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CLOSED-LOOP RESONATOR SILICON GERMANIUM
PHOTODETECTOR APPARATUS AND OTHER SEMICONDUCTOR
DEVICES INCLUDING CURVED-SHAPE SILICON GERMANIUM
STRUCTURES

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims a priority benefit to U.S. provisional application serial no.
62/186,433, entitled “Silicon-Germanium Photodiode in Zero-Change Advanced CMOS,” and
filed on 06/30/2015, which application is hereby incorporated by reference herein.

GOVERNMENT SUPPORT

[0002] This invention was made with Government support under Contract No. HROO11-11-
C-0100 awarded by the Defense Advanced Research Projects Agency. The Government has

certain rights in the invention.

BACKGROUND

[0003] Semiconductor electronic devices are made in foundries, of which there are over a
hundred worldwide (operated by approximately two dozen or so semiconductor companies
adopting a foundry model). Fabrication of large-scale integrated semiconductor electronic
devices requires multiple process steps and mask layers that define etching and deposition
patterns (e.g., for photoresists), dopant implants, and metallization. A semiconductor foundry
may employ a particular set of process steps and mask layers for a given semiconductor device,
and process steps/mask layers can differ significantly for different types of semiconductor
devices (as well as similar devices made by different foundries). A particular set of process steps
and mask layers employed by a given foundry to fabricate any of a variety of semiconductor
devices is generally referred to as a “semiconductor manufacturing process technology” (or
simply “semiconductor technology”). For fabrication of silicon-based Complimentary-Metal-
Oxide-Semiconductor (CMOS) devices, different manufacturing process technologies are
sometimes commonly referred to as “CMOS technology nodes.” Some common examples of

conventional CMOS technology nodes include a 45-nm silicon-on-insulator (SOI) process
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technology available from IBM (i.e., the IBM SOI12S0 45-nm technology), as well as the IBM
SOI13S0 32nm technology and the IBM 10LPE technology.

[0004] For each different semiconductor technology, a set of “design rules” is provided that
includes a series of parameters specifying certain geometric and connectivity restrictions for
manufacturing semiconductor devices. Such design rules are based on the available process
steps and mask layers in a particular semiconductor technology, and provide sufficient margins
to account for variability in the process steps used in the technology. Thus, design rules define
allowed semiconductor design patterns to be converted to mask designs for the physical layout of
a device in a given semiconductor technology. The specification of such technology-dependent
design rules ensures reasonably predictable and sufficiently high yields for semiconductor device
manufacturing using the given semiconductor technology (e.g., billions of nanoscale components

can be fabricated simultaneously with high yield and performance).

[0005] Some examples of common design rules employed in a variety of conventional
semiconductor technologies include “single layer rules” that specify geometric restrictions and/or
restrictions on various connection between elements on a given layer of a multi-layer
semiconductor design. Examples of single layer rules include a “minimum size rule” that
defines one or more minimum dimensions of any feature or object in a given layer of the design
(e.g., a “width rule” that specifies the minimum width, in a plane parallel to the semiconductor
substrate, of a feature or object in the design), and a “minimum spacing rule” that specifies a
minimum distance between two adjacent features/objects in a given layer. Other examples of
single layer rules relate to polygon-shaped elements, and include minimum/maximum area and
allowed orientations of polygon edges. Other types of conventional design rules include “two
layer rules” (specifying certain relationships that must exist between two layers, such as distance,
extension or overlap between two or more layers). Design rule sets have become increasingly

more complex with successive generations of semiconductor technologies.

[0006] One area of developing research in computing relates to monolithic integration of
million-to-billion-transistor circuits with photonic components as an enabling technology for
high performance computers (HPC). Generally speaking, “photonic components” refer to
various devices employed for light (or photon) generation or emission, transmission or

propagation, modulation (e.g., signal processing, switching, filtering, wavelength and/or mode
2
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selectivity, amplification), and detection. Optical processing techniques enabled by photonic
components can accelerate computation in HPCs by performing processor-intensive tasks at
significantly faster rates and with a significant reduction in energy consumption as compared to
purely electronic processing techniques. Accordingly, the integration of photonic components
and electronic components for computing and other applications is an active area of research

endeavor.

[0007] In connection with photonic detection devices (referred to generally as
“photodetectors”), some such devices may be realized in silicon-based fabrication technologies
(e.g., in which photonic detection is based on mid band gap absorption in doped or poly-
crystalline silicon waveguides, or by internal photoemission absorption using Schottky
junctions). Other investigated approaches for design and fabrication of photodetectors rely on
the incorporation of pure germanium on silicon, in which the germanium facilitates photocarrier
generation in response to incident photons impinging on the photodetector. However,
germanium and other specialized materials, processes and/or geometries that are particularly
useful for fabrication of photonics components generally are not readily available in
conventional semiconductor manufacturing process technologies employed in advanced
electronic foundries. For example, one limited demonstration of integrating germanium photonic
components with electronic components involved a modified CMOS technology flow based on
90 nm or older CMOS nodes; however, these CMOS technology nodes already are obsolete for
building HPC microprocessors. Moreover, the modifications required of conventional
semiconductor technologies to accommodate photonic components generally involve costly

process development that in turn creates challenges in maintaining fabrication yield.

SUMMARY

[0008] The present disclosure relates generally to the design and fabrication of photonic
components using existing conventional semiconductor manufacturing process technologies, i.e.,
without requiring any modifications to the semiconductor technology and without violating
design rules associated with the semiconductor technology. For purposes of the present
disclosure, such approaches for designing and fabricating photonic components is referred to as
“zero-change photonics” (e.g., if the semiconductor technology employed is a CMOS

technology, the design and fabrication of photonic devices according to the principles set forth

3
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herein may be referred to as “zero-change CMOS photonics™). In this “zero-change” approach,
by relying on well-established and reliably high-yield semiconductor technologies for fabrication
of integrated electronics, such electronic circuits may be further effectively integrated with
photonics components at the complexity level of microprocessors without altering process flows

and/or affecting fabrication yield.

[0009] Some earlier fabrication attempts based on zero-change photonics have involved
discrete photonic components such as vertically-coupled (vertically-illuminated) photodetectors,
grating couplers and optical transmitters. In one of the Applicant’s own earlier fabrications, the
Applicant demonstrated the fabrication of grating couplers within the 45-nm 12S01 silicon-on-
insulator CMOS node of IBM. The resulting grating couplers work well by achieving
waveguide propagation losses of less than 5 dB/cm in the wavelength range of 1170 nm — 1250
nm. The Applicant also fabricated and tested an optical transmitter comprising a modulator and
a driver that achieves 5 Gbps of transmission speed with 70 fJ of transmission energy. However,
previous work, including the Applicant’s own, on the integration of photodetectors within a
conventional CMOS node focused exclusively on surface illuminated devices. In addition,
nearly all of the previous work has relied on absorption of light by crystalline silicon and has
been restricted to operating wavelengths below 850 nm. An exception is the demonstration of a
surface illuminated photodetector at 850 nm that used a SiGe layer within an IBM bipolar
transistor (BiICMOS) process.

[0010] In view of the foregoing, various embodiments disclosed herein relate to inventive
waveguide-coupled silicon-germanium (SiGe) photodetectors and fabrication methods for same.
The Applicant has recognized and appreciated that although earlier efforts relating to zero-
change photonics have demonstrated the ability to fabricate surface illuminated photodetectors
using conventional semiconductor technologies, various advantages in device layout flexibility,
integration, and efficiency may be realized via the incorporation of waveguide structures. More
specifically, zero-change waveguide-coupled photodetectors employing SiGe to enhance
photocarrier generation provide higher performing devices with high yield, and further provide

for effective integration of these devices with electronic circuitry.

[0011] In one exemplary embodiment, an inventive waveguide-coupled SiGe photodetector

is fabricated on a silicon substrate or a silicon-on-insulator (SOI) structure. The SiGe
4
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photodetector includes a polysilicon “rib” structure to define a waveguide for guiding light.
Additionally, a SiGe region (also referred to as a “pocket”) is formed in the substrate, adjacent to
and substantially along a length of the polysilicon rib. In operation, an optical mode of radiation
propagating in the waveguide formed by the polysilicon rib substantially overlaps with the SiGe
pocket to generate photocarriers within the SiGe pocket. The SiGe pocket is further fabricated
so as to overlap with a p-n silicon junction, which is formed by placing an n-doped well-implant
region and a p-doped well-implant region adjacent to each other in the silicon substrate (and
contiguous with the SiGe pocket). An electric field associated with this p-n junction and present
in the SiGe pocket facilitates an enhanced flow of the generated photocarriers in the SiGe pocket,
thereby more efficiently generating an electric signal in response to the optical mode of radiation

in the waveguide.

