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CONTROLLING DETECTION TIME IN PHOTODETECTORS
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BACKGROUND
{0602} Unless otherwise indicated herein, the materials described in this section are
not prior art to the claims in this application and are not admitted to be prior art by inclusion
m this section.
EEIRY Light detection and ranging (LIDAR} devices may estimate distances to
objects in a given environment. For examplc, an emitter subsystem of a LIDAR system may
emit near-infrared light pulses, which may interact with objects in the systern’s environment.
At least a portion of the light pulses may be redirected back toward the LIDAR (e.g., due to
reflection or scattering} and detected by a receiver subsystem. Conventional receiver
subsysterms may include a plurality of detectors and a corresponding controller contigured to
determine an arrival time of the respective light pulses with high temporal resolution {e.g.,
~400 ps). The distance between the LIDAR system and a given object may be determined
based on a time of flight of the corresponding light pulses that interact with the given object.
[66064] The detectors of such a LIDAR system may include one or more
photodetectors. Such photodetectors mav be especially sensitive detectors (e.g., avalanche
photodindes {APDs)). In some examples, such photodetectors may even be capable of
detecting single photons {e.g., single-photon avalanche diodes (SPADsY). In some cases, such
photodetectors can be arranged (e.g., through an electrical connection in series) into an array

{e.g., as in a silicon photomultiplier (SiPM)}).
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SUMMARY
HEEERY When using a seasitive photodetector to detect light, such asan APD ora
SPAD, dark current can inhibit detection accuracy. As descabed herein, a photodetector may
be fabricated on a substrate. If munority carriers are generated in the subsirate (¢.g., due to
photoexcitation} that have a sufficiently long lifetime and sufficiently high diffusion
cocfficient, those minority carriers may diffuse to the detection region of the photodetector
after the light source has stopped irradiating the photodetector. This can result in an cutput
signal from the photodetector even when the light source is no longer present {1.¢., can result
i dark corrent). The present disclosure describes a plurality of techniques that may
amchiorate this possible issuc. As examples, surtace defects may be introduced that allow for
recombmation of electrons and holes, crystaliographic defects may be introduced that allow
for recombination of electrons and holes, a depth of the substrate may be limited to a
specified number of minority carrier diffusion lengths to reduce the distance minority carriers
can travel before entering the junction and to reduce the volume over which minority carricrs
can be photoexcited {¢.g., to reduce the number of minority carriers overall}, a band structure
of the substrate may be designed in a specific way {e.g., by wtroducing a potential barrierora
potential well), introducing an anti~retlective layer to permit photons from the light source to
exit the substrate, pohishing or planarizing a backside of the substrate to prevent reflections
within the substrate of the light from the light source (e.g., to reduce the number of minority
carriers generated due to photoexcitation by permitting photons to exit the substrate), and/or
mtroducing a band-reject optical filter that filters light of a wavelength corresponding to the
hight source {¢.g., to reduce the number of minority carriers generated due to
photoexcitation).
{086} In one aspect, a device 1s provided. The device includes a substrate. The
device also includes a photodetector coupled to the substrate. The photodetector is arranged
to detect light emitted from a light source that irradiates a top surface of the device. The
substrate includes surface defects on a second surface of the substrate. The surface defects
allow for recombination of ¢lectrons and holes so as to mitigate dark current arising from
minority carrers photoexcited in the substrate based on the hght emitted from the light
source.
{0607} In another aspect, a device 1s provided. The device includes a substrate. The
device also includes a photodetector coupled to the substrate. The photodetector is arranged
to detect light emitted from a light source that irradiates a top surface of the device. The

substrate includes crystallographic defects that allow for recombination of electrons and holes
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so as to mitigate dark current arising from minority carriers photoexcited in the substrate
based on the hght emitted from the light source.

[B008] In yet another aspect, a device is proved. The device includes a substrate. The
device also includes a photodetecior coupled to the substrate. The photodetector is arranged
to detect light emitted from a light source that irradiates a top surface of the device. A depth
of the substrate is at most 100 times a diffusion length of a minority carrier within the
substrate 50 as to mitigate dark current ansing from nunority carriers photogxcited in the
substrate based on the light emitted from the light source.

