other components where heat
is not desirable. According to some embodiments, the voids
are arranged in a fashion such that the path length in silicon
is vastly increased to maintain low thermal crosstalk.
According to some embodiments, the techniques of FIG. 55
are used to keep PVs cool when exposed to the sun.
According to some embodiments, thermoelectric devices
can be integrated together with the voids to generate elec-
tricity from the excess heat.

[0297] 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,
according to some embodiments. The buried voids 5602
configured for microwave transmission lines and/or for
thermal management can be arranged in a randomly, pseudo
randomly, or in a pattern in areas where lateral electrical and
thermal conductance is significantly reduced and vertical
electrical and thermal conductance is significantly enhanced.
There may be areas where lateral electrical and thermal
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conductance enhancement is desired, in which case the
voids can overlap to form a conducting channel.

[0298] FIGS. 57A-B are simplified partial schematic top
views of a semiconductor surface having holes configured as
trenches, according to some embodiments. The semiconduc-
tor 3010' and 3008'can be: Si, Ge, GeSi and/or 111-V
material such as InP, GaAs, GaN to name a few. In this case
the microstructure “holes” are “connected” to form trenches
3060' and 3062'. The microstructure hole/trenches 3060' and
3062' are futher configured to crisscorss the surface of the
semiconductors 3010' and 3008, respectively. Although the
trench-shaped holes in FIGS. 57A-B are shown in straight
lines, they could alternatively be formed in curved lines or
a combination of straight and curved lines. The width of
each trench is approximately one wavelength, and in some
cases can be less than a wavelength, and in some cases wide
ranging from 600 nm to 1600 nm, and can run the length of
of the photosensitive area. The depth of the trench can range
from 100 nm to 1000 nm or more, and in some cases 50 nm
to 1000 nm or more, and in some cases 100 nm-600 nm.
[0299] This patent application refers to certain theories in
explaining the nature and operation of devices, but it should
be clear that such theories are based on current understand-
ing and do not affect the actual operation of the disclosed
devices even if future developments prove the theories
incorrect. This patent specification also refers to numerical
ranges of paramaters, and it should be understood that
insubstantial departures from such ranges are still within the
spirit of the disclosed advancements.

[0300] Although the foregoing has been described in some
detail for purposes of clarity, it will be apparent that certain
changes and modifications may be made without departing
from the principles thereof. It should be noted that there are
many alternative ways of implementing both the processes
and apparatuses described herein. Accordingly, the present
embodiments are to be considered as illustrative and not
restrictive, and the body of work described herein is not to
be limited to the details given herein, which may be modi-
fied within the scope and equivalents of the appended
claims.

1-17. (canceled)

18. An integrated structure comprising:

an array of pillars in which the pillars extend in up-down
directions and comprise Si, Ge, and/or alloyed SiGe
semiconductor material, wherein at least some of the
pillars include photodetectors and have respective
light-receiving surfaces and respective sides;

wherein at least some of the pillars comprise P-doped and
N-doped regions and are configured to respond to
illumination with light in visible and infrared wave-
lengths by generating electrical charge carriers;

one or more holes that are fabricated as recesses in each
of at least some of the pillars, extend in up-down
directions to depths of less than 10000 nm, and are
filled at least partly with solid dielectric material;

side-isolation comprising solid dielectric material
between at least portions of the sides of at least some
of the pillars;

electrical contacts configured to provide electrical path-
ways coupled to at least some of the photodetectors,
including for selected reverse-biasing at least some of
the photodetectors;

wherein the presence of the one or more holes increases
by a factor of at least 1.1 the absorption of the light by
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at least some of the photodetectors relative to like
photodetectors lacking said holes.

19. The integrated structure of claim 18, in which the
array is monolithically integrated with Si electronic devices.

20. The integrated structure of claim 18, in which each of
at least some of the holes is elongated along the light-
receiving surface of the pillar in which the hole is fabricated
so that the hole is longer in a first than in a second direction
that is transverse to the first direction.

21. The integrated structure of claim 20, in which each of
at least some of the pillars has a plurality of the elongated
holes.

22. The integrated structure of claim 20, in which each of
at least some of the pillars has only one of the elongated
holes.

23. The integrated structure of claim 20, in which the
pillars in which the holes are fabricated have respective
widths at the light receiving surfaces thereof and each of at
least some of the elongated holes extends in the first direc-
tion along less than the width of the pillar in which the hole
is fabricated.

24. The integrated structure of claim 20, in which each of
at least some of the elongated holes has at least one closed
contour remote from side edges of the pillar in which the
hole is fabricated.

25. The integrated structure of claim 18, in which the
electrical contacts are configured to selectively provide
electrical fields across at least some of the photodetectors.

26. The integrated structure of claim 18, in which two or
more of the photodetectors are connected electrically in
parallel.

27. The integrated structure of claim 18, wherein the array
is monolithically integrated with Si electronic devices for
signal processing and transmission.

28. The integrated structure of claim 18, wherein the array
is monolithically integrated with Si electronic devices for
transmitting electrical signals related to accumulations of the
charge carriers in at least some of the photodetectors.

29. The integrated structure of claim 18, in which each of
at least some of the holes is shaped as a square or a rectangle
or a circle or an oval at the light-receiving surface of the
pillar in which the hole is fabricated.

30. The integrated structure of claim 29, in which each of
at least some of the pillars has two or more of the holes at
the light receiving surface of the pillar.

31. The integrated structure of claim 18, further including
solid dielectric material underlying the array of pillars.
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32. An integrated structure comprising:

an array of pillars in which the pillars extend in up-down
directions and comprise Si, Ge, and/or alloyed SiGe
semiconductor material, wherein each of at least some
of the pillars has sides and a light-receiving surface and
comprises at least one photodetector;

wherein at least some of the pillars comprise P-doped and

N-doped regions and are configured to respond to
illumination with light in visible and infrared wave-
lengths by generating electrical charge carriers;

one or more holes that are fabricated as recesses into the

light-receiving surface of each of at least some of the
pillars,
wherein each of at least some of the holes (i) has at least
one closed contour at an intermediate area of the
light-receiving surface of the pillar in which the hole is
fabricated, (ii) extends down into the pillar in which the
hole is fabricated to a depth of less than 10000 nm, and
(iii) is filled at least partly with solid dielectric material;

side-isolation comprising solid dielectric material
between at least portions of the sides of at least some
of the pillars;

electrical contacts configured to provide electrical path-

ways coupled to at least some of the photodetectors,
including for selected reverse-biasing of the photode-
tectors;

wherein the presence of the one or more holes increases,

by a factor of at least 1.1, absorption of the light by at
least some of the photodetectors relative to like pho-
todetectors lacking the holes; and

wherein the array is monolithically integrated with Si

electronic devices for signal processing and transmis-
sion.

33. The integrated structure of claim 32, in which each of
at least some of the pillars has only one of the holes
fabricated therein.

34. The integrated structure of claim 32, in which each of
at least some of the pillars has at least two of the holes
fabricated therein.

35. The integrated structure of claim 32, in which each of
at least some of the pillars includes only a single photode-
tector.

36. The integrated structure of claim 32, in which each of
at least some of the holes is elongated along the light-
receiving surface of the pillar in which the hole is fabricated.

#* #* #* #* #*
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