[0012] In sum, one inventive example is directed to a photodetector apparatus, comprising: a
silicon substrate; an n-doped well-implant region formed in the silicon substrate; a p-doped well-
implant region formed in the silicon substrate and contiguous with the n-doped well-implant
region so as to form a p-n junction between the p-doped well-implant region and the n-doped
well-implant region; and a Silicon Germanium (SiGe) region formed within both the n-doped
well-implant region and the p-doped well-implant region such that the p-n junction is contiguous

with the SiGe region.

[0013] Another inventive example is directed to a waveguide-coupled Silicon Germanium
(S1Ge) photodetector apparatus, comprising: a silicon substrate; a p-n silicon junction formed in
the silicon substrate by an n-doped silicon region and a p-doped silicon region; a polysilicon (p-
Si) rib formed on the silicon substrate to provide a waveguide core for an optical mode of
radiation; and a Silicon Germanium (SiGe) pocket formed in the silicon substrate along a length
of the polysilicon rib and contiguous with the p-n silicon junction, wherein the SiGe pocket is
disposed with respect to the polysilicon rib such that the optical mode of radiation, when present,

substantially overlaps with the SiGe pocket to generate photocarriers in the SiGe pocket.

[0014] Another inventive example is directed to a zero-change silicon-on-insulator (SOI)
CMOS waveguide-coupled Silicon Germanium (SiGe) photodetector apparatus, comprising: a
silicon substrate; an n-doped well-implant region formed in the silicon substrate; a p-doped well-

implant region formed in the silicon substrate and contiguous with the n-doped well-implant
5
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region so as to form a p-n junction between the p-doped well-implant region and the n-doped
well-implant region; a polysilicon (p-Si) rib formed on the silicon substrate to provide a
waveguide core for an optical mode of radiation; a Silicon Germanium (SiGe) region formed in
the silicon substrate along a length of the polysilicon rib and within both the n-doped well-
implant region and the p-doped well-implant region such that the p-n junction is contiguous with
the SiGe region; a p-doped contact region formed in the p-doped well-implant region such that
the p-doped contact region is not contiguous with the SiGe region; an n-doped contact region
formed in the n-doped well-implant region such that the n-doped contact region is not contiguous
with the SiGe region; a first silicide electric contact region formed in the n-doped contact region;
and a second silicide electric contact region formed in the p-doped contact region, wherein: a
first p-Si boundary of the p-Si rib is substantially aligned with a first SiGe boundary of the SiGe
region; a first n-doped contact region boundary of the n-doped contact region is not aligned with
a second p-Si boundary of the p-Si rib; the SiGe region is disposed with respect to the p-Si rib
such that the optical mode of radiation, when present, substantially overlaps with the SiGe region
to generate photocarriers in the SiGe region; and the SiGe region is disposed with respect to the
p-n junction such that an electric field arising from the p-n silicon junction significantly
facilitates a flow of the generated photocarriers between the first silicide electric contact region

and the second silicide electric contact region.

[0015] Another inventive example is directed to a photodetector fabrication method,
comprising: A) using a zero-change Complimentary Metal-Oxide Semiconductor (CMOS)
fabrication process technology to form a waveguide-coupled photodetector having a Silicon-
Germanium (SiGe) photocarrier generation region, an n-doped silicon well-implant region, and a
p-doped silicon well-implant region. In one implementation, the zero-change CMOS fabrication
process technology is a 45 nanometer 12SOI silicon-on-insulator (SOI) CMOS process
technology. In other examples, A) comprises: Al) forming the n-doped silicon well-implant
region in a silicon substrate using a conventional n-well layer of the CMOS fabrication process
technology; A2) forming the p-doped silicon well-implant region in the silicon substrate, and
contiguous with the n-doped silicon well-implant region, using a conventional p-well layer of the
CMOS fabrication process technology so as to form a p-n junction between the p-doped silicon
well-implant region and the n-doped silicon well-implant region; A3) forming a pocket in the

silicon substrate, wherein the pocket is bounded by both the p-doped silicon well-implant region
6
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and the n-doped silicon well-implant region; and A4) epitaxially growing the SiGe photocarrier
generation region in the pocket, using a conventional PFET strain engineering layer of the
CMOS fabrication process technology, such that the p-n junction is contiguous with the SiGe

photocarrier generation region.

[0016] It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided such concepts are not mutually
inconsistent) are contemplated as being part of the inventive subject matter disclosed herein. In
particular, all combinations of claimed subject matter appearing at the end of this disclosure are
contemplated as being part of the inventive subject matter disclosed herein. It should also be
appreciated that terminology explicitly employed herein that also may appear in any disclosure
incorporated by reference should be accorded a meaning most consistent with the particular

concepts disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described herein.
The drawings are not necessarily to scale; in some instances, various aspects of the inventive
subject matter disclosed herein may be shown exaggerated or enlarged in the drawings to
facilitate an understanding of different features. In the drawings, like reference characters

generally refer to like features (e.g., functionally similar and/or structurally similar elements).

[0018] FIG. 1 is a cross-sectional view of a silicon germanium (SiGe) photodetector

apparatus, according to one inventive embodiment.

[0019] FIG. 2 is a top view of the SiGe photodetector apparatus shown in FIG. 1, according

to one inventive embodiment.

[0020] FIG. 3 is a flow chart outlining a fabrication method for the photodetector apparatus

of FIGs. 1 and 2, according to one inventive embodiment.

[0021] FIG. 4 shows additional fabrication details of an example waveguide-coupled

photodetector apparatus similar to that shown in FIG. 1, according to one inventive embodiment.
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[0022] FIG. 5A 1s a perspective view of the photodetector apparatus of FIG. 4 with a SiGe

active region, and ground and signal (GS) electrodes, according to one inventive embodiment.

[0023] FIG. 5B is an inset from FIG. 5A showing a close up of the input waveguide and a
schematic representation of the multiple-layer fabrication stack of the waveguide-coupled

photodetector device, according to one inventive embodiment.

[0024] FIG. 6 shows a simulation result of the SiGe photodetector apparatus of FIGs. 4, SA,
and 5B in cross-sectional view, highlighting the overlap region in which the optical mode of
radiation propagating through the waveguide overlaps with SiGe active region, according to one

inventive embodiment.

[0025] FIG. 7 shows a current-voltage (CV) characteristics of a photodetector apparatus with

and without illumination, according to one inventive embodiment.

[0026] FIG. 8 shows a graph with plots of respective detection responsivities of different

SiGe photodetectors as a function of wavelength, A, according to various inventive embodiments.

[0027] FIG. 9 shows a graph illustrating a responsivity of a SiGe photodetector apparatus,
according to one inventive embodiment, via plots of measured electro-optic transmission

coefficient at different photodetector bias voltages as a function of frequency, ®.

[0028] FIG. 10 is a photographic rendering of fabricated photodetector apparatuses
monolithically integrated with electronic receiver circuitry, according to one inventive

embodiment.

[0029] FIGs. 11a, 11b and 11c show different aspects of feature layout for a closed-loop

resonator waveguide-coupled photodetector apparatus according to inventive embodiments.

[0030] FIG. 12a shows another layout view of the waveguide-coupled photodetector
apparatus of FIGs. 11a, 11b, and 11¢ including a ring resonator, an access waveguide, and an

inner metal electrode, according to one inventive embodiment.

[0031] FIG. 12b is a zoomed-in view of a bottom portion of the photodetector apparatus of
FIG. 12a.
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[0032] FIG. 12¢ shows interdigitated clove-shaped n-doped well-implants and p-doped well-
implants, in the portion of the photodetector apparatus shown in FIG. 12b.

[0033] FIG. 12d shows a portion of a silicon ring resonator structure, a portion of a curved-
shape SiGe region in the silicon ring resonator structure, and a silicon access waveguide, in the

portion of the photodetector apparatus shown in FIG. 12b.

[0034] FIG. 13a shows multiple doping masks employed for p-type and n-type regions, in
the portion of the photodetector apparatus shown in FIG. 12b, according to one example

embodiment.
[0035] FIG. 13b shows only the doping masks employed for p-type implants in FIG. 13a.
[0036] FIG. 13c¢ shows only the doping masks employed for n-type implants in FIG. 13a.