{0609 In still another aspect, a device is provided. The device includes a substrate.
The device also includes a photodetector coupled fo the substraic. The photodetector is
arranged to detect hight emitied from a hght source that irradiates a top surface of the device.
The device has a band structure based on a material composition of the substrate and the
photodetector. The band stracture 15 configured to nutigate dark current arising from minocrity
carriers photoexcited in the substrate based on the hight emitted from the light source.

10010} In a further aspect, a device 1s provided. The device includes a substrate. The
device also mcludes a photodetector coupled to the substrate. The photodetector is arranged
to detect light emitted from a light source that irradiates a top surface of the device. Further,
the device includes an anti-reflective layer coupled to a second surface of the substrate. The
anti-reflective layer is configured to couple light passing through the substrate to an exterior
of the device, thereby preventing reflections within the substrate of the light emitted from the
fight source so as to reduce nunority carrier photoexcitation in the substrate based on the hght
emitted from the light source, so as to mitigate dark current arising from minority carriers
photoexcited in the substrate based on the light emitted from the light scurce.

{6011} In even vet another aspect, a device is provided. The device includes a
substrate. The device also includes a photodetector coupled to the substrate. The
photodetector is arranged to detect hight emitted from a hght source that irradiates a top
surface of the device. A second surface of the substrate is polished or planarized, thereby
preventing reflections within the substrate of the light emitted from the tight source so as to
reduce minority carrier photoexcitation in the substrate based on the light emitted from the
hght source, thereby mitigating dark current arising from minority carriers photoexcited in
the substrate based on the light emitted from the light source.

012} In vet a further aspect, a device is provided. The device includes a substrate.
The device also includes a photodetector coupled to the substrate. Further, the device includes

a band-rejoct optical filter. The photodetector is arranged to detect light emitted from a light
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source that irradiates a top surface of the device. Light from the light source that irradiates the
top surface of the device is transmitted through the band-reject optical filter. The band-reject
optical filter is configured to reduce intensity of one or more wavelengths of the hight emitted
from the light source, so as to reduce nunority carner photoexcitation in the substrate based
on the light emitted from the hight source, thereby mitigating dark current arising from
minority carriers photoexcited in the substrate based on the light emitted from the light
SOUrce.
601 3] In one more aspect, a device is provided. The device includes a substrate. The
device alsc mecludes a photodetector coupled to the substrate. Further, the device includes a
non-~lincar optical absorber. The photodetector is arranged to detect light emitted from a light
source that irradiates a top surface of the device. Light from the light source that 1rradiates the
top surface of the device is transmitted through the non-lingar optical absorber
{601 4] In still vet ancther further aspect, a method is provided. The method includes
providing a device. The device inchudes a substrate. The device also includes a photodetector
coupled to the substrate. The photodetector is arranged to detect light emitted from a hight
soarce that irradiates a top surface of the device. The method also mcludes providing light
from the light source. Further, the method includes mitigating dark current arising from
minority carriers photoexcited in the substrate based on the light emitted from the light
source. The non-hnear optical absorber i1s configured to reduce tntensity of one or more
wavelengths of the Hght emitied from the light source that are at or above a threshold power
evel, so as to reduce minority carrier photoexcitation in the substrate based on the light
emitted from the light source, thereby mitigating dark current arising from minority carmiers
photoexcited i the substrate based on the light emitted from the light scurce
{601 5] In even vet another further aspect, a method of manufacture 1s provided. The
method includes providing a substrate. The method also includes forming a photodetector
within or on the substrate. The photodetector is arranged to detect light emitted from a light
source that irradiates a top surface of the photodetector. The method also includes performing
a processing step that mitigates dark current arising from minority carriers photocxeited in
the substrate based on the light emitted from the light source.
08016} In an additional aspect, a system is provided. The system ncludes a means for
providing a device. The device includes a substrate. The device also tncludes a photodetecior
coupled to the substrate. The photodetector 1s arranged to detect light emitted from a light
source that irradiates a top surface of the device. The system also includes a means for

providing light from the light source. Further, the svstem includes a means for mitigating
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dark current ansing from minority carriers photoexcited in the substrate based on the light
emitted from the light source.

{6617 In yet another additional aspect, a system for manufacture is provided. The
system includes a means tor providing a substrate. The system also includes a means for
forming a photodetector within or on the substrate. The photodetector is arranged to detect
light emitted from a light source that irradiates a top surface of the photodetector. Further, the
system includes a means for performing a processing step that mitigates dark current arising
from minority carriers photoexcited in the substrate based on the light emitted from the light
source.

[O018] These as well as other aspects, advantages, and aliematives will become
apparent to those of ordinary skill in the art by reading the following detailed description,

with reference, where appropriate, to the accompanying drawings.
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BRIEF DESCRIPTION OF THE BRAWINGS

{6619} Figure 1A is a schematic illustration of a system, according o example
embodiments.

[6029] Figure 1B is a schematic illustration of a system, according to example
embodiments.

[6621] Figure 2A is a schematic dlustration of a system, according to example
embodiments.

80622} Figure 2B is a plot of an illumination event of a device or a system, according

to example embodiments.

[0023] Figure 3A 1s an illustration of a device, according to example embodiments.
[6024] Figure 3B is a band diagram of the device iflustrated in Figure 34, according

to example embodiments,

[6025] Figure 4 1s an iHustration of a device, according to example embodiments.
[06626] Figure 5 is an tlustration of a device, according to example embodiments.
{80627} Figure 6 13 an tustration of a device, according to example embodiments.
{0628} Figure 7A is an illustration of a device, according to example embodiments.
[0029] Figure 7B is a band diagram of the device ilustrated in Figure 7A, according
to exampie embodiments,

{6030} Figure 8A is an illostration of a device, according to example embodiments.
[6631] Figure &B is a band diagram of the device ilustrated 10 Figure 8A, according

to example embodiments.

80632} Figure 9A is an illustration of a device, according to example embodiments.
{86033} Figure 9B is a band diagram of the device illustrated in Figure 9A, according

to example embodiments.
[(034] Figure 9C is a plot of optical absorption with respect to depth of the device
tustrated in Figure 9A having the band diagram illastrated m Figore 9B, according to

example embodimenis.

[6635] Figure 10 is an illustration of a device, according to example embodiments.
{86636} Figure 1A 1s a band diagram of a device having a potential barrier, according

to example embodiments.

{6637} Figure 11B i a band diagram of a device having a potential well, according to
example embodiments.

6038} Figure 12 is a flowchart diagram tllustrating a method, according to example

embodiments.
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{80639} Figure 13 is a flowchart diagram illustrating a method, according to example

embodiments.
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DETAILED DESCRIPTION
{0044} Example methods and systems are described herein. Any example
cmbodiment or feature described herein 1s not necessarily to be construed as preferred or
advantageous over other embodiments or teatures. The exampie embodiments described
herein are not meant to be limiting. It will be readily understood that certain aspects of the
disclosed systems and methods can be arranged and combined in a wide variety of different
configurations, all of which are contemplated herein.
[8041] Furthermore, the particular arrangements shown m the figures should not be
viewed as limiting. It should be understood that other embodiments might include more or
less of cach clement shown in a given figure. Further, some of the tHlustrated clements may be
cornobined or omitted. Yet further, an example embodiment may include elements that are not

tHustrated in the figures,

i Overview

[6042] While operated in a Geiger mode, SiPMs, SPADs, and other types of sensitive
photodetectors can provide single-photon-level sensing. A Geiger mode, for example, may
melude a strong reverse bias condition of a p-n junction in order to generate multiple camers
within a depletion region for a single photoexcitation event {¢.g., through avalanche
breakdown). However, because of the strong bias conditions, dark current can arise from
thermally generated minority carriers that cascade into measurable numbers of minonty
carriers. In addition to thermally generated minority carriers, some minority carriers may be
photogxcited in a substrate of a device by photons that pass unabsorbed through the junction
and are absorbed m the substrate. “Dark current” may occur when a photodetector is
outputting a signal, even after a light source is no longer irradiating the photodetector. This

EEIEAY

may alternatively and mterchangeably be referred {o herein as “spurious current,” “spurious

L]

output signals,” “dark counts,” or “an extended time decay constant associated with a
detection event.”