[0037] FIGs. 14a-14d show various aspects of feature layout for a closed-loop resonator

waveguide-coupled photodetector apparatus according to another inventive embodiment.

[0038] FIG. 15a shows a plot of current vs. bias voltage of the photodetector apparatus of

FIGs. 11a, 11b and 11¢ for different illumination conditions.

[0039] FIG. 15b shows a plot of responsivity of the photodetector apparatus of FIGs. 11a,

11b and 11c as a function of incident wavelength.

[0040] FIG. 16a is an eye diagram for the photodetector apparatus of FIGs. 11a, 11band 11c
at 5 Gbps and -2.5 V bias.

[0041] FIG. 16b is an eye diagram for the photodetector apparatus of FIGs. 11a, 11band 11c
at 8 Gbps and -2.5 V bias.

[0042] FIG. 16c¢ is a reference eye diagram of a conventional 30 GHz commercial

photodiode taken at 5 Gbps.

DETAILED DESCRIPTION

[0043] Following below are more detailed descriptions of various concepts related to, and

embodiments of, inventive waveguide-coupled silicon-germanium (SiGe) photodetectors, and
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fabrication methods for same. It should be appreciated that various concepts introduced above
and discussed in greater detail below may be implemented in any of numerous ways, as the
disclosed concepts are not limited to any particular manner of implementation. Examples of

specific implementations and applications are provided primarily for illustrative purposes.

[0044] FIG. 1 is a cross-sectional view of a silicon germanium (SiGe) photodetector
apparatus 100, according to one embodiment of the invention. As illustrated in FIG. 1, the
apparatus 100 includes a silicon substrate 110 (e.g., crystalline silicon, or “c-S1”), in and on
which various elements are fabricated pursuant to a semiconductor fabrication process described
in further detail below. In some implementations, the silicon substrate 110 is part of a silicon-
on-insulator (SOI) structure including silicon dioxide (S10,) layer 210, which structure 1s
commonly employed in conventional CMOS manufacturing process technologies as discussed

further below.

[0045] In the embodiment of FIG. 1, the apparatus 100 further includes an n-doped well-
implant region 120 formed in the substrate 110, and a p-doped well-implant region 130 also
formed in the substrate 110. The n-doped well-implant region and the p-doped well-implant are
formed in the substrate to be contiguous with one another so as to form a p-n silicon junction 140
between the respective well-implant regions 120 and 130. The apparatus 100 further comprises a
silicon germanium (Si1Ge) region 150, formed within both the n-doped well-implant region 120
and the p-doped well-implant region 130, such that the p-n silicon junction 140 is contiguous
with the SiGe region 150. In one aspect as discussed further below, as a result of selective
etching of the well-implant regions 120 and 130 so as to form a pocket therein, and
heteroepitaxial growth of silicon germanium in the etched pocket, the SiGe region 150 formed in

the respective well-implant regions 120 and 130 also is referred to herein as a “SiGe pocket.”

[0046] As also shown in the cross-sectional view of FIG. 1, the apparatus 100 further
comprises a polysilicon (p-Si) region 160 formed on the silicon substrate 110 to provide a
waveguide core for an optical mode of radiation 200 (the optical mode of radiation is shown in
FIG. 1 as a roughly oval-shaped region with a dashed-line perimeter). As discussed further
below in connection with FIG. 2 (which provides a top view of the apparatus 100), the
polysilicon region 160 is formed as a “rib” on the silicon substrate to provide a substantially

linear optical path corresponding to the waveguide core, along which the optical mode of
10
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radiation 200 propagates (i.e., into or out of the page in the cross-sectional view of FIG. 1).
While the polysilicon rib 160 is shown in FIG. 1 as disposed over the n-doped well-implant
region 120 (e.g., to the right of the SiGe pocket 150 shown in FIG. 1), it should be appreciated
that in other embodiments discussed elsewhere herein, the polysilicon rib 160 may be disposed
over the p-doped well-implant region 130 (e.g., to the left of the SiGe pocket 150 shown in FIG.
1). In one exemplary non-limiting implementation, a cross-sectional width 270 of the

polysilicon rib 160 is on the order of approximately 170 nanometers.

[0047] As also seen in both FIGs. 1 and 2, the SiGe pocket 150 is formed in the silicon
substrate 110 adjacent to (e.g., along a length of) the polysilicon rib 160; in particular, with
reference to FIG. 1, a first p-Si boundary 220 of the polysilicon rib 160 (e.g., on the left side of
the rib 160 in FIG. 1) is substantially aligned with a first SiGe boundary 230 of the SiGe pocket
150 (e.g., on the right side of the pocket 150 in FIG. 1). In this manner, the SiGe pocket 150 is
disposed with respect to the polysilicon rib 160 such that the optical mode of radiation 200, when
present, substantially overlaps with the SiGe pocket 150 to generate photocarriers (not shown in

FIG. 1) in the SiGe pocket 150.

[0048] As noted above, the SiGe pocket 150 shown in FIG. 1 is formed within the well-
implant regions 120 and 130 such that the p-n silicon junction 140 is contiguous with the SiGe
pocket 150. In one aspect of this embodiment, an electric field arising from the p-n silicon
junction 140 significantly facilitates a flow of the photocarriers (generated in the SiGe pocket
150 when the optical mode of radiation 200 is present) toward respective electric contacts of the
apparatus 100. To this end, in one exemplary implementation, the SiGe pocket 150 has a cross-
sectional width 260, and the p-n silicon junction 140 is substantially aligned with a center of the
cross-sectional width 260 of the SiGe pocket 150, as illustrated in FIG. 1, so as to facilitate a
greater exposure area of the SiGe pocket to the electric field arising from the p-n silicon junction
140 (and a corresponding field-induced enhanced photocarrier mobility). It should be
appreciated, however, that in other embodiments the p-n silicon junction 140 need not
necessarily be aligned with the center of the cross-sectional width 260 of the SiGe pocket 150,
but need only be contiguous with the SiGe pocket 150 to provide field-induced enhanced
mobility for generated photocarriers. In yet another aspect, as discussed in greater detail below,

the cross-sectional width 260 of the SiGe pocket is less than or equal to approximately 300

11
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nanometers, so as to mitigate possible material defects in this region (e.g., crystal dislocations)
and to better comport with design rules associated with conventional Complimentary Metal-
Oxide Semiconductor (CMOS) fabrication manufacturing process technologies. In other aspects,
the cross-sectional width 260 may depend on the concentration of Germanium in the SiGe alloy;
for example, in some implementations, a relatively smaller width 260 of the SiGe pocket would
accommodate a relatively higher Germanium concentration so as to reduce the possibility of

crystal dislocations in the SiGe pocket.

[0049] Regarding electrical contacts for the apparatus 100 shown in FIG. 1, the apparatus
further comprises a p-doped contact region 170 formed in the p-doped well-implant region 130,
such that the p-doped contact region 170 is not contiguous with the SiGe pocket 150. More
specifically, the p-doped contact region 170 is formed sufficiently away from the polysilicon rib
160 to reduce possible adverse effects (e.g., high optical loss caused by free-carrier absorption)

on the optical mode of radiation 200 arising from the more highly doped contact region 170.

[0050] Similarly, the apparatus comprises an n-doped contact region 180 formed in the n-
doped well-implant region 120 (and similarly not contiguous with the SiGe pocket 150). In one
exemplary implementation, the n-doped contact region 180 is formed in the n-doped well-
implant region 120 such that a first n-doped contact region boundary 240 (e.g., on the left side of
the contact region 180 shown in FIG. 1) is not aligned with a second p-Si boundary 250 of the
polysilicon rib 160 (e.g., on the right side of the polysilicon rib 160 shown in FIG. 1). As noted
above in connection with the p-doped contact region 170, the sufficient separation between the
polysilicon rib 160 and the n-doped contact region 180 reduces possible adverse effects (e.g.,
high optical loss caused by free-carrier absorption) on the optical mode of radiation 200 arising
from the more highly doped contact region 180. FIG. 1 also shows a first electric contact region
190A formed in the n-doped contact region 180, and a second electric contact region 190B
formed in the p-doped contact region 170, to provide access points of electric contact for the
apparatus 100 (e.g., to facilitate a flow of photocurrent corresponding to the photocarriers
generated in the SiGe pocket 150 by the optical mode of radiation 200). In one exemplary
implementation, the electric contact regions 190A and 190B may be silicide electric contact

regions.
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[0051] FIG. 3 is a flow chart outlining a fabrication process 300 for the photodetector
apparatus of FIGs. 1 and 2, according to one embodiment of the invention. In some
embodiments, the process 300 uses a zero-change CMOS fabrication process technology to form
a waveguide-coupled photodetector apparatus, similar to that shown in FIGs. 1 and 2, having a
SiGe photocarrier generation region (e.g., the SiGe pocket 150), an n-doped silicon well-implant
region (e.g., the region 120), and a p-doped silicon well-implant region (e.g., the region 130).

An example of such a CMOS fabrication process technology includes, but is not limited to,

IBM’s 45-nanometer 12SOI silicon-on-insulator (SOI) CMOS node.

[0052] In block 302 of the process 300 shown in FIG. 3, an n-doped silicon well-implant
region (e.g., the region 120 in FIG. 1) is formed in a silicon substrate using a conventional n-well
layer of the CMOS fabrication process technology. In block 304, a p-doped silicon well-implant
region (e.g., the region 130 in FIG. 1) is formed in the silicon substrate, and contiguous with the
n-doped silicon well-implant region, using a conventional p-well layer of the CMOS fabrication
process technology, so as to form a p-n silicon junction between the p-doped silicon well-implant
region and the n-doped silicon well-implant region. It should be appreciated that block 302 need
not happen before block 304 in various implementations of the process 300. In block 306, a
pocket is formed in the silicon substrate, wherein the pocket is bounded by both the p-doped
silicon well-implant region and the n-doped silicon well-implant region. In block 308, a SiGe
photocarrier generation region (e.g., the region 150 shown in FIG. 1) is epitaxially grown in the
pocket, using a conventional PFET strain engineering layer of the CMOS fabrication process
technology, such that the p-n silicon junction is contiguous with the SiGe photocarrier generation
region. As noted above in connection with FIG. 1, in some implementations a cross-sectional
width of the SiGe photocarrier generation region is less than or equal to approximately 300
nanometers, and the pocket may be formed (and the SiGe epitaxially grown) such that the p-n
silicon junction is substantially aligned with a center of the cross-sectional width of the SiGe

region.

[0053] In block 310 of the process 300 shown in FIG. 3, a polysilicon (p-Si) region (e.g., the
region 160 shown in FIG. 1) is formed using a conventional polysilicon layer of the CMOS
fabrication process technology, such that a first p-Si1 boundary of the p-Si region is substantially
aligned with a first SiGe boundary of the SiGe photocarrier generation region. In block 312, a p-
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doped contact region (e.g., the region 170 shown in FIG. 1) is formed in the p-doped well-
implant region using a conventional p-source/drain layer of the CMOS fabrication process
technology, such that the p-doped contact region is not contiguous with the SiGe photocarrier
generation region. In block 314, an n-doped contact region (e.g., the region 180 shown in FIG.
1) is formed in the n-doped well-implant region using a conventional n-source/drain layer of the
CMOS fabrication process technology, such that the n-doped contact region similarly is not
contiguous with the SiGe photocarrier generation region. To this end, in one exemplary
implementation, a first n-doped contact region boundary of the n-doped contact region is not

aligned with a second p-Si boundary of the p-Si region.

[0054] In one exemplary implementation according to the inventive concepts outlined above,
a waveguide-coupled photodetector is fabricated in a 45-nm 12SOI semiconductor process
technology pursuant to an innovative photonic toolbox within a zero-change CMOS paradigm.
One example of such a photonics design toolbox is described in U.S. non-provisional application
serial no. 14/972,007, filed December 16, 2015, entitled “Methods and Apparatus for Automated
Design of Semiconductor Photonic Devices,” which application is incorporated by reference
herein in its entirety. This implementation differs from previous work on the integration of
photodetectors within zero-change CMOS 1in that the previous work has focused exclusively on
surface-illuminated devices, whereas the current work as described herein relates to waveguide-
coupled devices. Additionally, nearly all of the previous work has relied on absorption of light
by crystalline silicon and has been restricted to A<850 nm, with an exception being a surface-
illuminated detector at A=850 nm that used the SiGe layer within an IBM bipolar transistor
(BiCMOS) process. In contrast, the waveguide photodetector according to various inventive
embodiments described herein provides an important interface between photonic integrated
circuits and CMOS electronic integrated circuits. In different examples, the waveguide-coupled
photodetector apparatuses presented herein are responsive at longer wavelengths of radiation that

can be guided with low loss through silicon photonic integrated circuits.

[0055] FIG. 4 shows additional fabrication details (including salient dimensions for
respective features) of an example waveguide-coupled photodetector apparatus 100 similar to
that shown in FIG. 1, according to one inventive embodiment. In one aspect, as with the

photodetector apparatus of FIG. 1, the photodetector apparatus 100 of FIG. 4 is based on carrier
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generation in the silicon-germanium (SiGe) heteroepitaxially grown in a silicon pocket adjacent
to a waveguide. Conventionally, SiGe is utilized in the 12SOI semiconductor process
technology for compressively straining pFET channels therefore increasing the hole mobility.
However, in the present inventive embodiment, in contrast to conventional uses, SiGe 1s
employed for photocarrier generation, based on its particular physical properties, to enhance

photodetector efficiency.

[0056] In the photodetector apparatus shown in FIG. 4, on top of the crystalline silicon 110 a
172 nm wide polysilicon strip 160 (normally utilized as transistor gates) defines the waveguide
core. A 300 nm wide SiGe pocket 150 is formed next to the polysilicon 160. Two well implants,
a n-well 120 and a p-well 130 define a pn-diode whose junction is in the center of the SiGe
region 150. The germanium content is estimated to be in the 25 to 35 atomic percent based on
data of older nodes. In one aspect, the SiGe may be p-type doped during epitaxy, and is
designed sufficiently narrow for avoiding the formation of crystal dislocations. Source/drain
implants 170 and 180, silicidation layers 190A and 190B, and metal vias 191A and 191B form

the electron/hole collectors and complete the electrical circuit.

[0057] FIG. 5A 1s a perspective view of the photodetector apparatus of FIG. 4 with a SiGe
active region, and ground and signal (GS) electrodes 402 and 404, respectively, according to one
inventive embodiment. In particular, as shown in FIG. 5A, ground-signal (GS) high-frequency
electrodes with minimal density of metal fill shapes (required by the foundry to minimize dishing
of the wafer) are placed parallel to the waveguide-coupled photodetector apparatus 100, which
includes a 99.4 um-long SiGe active region. Also shown in FIG. 5A are the grating couplers GC
in 406 and GC out 408 for coupling radiation into and out of the photodetector apparatus. A
long input waveguide section 410 1s used to couple the GCs 406 and 408 to the active section of
the photodetector apparatus 100. FIG. 5B is an inset from FIG. 5A showing a close up of the
input waveguide section 410 and a schematic representation of the multiple-layer fabrication
stack of the waveguide-coupled photodetector apparatus 100. With respect to the multiple layers
shown in FIG. 5B, it should be appreciated that the layers above the first three (i.e., silicon, SiGe
and poly-Si) are metal layers and may not all be present in other implementations (e.g., when the
photodetector apparatus is connected with an on-chip receiver). The multiple metal layers shown

in FIG. 5B relate in part to the notion that the depicted photodetector apparatus is fabricated as
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an example of a test device with large electrical pads to facilitate testing and characterization. In
one exemplary implementation, the apparatus illustrated in FIGs. 4, SA, and 5B has been
designed by a fully-scripted code which forms part of a complete photonic-design automation
(PDA) tool based on Cadence, in which the PDA tool provides for abstract photonic layers,
automatic DRC-cleaning, and photonic/electronic auto-routing, as set forth in U.S. non-

provisional application serial no. 14/972,007, incorporated by reference herein as noted above.

[0058] FIG. 6 shows the SiGe photodetector apparatus 100 of FIGs. 4, SA, and 5B in cross-
sectional view, highlighting an overlap region in which the optical mode of radiation 200
propagating through the waveguide formed by the polysilicon rib 160 overlaps with SiGe active
region 150, according to one inventive embodiment. In particular, FIG. 6 shows the intensity of
the TEOO optical mode representing a simulation result of a SiGe photodetector apparatus 100 in
cross-sectional view that highlights the overlap of the optical mode 200 and SiGe active region

150.