{0043} If minority carriers photoexcited in the substrate have a sufficiently long
diffusion length, those carriers can make it to the depletion region of the device before
recombining, which causes a cascade event and eventually results in a detectable signal. Such
a detectable signal may exist significantly after the light source has ceased wradiating the
device {e.g., tens of nanoseconds, hundreds of nanoseconds, microseconds, or tens of

microseconds after the illomination event). As an example, SiPMs may experience dark
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current with a long time decay (i.¢., high associated time constant) in scenarios with
relatively high hight levels {e.g., due to retroreflection of light from a light source, a feedback
puise from hight scattered trom a light source positioned near the sensitive photodetector, or
an external light source that interferes with the photodetector). Because dark current
generated by minority carriers photoexcited i the substrate can lead to spurious output
signals and/or an increased time constant corresponding to when the photodetector has
returned to is resting state and can again properly measure illumination events {i.c., the
tHumination event has a response signal with a “long tal™), a method of ameliorating,
mitigating, or removing the dark current generated by minority carriers photoexeited in the
substrate could improve photodetector performance. Said a different way, methods of
reducing a time constant associated with a detection event based on the illumination by the
light source may mmprove photodetector performance.

[(6044] Multiple methods, devices, systems, and designs are described herein to
mitigate such a dark current. The strategics employed herein to mitigate the dark current
anising from minority carrers photoexcited i the substrate can be lumped into one or more
of three main categones, which include: (1} ensuring that carriers are only photoexcited
relatively close to the depletion region of the photodetector junction and/or increasing the rate
at which minority carriers progress toward the junction, so as to reduce the number of
straggling minority carriers that diffuse to the junction (i.¢., increase the rate at which
minority carriers are evacuated from the substrate); (2) preventing minonty carriers that are
photoexcited at a certain distance from the depletion region from ever reaching the depletion
region; and (3) reducing the nomber of minority carriers photoexeited in one or more regions
of the device.

{0045] Sorae example technigues that fall into category (1) above mmclude: thinning
the substrate to reduce the maximum distance from the junction at which photoexcitation can
take place; engineering the design of the band structire near the junction to mtroduce an
glectric field that increases the dnift current of minority carners moving toward the depletion
region of the junction; and designing a band structure that includes one or more
heterostructures, where the heterostructures limit the absorption depth at a specified depth
{¢.g., by having a material with a band gap higher than the excitation energy at all depths
greater than the specified absorption depth).

(046} Some example technigues that fall into category (2) above include:
mtroducing surface defects at a surface (e.g., a back surface or bottom surface} of the

substrate or edges of the substrate, such that minority carriers can more readily recombine

1
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using trap states (¢.g., via trap-assisted recombination), thereby reducing minority carrier
hfetime and limiting the diffusion length of the minority carriers; introducing crystallographic
defects m the bulk of the substrate, such that minority carriers can more readily recombine
using trap states (¢.g., via trap-assisted recombination), thereby reducing minority carrier
lfetime and limiting the diffision length of the minority carriers; modifving operating
temperature in the substrate in order to reduce the diffusion constant of minority carriers {e.g.,
by reducing the minority carner mobility), thereby limiting the diffusion length of the
minority carriers; and mtroducing a potential barricr and/or a potential well into the band
structure of the substrate to prevent diffusing minority carriers from reaching the junction.
{0047} Sorae example technigues that fall into category (3) above mnclude: thinning
the substrate to reduce the total volume over which photoexcitation can take place, thereby
allowing fewer minority carriers to be photoexcited in the substrate; modifyving characteristics
of the light source illuminating the device {¢.g., illumination wavelength, ilomination pulse
frequency, tlumination pulse duty evele, illumination power, ¢te.} to modulate the amount of
photoexcitation occurnng in the substrate; coupling an anti-reflective laver {¢.g., a Bragg
grating, a quarter-wave optical layer, or an index-matched, passive subsirate} to a surface
{c.g., a back surface or bottom surface) of the substrate such that hight more readily couples to
an exterior of the substrate, thereby preventing internal reflections of light without the
substrate and reducing the number of photoexcited minority carriers; and optically coupling a
band-reject optical filter to the top of the photodetector in order to reduce intensity of ong or
more wavelengths of light entering the photodetector, thereby reducing the amount of