[0059] To demonstrate proof of concept, waveguide-coupled photodetector apparatuses of
three different SiGe lengths (1.4 ym, 9.4 um, and 99.4 um) have been fabricated, according to the
concepts disclosed herein, for characterizing optical loss of the apparatuses (e.g., via the cut-back
method). To characterize device performance, each device has been fabricated with both an

input and an output grating coupler (as shown, for example, in FIGs. SA and 5B).

[0060] FIG. 7 shows a graph 700 with respective plots of current-voltage (CV)
characteristics of the 99.4 um long photodetector apparatus, with and without illumination (i.e.,
the top plot 702 is the CV characteristic with illumination, and the bottom plot 704 is the CV
characteristic without illumination). The dark current measured is less than 10 pA resulting in a

reverse-bias dynamic range of more than 60 dB.

[0061] FIG. 8 shows a graph 800 with plots of respective detection responsivities of different
SiGe photodetector apparatuses as a function of wavelength, A, according to various inventive
embodiments. The responsivity of each device (defined as optical power at the photodetector
input / photocurrent) was measured as a function of wavelength by recording at the same time
input and output optical power, and photocurrent. The measurement was repeated a second time

with exchanged input and output fiber connectors so as to verify that the input and output grating
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couplers caused the same optical loss. For comparison, FIG. 8 also shows the responsivity based
on the optical absorption measured in unstrained SiGe at various germanium concentrations and
based on the Macfarlane equations:

oA (v —E, —k0) E, +k0)’

1—e 7 P

where v 1s the photon frequency, F, is the energy gap, & is the Boltzmann constant, 7=295 K is
the room temperature, 4 is the phonon energy (expressed in K), and the sum over the six
branches of the vibrational spectrum has already been carried out and is contained in the
coefficient 4. For the bandgap and phonon energy of unstrained SiGe we set £, = 1.088 eV,
0.991 eV, and 0.965 eV and $= 550K, 480 K, and 460.4 K for the concentrations of 0%, 25%,
and 32% respectively. The bandgap data and the phonon energy for pure silicon is as reported by
R. Braunstein, A. R. Moore, and F. Herman in Physical Review, 109 (3), 695 (1958),
incorporated by reference herein. With these values, a good agreement is obtained with the
experimental data of unstrained silicon germanium. FIG. 8 also shows that the effects of
hydrostatic strain on 25% germanium are taken into account by shrinking the bandgap by

0.03 eV, obtaining an upper boundary of the measured responsivity.

[0062] In addition, the power overlap integral of the optical mode with the SiGe region is
calculated to determine the device responsivity based on the absorption coefficient of silicon-
germanium. To this end, FIG. 9 shows a graph 900 illustrating a responsivity of a SiGe
photodetector apparatus, according to one inventive embodiment, via respective plots of
measured electro-optic transmission coefficient at different photodetector bias voltages as a
function of frequency, ®. As shown in FIG. 9, the responsivity of the devices are as follows: The
overlap integral is found to vary approximately linearly between 0.128 at a wavelength of
1,170 nm and 0.121 at a wavelength of 1,250 nm. At the wavelength of 1,180 nm the
responsivity is of 0.023+0.002 A/W (-1V bias). If no other loss mechanism was present, this
responsivity would correspond to an optical propagation loss 0of10.7 dB/cm. From the cut-back
method, the optical loss was found to be 40+10 dB/cm and is dominated by free-carrier
absorption (FCA) in the pre-doped poly-silicon. This means that the quantum efficiency of the

present geometry can reach at least 20% in the long-device limit. Furthermore, results in a
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0.18 gm bulk CMOS node show that the propagation loss of optimized polysilicon waveguides
can be as low as 10 dB/cm. Because of the small optical overlap with the polysilicon rib of the
current geometry, as shown in FIG. 9, the use of low-loss poly-silicon (in a modified process)
would likely lead to parasitic losses below 10 dB/cm and therefore to quantum efficiencies

beyond 50% in the long device limit.

[0063] The bandwidth of an example waveguide-coupled photodetector apparatus according
to one inventive embodiment was measured by contacting the ground-source (GS) electrodes
(e.g., see FIG. 4) with a 50 gm pitch GS probe of Cascade Microtech (model Infinity 167-A-GS-
50). The reference plane was set at the V-connector of the probe, so that the probe is considered
part of the photodiode. The frequency response was measured with a 40 GHz VNA (HP8722D)
and the frequency-response of the setup (comprising modulator, semiconductor-amplifier (SOA),
RF cables and bias-T) was calibrated with a reference photodiode (Discovery Semiconductors,
model DSC30-3-2010) of known frequency-response at a wavelength of 1,550 nm. It was
confirmed that the frequency response of the combined system of modulator and reference
photodiode is identical (within measurement accuracy) at 1,550 nm and 1,180 nm. Based on the
foregoing, the example waveguide-coupled photodetector apparatus has a 3 dB bandwidth of

18 GHz at 0 V bias. The bandwidth increases to 32 GHz with a reverse bias of -1 V. A different
set of waveguide-coupled photodetector apparatuses, in which the p-n silicon junction (e.g., see
140 in FIG. 1) was shifted by 150 nm towards the waveguide center (e.g., toward the center of
the poly-Si rib 160 in FIG. 1), showed smaller bandwidths (8 GHz at -1 V bias). The generated
photocurrent is sufficient for driving an on-chip electrical receiver which has a peak-to-peak

sensitivity of 6 #A at 5 Gb/s.

[0064] FIG. 10 shows a micrograph 500 of a fabricated device that monolithically integrates
two waveguide-coupled photodetector apparatuses 100A and 100B with electric receiver
circuitry 502A and 502B, according to one inventive embodiment. Since according to the “zero-
change” approach discussed herein no changes to the fabrication flow or to the design rules of
the conventional semiconductor technology fabrication process have been made, the yield of the
transistors 1s expected to be unchanged. This paradigm enables fabrication of complex electronic

designs with a million transistors or more. The electronic receiver in particular, which contains a
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much smaller number of gates (=transistors) can be fabricated with almost no effort and with a

near 100% yield.

[0065] As described herein, fabrication and characterization of a waveguide-coupled
photodetector apparatus compatible with unchanged CMOS processes have been demonstrated.
Examples of fabricated photodetector apparatuses have a 3 dB bandwidth of 32 GHz at -1 V
bias. In one implementation, a waveguide-coupled photodetector apparatus is realized in the 45-
nm CMOS node, which is widely used in manufacturing of integrated circuits for high-

performance computing (HPC).

[0066] In other inventive embodiments, semiconductor and photonics devices are considered
that employ curved-shape SiGe regions and other curved-shape semiconductor regions. For
purposes of the present disclosure, in some examples curved-shaped semiconductor regions or
elements may be achieved in semiconductor fabrication technologies via rectangle discretization
of element boundaries (e.g., using only lines at 0 and 90 degree orientations, i.e., “Manhattan
geometry”) on a significantly smaller scale compared to the overall region or element, so as to
effectively approximate and substantially constitute a curved boundary for the region or element
on a functional scale. Examples of curved-shaped semiconductor regions or elements include,
but are not limited to, curvilinear regions, and various curved closed-loop regions, such as

circular regions, ring-shaped regions, ellipsis-shaped regions and racetrack-shaped regions.

[0067] One example embodiment employing a curved-shape SiGe region is directed to a
waveguide-coupled closed-loop resonator SiGe photodetector apparatus. As discussed in greater
detail below, a closed-loop resonator SiGe photodetector includes a silicon resonator structure
formed in a silicon substrate, interdigitated n-doped well-implant regions and p-doped well-
implant regions forming multiple silicon p-n junctions around the silicon resonator structure, and
a closed-loop SiGe photocarrier generation region formed in a pocket within the interdigitated n-
doped and p-doped well implant regions. The closed-loop SiGe region is located so as to
substantially overlap with an optical mode of radiation when present in the silicon resonator
structure, and traverses the multiple silicon p-n junctions around the silicon resonator structure.
Electric fields arising from the respective p-n silicon junctions significantly facilitate a flow of
the generated photocarriers between electric contact regions of the photodetector. In one

implementation, the closed-loop resonator is implemented as a circular ring.
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[0068] By employing closed-loop resonator structures such as a ring resonator, long effective
lengths (for example, much longer than the 100 um of the straight photodetector as described
above) are enabled. This extra effective length of the SiGe photocarrier generation region
increases the quantum efficiency of the resonator as compared to linear examples (e.g., typical
quality factors Q achieved in all-silicon ring-resonators in the 45-nm 12SOI technology are

between 5,000 and 50,000).

[0069] FIGs. 11a through 11¢ show various aspects of a feature layout of an exemplary ring-
resonator photodetector apparatus according to other inventive embodiments. FIG. 11a is a full
layout of the ring-resonator photodetector apparatus showing interdigitated metal contacts,
doping patterns, vias and top contact pads (some auxiliary layers, vias and metal layers are
hidden). FIG. 11b shows the silicon resonator structure, a ring-shaped SiGe region within the
silicon resonator structure, and one metal layer. Photocarrier generation occurs in the SiGe
region, which is located around the intensity peak of a whispering-gallery mode in the resonator.
FIG 11(c) shows an interdigitated doping pattern for n-type and p-type well implants constituting

“spokes” around the resonator structure.

[0070] More specifically, as shown in FIGs. 11a-11c, an access waveguide 1001 and the ring
cavity 1002 of the ring-resonator SiGe photodetector 1000 can be etched into crystalline silicon
1010, which is standard in the 45-nm 12SOI work-flow for fabricating transistors. Similar to the
linear resonator approach described above, the ring-resonator photodetector 1000 exploits carrier
generation in SiGe layer 1150, which is heteroepitaxially grown in ring-shaped pocket. A signal
pad 1199 is shown superimposed on the ring resonator 1000. As described earlier, the
germanium content in the SiGe is estimated to be between 25% and 35%. The outer radius of
the silicon ring 1003 is 5 um, and the SiGe region 1150 is 500 nm wide, as shown in FIG. 11b.
FIG. 11¢ shows two n-type masks for n-implants 1120 and two p-type masks for p-implants
1130, which are used to form interdigitated junctions in the SiGe region 1150. These implants
are further used to form spokes which connect electrically the SiGe region 1150 to the contacts
1190 located on the inner radius, as shown in FIG. 11b. In some implementations, the SiGe
1150 region may be p-doped during epitaxy, and an extra n-type counter implant may be added
on the outer radius for reducing the optical loss due to free-carrier absorption (FCA). Another p-

type mask is used with the same purpose over a part of the n-type spokes. Source-drain (S/D)
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implants and silicidation complete the electrical contact to the vias. As a result of adding counter
implants into the doped regions, p-doped with n-type counter implant 1170 and n-doped with p-
type counter implant 1180 are created. High-frequency ground-signal (GS) electrodes with
minimized metal autofill densities have been used. The access waveguide 1001 is 400 nm wide
and follows a cosine trajectory (25 um wavelength). The disk-like cavity 1002 exploits a
whispering gallery mode for effectively separating the optical field from the metal contacts 1190.

This type of cavity also may be used for building modulators.

[0071] FIGs. 12a through 12d provide additional details of the waveguide-coupled closed-
loop resonator photodetector apparatus of FIGs. 11a, 11b, and 11¢, including a circular silicon-
germanium section and interdigitated implants having the shape of cloves for reducing parasitic
junction capacitance. FIG. 12a shows a full device comprising a ring resonator, an access
waveguide, inner metal electrode connecting every second spoke (the second electrode is not
shown); FIG. 12b is a zoomed-in view of a specific portion of the device to show interconnection
between features of the SiGe photodetector; FIG. 12¢ shows a set of well implant masks for the
specific portion; and FIG. 12d shows the silicon and silicon-germanium layers in the specific

portion.

[0072] For clarity, FIG. 12a shows the resonant SiGe photodetector 1000 of FIGs. 11a-11c¢
without the contact pad 1199. As shown in the configuration of FIG. 12a, the photodetector
represents a ring-resonator with a circular silicon-germanium region 1150 located where the
optical mode is near the maximum (e.g., at about 300 nm from the outer radius of the ring cavity
1002 for an incident wavelength of 1180 nm). In this example, the ring cavity 1002 has a radius
of 5 um and the silicon-germanium 1150 width is 500 nm. As shown in the FIG. 12a, the

incident light is coupled resonantly into the ring as described above.

[0073] Shown in FIG. 12b is a portion of the resonant SiGe photodetector 1000 with a
curvilinear SiGe region, formed in interdigitated implant patterns (spokes) which are created as
alternating p-n junctions (between 1120 and 1130) to extract the generated photocarriers. Metal
electrodes 1190 for cathode and anode connect every second spoke. The p-n junctions form a
capacitance C, while the doped silicon regions connecting the junctions to the respective
electrodes form a resistance R. The RC time constant is a factor that determines the device

bandwidth. In the example in FIG. 12a, in order to reduce the parasitic capacitance (for
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increasing the bandwidth), the doping patterns are created to have the shape of cloves so that
they are largest in the proximity of the outer radius (where the majority of the photocarriers is
being generated) and narrower for smaller radii towards the base (i.e., the center of the ring
cavity 1002). Higher-dose masks (not shown in the picture) can be superimposed in the narrow
section of the clove for avoiding depletion in these sections and for reducing the resistance R.
Other doping patterns may apply as well, such as the counter-implants discussed in the following
section. FIG. 12c shows a set of well implant masks for the specific portion and FIG. 12d shows
the silicon 1010 and silicon-germanium 1150 layers in the specific portion. In one example

implementation, the width 1152 of the SiGe 1150 is 500 nm.

[0074] Since there are several ion-implant masks present in advanced CMOS nodes
(typically between 3 to 15 masks for each n-type or p-type doping), a variety of different mask
pattern combinations can be used for doped silicon regions. For example, with reference to
FIGs. 13a-13c, in one embodiment three n-type implants (1120a, 1120b, and 1120c, which are
collectively referred to as n-implants 1120) and three p-type implants (1130a, 1130b, and 1130c,
which are collectively referred to as p-implants 1130) are employed for the clove-shaped well-
implant regions and corresponding counter implants. More specifically, the respective dosages
of the six different implantations and the shape of the masks are tuned so as to achieve small
resistances between the SiGe region 1150 and the electrical contacts 1190 located on the inner
radius, but also to reduce the free-carrier absorption loss (and therefore small free-carrier
densities where the optical mode of radiation is concentrated) and effective voltage gradients for
creating the drift in the generated photocarriers. Multiple implants may therefore be used in the
narrow clove region connecting the SiGe region 1150 to the metal electrodes 1190, while
counter-implants are used on the outer radius, as shown in FIGs. 13a-13c. FIG. 13a shows all
doping masks superimposed together (three masks for n-type implants and three masks for p-
type implants), FIG. 13b shows only the p-type implants 1130, and FIG. 13c shows only the n-
type implants 1120. By using counter implants it is possible to obtain almost arbitrary doping
profiles since feature sizes smaller than the minimum feature sizes of the individual masks can
be obtained. For example, by using two masks having a feature size of, e.g., 120 nm and 100
nm, it 1s possible to obtain minimum feature dimensions of only 10 nm (alignment tolerances are

neglected in this example).
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[0075] FIGs. 14a-14d show various aspects of feature layout for a closed-loop resonator
waveguide-coupled photodetector apparatus according to another inventive embodiment. In this
embodiment, the photodetector apparatus includes a silicon resonator structure (e.g., in the shape
of a ring), and four portions of the ring structure (e.g., at the top, bottom, left and right portions),
each of which portions includes multiple n-type and p-type well-implant regions and multiple
SiGe regions aligned along a silicon crystallographic axis. For example, FIG. 14a shows a full
device fabricated with Si-Ge regions oriented along the [100] axis (e.g., in the top and bottom
portions of the resonator structure) and along the [010] axis (e.g., in the left and right portions of
the resonator structure). FIG. 14b shows a zoomed-in view of the bottom portion of the resonator
structure of FIG. 14a, FIG. 14c shows the alternating n-type and p-type well-implant regions in
this bottom portion, and FIG. 14d shows a portion of the silicon resonator structure and multiple

vertically-oriented strips of SiGe regions along one of the crystallographic axis.

[0076] More specifically, the SiGe photodetector apparatus 1400 shown in the embodiment
of FIGs. 14a-14d, includes multiple silicon-germanium strips 1450 aligned with one of the main
silicon crystallographic axes (e.g., along the [100] and [010] directions) of the underlying
crystalline silicon 1410, formed in respective portions of the silicon resonator structure (e.g., ring
cavity) 1402. This design retains an access waveguide 1401 to couple in incident light. FIG.

14b shows a zoomed-in view of a portion of the SiGe photodetector 1400. FIG. 14¢ shows only
the n-implants 1420 and p-implants 1430 and FIG. 14d shows placements of the SiGe strips 1450

on the ring cavity 1402 and the access waveguide 1401.