munority carriers that are photoexcited at that wavelength,

H. Example Systems

[0048] Figure 1A illustrates a system 100, according to example embodiments. The
systern 100 includes a plurality of single-photon photodetectors 110 that is coupled to a
substrate 102. The plurality of single-photon photodetectors 110 includes a plurality of
photodetectors 112, While described as “a phlurality single-photon photodstectors 110, it is
understood that, in other embodiments, photodetectors that might not be nommally capable of
actual “single-photon” detection could be used. In some embodiments, the plurality of single-
photon photodetectors 110 coupled to the substrate 102 may represent a SiPM. Each
photodetector 112 may be the same or different in various embodiments. For example, some

photodetectors 112 may be APDs while other photodetectors are SPADs. In still other

il
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embodiments, one or more of the photodetectors 112 may be a p-type-intrinsic-n-type (PIN)
photodiode detector. Other photodetectors are also possible and contemplated herein. Further,
mn alternative embodiments, the system 100 may only include a single photodetector 112 on
the substrate 102, rather than the plurality of single-photon photodetectors 110

[6049] In some embodiments, the substrate 102 may include a first surface. In such
embodiments, the first surface could be disposed along a primary planc of the substrate 102,
{0059] The plurality of single-photon photodetectors 110 could be coupled to the first
surface. For example, the plurality of single-photon photodetectors 110 could be disposed ina
side-by-side arrangement on the same surface of the substrate 102 {e.g., in an amray}).
{6051 In another embodiment, at least a portion of detectors of the plurality of
simgle~-photon photodetectors 110 could be arranged along the first surface and connected
glectrically 1n series so as to form a serics photodetector arrangement. Alteratively, the
plurality of single-photon photodetectors 110 could be arranged along the first surface and
connected clectrically i parallel so as to form a parallel photodetector arrangement. In other
embodiments, the plurality of single-photon photodetectors 110 could be disposed in other
arrangements and/or coupled to different surfaces of the substrate 102 (¢ 2., multiple
photodetectors 112 could be coupled to an upper surface of one another, ¢ g., in a daisy-chain
arrangement, so as to form a stacked photodetector arrangement).

[6652] Yet further, while examples described herein relate to the substrate 102, it will
be understood that other embodiments could include the respective detectors arranged on two
or more substrates. For mstance, half of the plurality of single-photon photodetectors 110
could be arranged along a surface of a first substrate and the rematning half of the plorality of
single-photon photodetectors 110 could be arranged along a surface of a second substrate.
Other detector arrangemends that include more than one substrate are possible and
contemplated herein,

[3053] In some embodiments, the plorality of single-photon photodetectors 110 are
arranged to detect light from a field of view. In an example embodiment, the system 100
mchudes imaging optics 142 {¢.g., mirrors, filters, and/or lenses). In such cmbodiments, the
plurality of single-photon photodetectors 110 may detect light from the shared ficld of view
by way of the imaging optics 142.