[0077] Returning attention to the photodetector apparatus discussed above in connection with
FIGs. 11a, 11b, and 11c, FIGs. 15a and 15b show plots of various parameters representing
aspects of photodetector apparatus performance. For example, FIG. 15a shows a plot of current
vs. bias voltage for different illumination conditions, and FIG. 15b shows a plot of responsivity

as a function of incident wavelength.

[0078] As shown in FIG. 15a, the dark-current 1504 of the device is less than 10pA in
reverse-bias conditions (-2.5 V — 0 V), which translates to a dynamic range of more than 70dB.
For wavelengths far from the resonance, the photocurrent 1506 is approximately constant (Vyias <
0) and even with the reverse bias voltages. For high optical powers and wavelengths close to

resonance, the photocurrent 1508 is not constant for negative bias voltages. For example, as the
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device is driven to resonance, self-heating and shifts of the resonant wavelength affect the
current output to change as the bias voltage changes. This effect can be attributed to variations of

the resonant frequency caused by plasma dispersion in the p-n junctions and self-heating.

[0079] With respect to FIG. 15b, the internal responsivity 1510 of the device (optical power
at the input access waveguide / photocurrent) is measured as a function of wavelength by
recording at the same time input optical power, output optical power and photocurrent. As
shown in FIG. 15b, at the wavelength of 1176.5 nm the responsivity is of 0.444+0.05 A/W (0V
bias).

[0080] Additionally, “eye diagrams” were measured at 5 Gbps, 8 Gbps, and 5 Gbps back-to-
back (PRBS length 2°'-1) with a waveform analyzer (Agilent 86108A with 50 ohm termination),
as shown in the performance plots 1600, 1610, and 1620, respectively in FIGs. 16a, 16b, and
16¢. In these measurements, neither optical nor electrical amplifiers were used. The average in-
fiber power before entering the device under test was about 3.8 dBm. An approximately 90 pA
of generated photocurrent is sufficient for driving the on-chip electrical receivers (present at a
different location) which has a sensitivity of 6 pA at 5 Gb/s. The free spectral range (FSR) is

13.75 nm and the transmission at resonance is -8 dB. The scale is 1.5 mV/div for all diagrams.

[0081] The technology as described herein demonstrates the first high-responsivity
waveguide-coupled photodetectors fabricated as zero-change CMOS photonic devices, based on
linear and closed-loop resonator architectures. Exemplary closed-loop resonator photodetector
apparatuses demonstrated a responsivity of 0.44 A/W at 0 V bias. Resonant architectures enable
improved quantum efficiencies due to longer effective path lengths, smaller dimensions, and
wavelength selectivity of the resonator architectures facilitate sensing systems based on

wavelength-division multiplexing (WDM).
[0082] CONCLUSION

[0083] While various inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or structures
for performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
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will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings 1s/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, is included within

the inventive scope of the present disclosure.

[0084] Also, various inventive concepts may be embodied as one or more methods, of which
an example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in an

order different than illustrated, which may include performing some acts simultaneously, even

though shown as sequential acts in illustrative embodiments.

[0085] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

[0086] The indefinite articles “a” and “an,” as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

[0087] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, 1.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically

identified by the “and/or” clause, whether related or unrelated to those elements specifically
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identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally

including other elements); etc.

[0088] As used herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or” as defined above. For example, when separating items in a
list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but
also including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a
number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.e. “one or the other but not both”) when preceded by terms of

2 <

exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.” “Consisting
essentially of,” when used in the claims, shall have its ordinary meaning as used in the field of

patent law.

[0089] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements and
not excluding any combinations of elements in the list of elements. This definition also allows
that elements may optionally be present other than the elements specifically identified within the
list of elements to which the phrase “at least one” refers, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other than A);
in yet another embodiment, to at least one, optionally including more than one, A, and at least

one, optionally including more than one, B (and optionally including other elements); etc.
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[0090] In the claims, as well as in the specification above, all transitional phrases such as

RIS 2 ¢ 2 ¢

“comprising,” “including,

“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but

carrying,” “having,” “containing,” “involving,” “holding,”

not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall

be closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. A photodetector apparatus, comprising:

a silicon substrate;

a first plurality of n-doped well-implant regions formed in the silicon substrate;

a second plurality of p-doped well-implant regions formed in the silicon substrate and
interdigitated with the first plurality of n-doped well-implant regions so as to form a plurality of
silicon p-n junctions; and

a curved-shape Silicon Germanium (SiGe) region formed within both the first plurality of
n-doped well-implant regions and the second plurality of p-doped well-implant regions such that

the plurality of p-n junctions are contiguous with the curved-shaped SiGe region.

2. The apparatus of claim 1, wherein a cross-sectional width of the SiGe region is less than

or equal to approximately 500 nanometers.

3. The apparatus of claim 1, wherein the SiGe region is p-doped and has a germanium

content of approximately 25 to 35 atomic percent.

4. The apparatus of claim 1, further comprising a silicon closed-loop structure formed in the
silicon substrate to provide a resonator for an optical mode of radiation, wherein:

the first plurality of n-doped well-implant regions and the second plurality of p-doped
well-implant regions are formed as a plurality of interdigitated spokes around the silicon closed-

loop structure.

5. The apparatus of claim 4, wherein the silicon closed-loop structure is one of an ellipsis, a

race track, and a ring,
6. The apparatus of claim 4, wherein the SiGe region is located in the silicon closed-loop

structure so as to substantially overlap with the optical mode of radiation when present in the

silicon ring so as to generate photocarriers in the SiGe region.
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7. The apparatus of claim 4, wherein:

the silicon closed-loop structure is a silicon ring structure;

a cross-sectional width of the SiGe region is less than or equal to approximately 500
nanometers,

an outer radius of the silicon ring structure is approximately 5 micrometers; and

the SiGe region is disposed about 300 nanometers from the outer radius of, and within,

the silicon ring structure.

8. The apparatus of claim 4, further comprising:

a first electrode electrically coupled to the first plurality of n-doped well-implant regions;

and

a second electrode electrically coupled to the second plurality of p-doped well-implant
regions.
9. The apparatus of claim 4, wherein each of the n-doped well-implant regions and the p-

doped well-implant regions is shaped as a clove so as to reduce a parasitic capacitance associated
with the plurality of p-n junctions, wherein a first end of the clove closest to an outer radius of
the silicon ring structure has a larger width than a second end of the clove closest to an inner

radius of the silicon ring structure.

10. The apparatus of claim 9, wherein at least some of the n-doped and p-doped well-implant
regions include a higher-dose doping in the second end of the clove to reduce a resistance of the

well-implant regions.

11. The apparatus of claim 10, further comprising a plurality of counter implants respectively
disposed adjacent to the first end of each clove closest to the outer radius of the silicon ring so as

to reduce free-carrier absorption loss in the resonator.

12. A waveguide-coupled closed-loop resonator Silicon Germanium (SiGe) photodetector
apparatus, comprising:

a silicon closed-loop optical resonator structure to support an optical mode of radiation;
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a plurality of p-n silicon junctions formed in the silicon resonator structure by a first
plurality of n-doped silicon regions and a second plurality of p-doped silicon regions; and

a curved-shaped closed-loop SiGe pocket formed in the silicon resonator structure and
traversing the plurality of p-n silicon junctions,

wherein the SiGe pocket is disposed with respect to the silicon resonator structure such
that the optical mode of radiation, when present, substantially overlaps with the SiGe pocket to

generate photocarriers in the SiGe pocket.

13. The apparatus of claim 12, further comprising:

a first electric contact coupled to the first plurality of n-doped silicon regions and a
second electric contact coupled to the second plurality of p-doped silicon regions,

wherein the SiGe pocket is disposed with respect to the plurality of p-n silicon junctions
such that respective electric fields arising from the plurality of p-n silicon junctions significantly
facilitate a flow of the generated photocarriers between the first electric contact and the second

electric contact.

14. The apparatus of claim 13, wherein the SiGe pocket is p-doped and has a germanium

content of approximately 25 to 35 atomic percent.

15. The apparatus of claim 13, wherein the first plurality of n-doped silicon regions and the
second plurality of p-doped silicon regions are formed as a plurality of interdigitated spokes

around the silicon resonator structure.

16. The apparatus of claim 13, wherein the silicon closed-loop structure is one of an ellipsis,

a race track, and a ring.

17. The apparatus of claim 13, wherein each of the n-doped silicon regions and the p-doped
silicon regions is shaped as a clove so as to reduce a parasitic capacitance associated with the
plurality of p-n junctions, and wherein a first end of the clove closest to an outer dimension of
the silicon resonator structure has a larger width than a second end of the clove closest to an

mner dimension of the silicon resonator structure.
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18. The apparatus of claim 17, wherein at least some of the n-doped and p-doped silicon
regions include a higher-dose doping in the second end of the clove to reduce a resistance of the

well-implant regions.

19. The apparatus of claim 18, further comprising a plurality of counter implants respectively
disposed adjacent to the first end of each clove closest to the outer dimension of the silicon

resonator structure so as to reduce free-carrier absorption loss in the silicon resonator structure.

20. A photodetector fabrication method, comprising:

A) using a zero-change Complimentary Metal-Oxide Semiconductor (CMOS) fabrication
process technology to form a waveguide-coupled closed-loop resonator photodetector having a
curved-shaped Silicon-Germanium (SiGe) photocarrier generation region, a first plurality of n-
doped silicon well-implant regions, and a second plurality of p-doped silicon well-implant

regions.

21. The method of claim 20, wherein the zero-change CMOS fabrication process technology
is a 45 nanometer 12SOI silicon-on-insulator (SOI) CMOS process technology.

22. The method of claim 20, wherein A) comprises:

Al) forming the first plurality of n-doped silicon well-implant regions in a silicon
substrate using at least one first conventional n-well layer of the CMOS fabrication process
technology;

A2) forming the second plurality of p-doped silicon well-implant regions in the silicon
substrate, and interdigitated with the first plurality of n-doped silicon well-implant regions, using
at least one second conventional p-well layer of the CMOS fabrication process technology so as
to form a plurality of p-n junctions;

A3) forming a curved-shaped pocket in the first plurality of n-doped silicon well-implant
regions and the second plurality of p-doped silicon well-implant regions; and

A4) epitaxially growing the curved-shaped SiGe photocarrier generation region in the

pocket, using a conventional PFET strain engineering layer of the CMOS fabrication process
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technology, such that the SiGe photocarrier generation region traverses the plurality of p-n

junctions.

23.

A semiconductor device, comprising:
a silicon substrate; and

a Silicon Germanium (S1Ge) region formed within the silicon substrate and having a

substantially curved shape.

24.

25.

26.

27.

28.

The semiconductor device of claim 23, wherein the SiGe region has a curvilinear shape.

The semiconductor device of claim 23, wherein the SiGe region has a circular shape.

The semiconductor device of claim 23, wherein the SiGe region has a ring shape.

The semiconductor device of claim 23, wherein the SiGe region has a closed loop shape.

The semiconductor device of claim 23, wherein a cross-sectional width of the SiGe

region 1is less than or equal to approximately 500 nanometers.

29.

30.

The semiconductor device of claim 28, wherein:
the SiGe region has a ring shape; and

a radius of the ring shape is approximately 5 micrometers.

The semiconductor device of claim 23, wherein the SiGe region is p-doped and has a

germanium content of approximately 25 to 35 atomic percent.

31.

The semiconductor device of claim 23, wherein the silicon substrate is disposed on a

silicon oxide substrate.

32.

The semiconductor device of claim 23, further comprising:

a first plurality of n-doped well-implant regions formed in the silicon substrate; and
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a second plurality of p-doped well-implant regions formed in the silicon substrate and
interdigitated with the first plurality of n-doped well-implant regions so as to form a plurality of
silicon p-n junctions,

wherein the SiGe region is formed within both the first plurality of n-doped well-implant
regions and the second plurality of p-doped well-implant regions such that the plurality of p-n

junctions are contiguous with the circular SiGe region.

33. The semiconductor device of claim 34, wherein the SiGe region is epitaxially grown in

an etched pocket of the silicon substrate.

34. The semiconductor device of claim 33, wherein the SiGe region has one of a curvilinear,

circular, ring, and closed-loop shape.

35. The semiconductor device of claim 34, wherein the semiconductor device is a photonics
device.

36. The photonics device of claim 40, wherein the photonics device is a photodetector.

37. The semiconductor device of claim 34, wherein:

a portion of the silicon substrate is configured as a silicon ring structure; and
the SiGe region has the ring shape and is disposed in an etched pocket within the silicon

ring structure.

38. The semiconductor device of claim 37, further comprising:

a first plurality of n-doped well-implant regions formed in the silicon substrate; and

a second plurality of p-doped well-implant regions formed in the silicon substrate and
interdigitated with the first plurality of n-doped well-implant regions so as to form a plurality of
silicon p-n junctions,

wherein the SiGe region is formed within both the first plurality of n-doped well-implant
regions and the second plurality of p-doped well-implant regions such that the plurality of p-n

junctions are contiguous with the circular SiGe region.
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39. The semiconductor device of claim 37, wherein:

a cross-sectional width of the SiGe region is less than or equal to approximately 500
nanometers,

an outer radius of the silicon ring structure is approximately 5 micrometers; and

the SiGe region is disposed about 300 nanometers from the outer radius of, and within,

the silicon ring structure.

40. The semiconductor device of claim 39, wherein the semiconductor device is a photonics
device.
41. The photonics device of claim 40, wherein the photonics device is a photodetector.
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Forming an n-doped Silicon Well-implant Region in a Silicon Subsirate
Using a Conventional n-well Layer of the CMOS Fabrication
Process Technology

302

Forming a p-doped Silicon Well-implant Region in the Silicon Substrate,
and Contiguous with the n-doped Silicon Well-implant region, using a
Conventional p-well Layer of the CMOS Fabrication Process Technology
s0 as to Form a p-n Junction Between the p-doped Silicon Well-implant
Region and the n-doped Silicon Well-implant region

304

Forming a Pocket in the Silicon Substrate, Wherein the Pocket is
Bounded by Both the p-doped Silicon Well-implant Region and the
n-doped Silicon Well-implant Region

306

Epitaxially Growing an SiGe Photocarrier Generation Region in the
Pocket, Using a Conventional PFET Strain Engineering Layer of the
CMOS Fabrication Process Technology, such that the p-n Junction is
Contiguous with the SiGe Photocarrier Generation Region

308

Forming a Polysilicon (poly-3i) Region, Using a Conventional Polysilicon
Layer of the CMOS Fabriction Process Technology, on a Portion of the
n-doped Well-implant Region Such that a First poly-Si Boundary of the

poly-Si Region is Substantially Aligned with a First SiGe Boundary of the

SiGe Photocarrier Generation Region

310

Forming a p-doped Contact Region in the p-doped Well-implant Region,
Using a Conventional p-source/drain Layer of the CMOS
Fabrication Process Technology, Such that the p-doped Contact
Region is not Contiguous with the SiGe Photocarrier Generation Region

312

Forming an n-doped Contact Region in the n-doped Well-implant
Region, Using a Conventional n-sourse/drain Layer of the CMOS
Fabrication Process Technology, Such that a First n-doped Contact
Region Boundary of the n-doped Contact Region is not Aligned
with a Second poly-Si Boundary of the poly-Si Region
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document published prior to the international filing date but later than
the priority date claimed
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later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

.document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US2016/040491

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. I:] Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. l:l Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See supplemental page

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-11, 20-41

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:l The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. |n order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-11,20-41, drawn to a photodetector apparatus.
Group Il, claims 12-19, drawn to a waveguide-coupled closed-loop resonator Silicon Germanium (SiGe) photodetector apparatus.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
I invention: a second plurality of p-doped well-implant regions formed in the silicon substrate and interdigitated with the first plurality of
n-doped well-implant regions as claimed therein is not present in the invention of Group II. The special technical feature of the Group Il
invention: a curved-shaped closed-loop SiGe pocket formed in the silicon resonator structure and traversing the plurality of p-n silicon
junctions, wherein the SiGe pocket is disposed with respect to the silicon resonator structure such that the optical mode of radiation,
when present, substantially overlaps with the SiGe pocket to generate photocarriers in the SiGe pocket as claimed therein is not present
in the invention of Group 1.

Groups | and I} lack unity of invention because even though the inventions of these groups require the technical feature of a silicon
substrate; and a Silicon Germanium (SiGe) region formed within the silicon substrate and having a substantially curved shape, this
technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2013/0224952 A1 (CHANG et al) 29 August 2013 (29.08.2013) teaches a silicon substrate (Para. 17); and a Silicon
Germanium (SiGe) region formed within the silicon substrate and having a substantially curved shape (Paras. 17-18 and 23).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.
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