HEEREY In some embodiments, the system 100 includes photodeiector cutput circuitry
128. The plurality of single-photon photodetectors 110 may be coupled to the photodetector

cutput circaitry 128,
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{6055} The system 100 may alse include a logic unit 130. The logic unit 130 may, in
some embodiments, make determinations about operating conditions of the plurality of
single-photon photodetectors 110 {e.g., whether to operate the plurality of single-photon
photodetectors 110 in a series or a parallel arrangement or how 1o bias one or more of the
photodetectors 112},

{(056] In some embodiments, the system 100 includes an exposure meter 140. The
exposure meter 140 may be configured to provide information mdicative of a lighting
condition to the logic unit 130

{8657} In some example embodiments, the system 100 may inclade a plurality of
light sources 144. The plurality of light sources 144 mayv melude lasers or optical fiber
amplifiers, although other types of Light sources are also contemplated. Other amounts and/or
arrangements of light sources are possible and contemplated.

[058] The system 100 additionally includes a controller 1530, In some embodiments,
the controller 150 may include some or all of the functionality of logic unit 130. The
controller 150 mclades at least one processor 152 and a memory 154, The at least one
processor 152 may include, for instance, an application-specific integrated circuit (ASIC)ora
ficld-programmable gate arrav (FPGA). Other types of processors, computers, or devices
configured to carry out software mstructions are contemplated herein. The memory 134 may
mclade a non-transitory computer-readable mediam, such as, but not limited to, read-only
memory {ROM), programmable read-only memory {PROM), erasable programmable read-
only memory (EPROM), clectrically erasable programmable read-only memory (EEPROM),
non-volatile random-access memory {¢.g., flash memory}, a solhid state drive (88D), a hard
disk dave (HDBD}, a Compact Disc {CD), a Digital Video Disk {BVD), a digital tape,
read/write (R/W) CDs, RIW DV Ds, ctc.

[059] The at least one processor 152 1s configured to execuie program instructions
stored in the memory 154 50 as to carry out operations. In some embodiments, the operations
mclude receiving a photodetector signal from the plurality of single-photon photodetectors
110. In some embodiments, the photodetector signal may be indicative of light from the ficld
of view detected by the single-photon photodetectors 110, In some embodiments, the
operations may also inclhude determining an intensity of Hight in the field of view based on the
photodetector signal.

(060} In some embodiments, the operations may further include receiving
mformation indicative of an exposure condition of at least a portion of the field of view. For

example, the exposure meter 140 may provide information about the exposure condition.
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08061} The controller 130 may include a computer disposed on a vehicle, an external
computer, of a mobile computing platform, such as a smartphone, tablet device, personal
computer, wearable device, etc. Additionally or alternatively, the controlier 150 mayv include,
ot be connected to, a remotely-located computer system, such as a cloud server. In an
example embodiment, the controller 150 may be configured to carry out some or all method
blocks or steps described herein

[06062] Further, in some embodiments, the controller 150 may execute mstructions to
modify operation of one or more of the photodetectors 112 in order to mitigate dark current
occurring within the respective photodetectors 112. For example, the operations may nclude
moving a band-reject optical filter over one or more photodetectors 112 using a piczoclectric
or electric stage. Additionally or alternatively, the operations may include modifying the
rejected wavelength(s) or the intensity reduction of such a band-reject optical filter.

10663] In example emnbodiments mvolving the plurality of light sources 144, the
operations may include causing the plurality of light sources 144 to emit light (¢.g., within the
mfrared (IR} or near intrared (NIR)} info an external environment of the svstem so as to
mteract with objects in the external environment to provide reflected light. The light detected
from the shared field of view may mclude at least a portion of the reflected light. In such
scenarios, the system 100 includes at least a portion of a light detection and ranging (LIDAR)
system. The LIDAR system may be configured to provide information {¢.g., point cloud data}
about one or more objects (e.g., location, shape, otc.} in the external environment. While
some described embodiments include several light sources, other embodiments contemplated
herein may mclude a single light source.

{0064] In an example embodiment, the LIDAR sysiem could provide point cloud
mformation, object information, mapping information, or other information to a vehicle. The
vehicle could be a senu- or fully-automated vehicle. For example, the vehicle could be a self-
driving car or an autonomous drone, an autonomous truck, an autonomous boat, an
autonomous submarine, an agtonomous helicopter, or an autonomous robot. Other types of
vehicles are contemplated herein.

{0065] Svatem 100 may include a communication interface 146. The communication
mterface 146 may be configured to provide a commumcation link between various elements
of system 100 such as the controller 150, the plurality of single-photon photodetectors 110,
the logic umit 130, one or more computing networks, and/or other vehicles.

(3066} The communication interface 146 could be, for example, a system configured

to provide wired or wirgless communication between one or more other vehicles, sensors, or
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other elements described herem, either directly or via a communication network. To this end,
the communication interface 146 may nclude an antenna and a chipset for communicating
with the other vehicles, sensors, servers, or other entities ¢ither directly or via the
coromunication network. The chipset or communication interface 146 in general may be
arranged to communicate according to one or more types of wireless commanication (2.g.,
protocolsy such as BLUETOOTH, BLUETOOTH LOW ENERGY (BLE)}, communication
protocols described in IEEE 802.11 (inchiding any IEEE 802 11 revisions) {c.g., WIFI),
cellular technology (e.g., GSM, CDMA, UMTS, EV-DO, WiMAX | or LTE), communication
protocols described m IEEE 802,15 4 (¢ g., ZIGBEE), dedicated short range communications
{DSRC), and radio frequency identification (RFID) communications, among other
possibilitics. The communication interface 146 may take other forms as well.

{3067 Figure 1B illostrates a system 160, according to an example embodiment.
System 160 may mchude some, or all, of the clements of system 100, ag iHustrated and
descnbed with reference to Figure 1A. For example, system 160 may include an emitter
subsystem 170, which may include the plurality of light sources 144 and a light source
controller 172. The plurality of light sources 144 may be controlled by the hight source
controller 172,

[(3068] Svystem 160 also mcludes a receiver subsysiem 180, The receiver subsysiem
180 may include the plurality of single-photon photodetectors 110. Further, the
photodetectors 112 of the plurality of single-photon photodetectors 110 could be coupled to

the photodetector output circuitry 128,

{6669} The receiver subsystem 180 also includes the logic unit 130,
{6670 The emitter subsystem 170 and the receiver subsystem 180 may be coupled to

the imaging optics 142, In such a scenario, the plurality of light sources 144 may be
configured to emit light pulses 162 into an external environment 164 of the system 160. The
hight pulses 162 may interact with objects in the external environment 164. For example, the
light pulses 162 may be reflected by the objects, at least in part, back towards the receiver
subsysten 180 as reflected light 166. The reflected light 166 may be received by the receiver
subsystem 180 via the imaging optics 142.

{8671} Figure ZA illustrates a system 200, according to example embodiments.
System 200 may include elements that are simuilar or identical to systems 100 and 160 as
tustrated and described with reference to Figures 1A and 1B. The system 200 includes a
substrate 202. The substrate 202 may be coupled to a plurality of single-photon

photodetectors 210. In such embodiments, the plurality of single-photon photodetectors 210
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may include maltiple photodetectors 212, For example, the photodetectors 212 couald be
disposed in a rectangular array along a first surface {e.g., a top surface) of the substrate 202.
Other arrangements of the photodetectors 212 are also possible.

[6072] In an example embodiment, the respective photodetectors 212 of the plurality
of single-photon photodetectors 210 could be coupled to photodetector cutpat circuitry 228
{e.g.. a rcadout mtegrated circuit (ROIC)) on a second substrate 204 by way of respective
arrays of through-wafer vias 223 and bump bonds 229. Other tvpes of electrically-conductive
or wircless connections are contemplated herein.

{6673} Figure 2B is a plot 240 of an ithununation event of a device or a system. For
cxample, the plot 240 may represent an ilumination event of the system 200 illustrated in
Figure 2A, the plurality of single-photon photodetectors 210 illustrated in Figure 24, or one
of the photodetectors 212 illustrated in Figore 24.

[6674] As llustrated by the tail in Figure 2B, after the illumination event occurs, the
time decay of the output signal of the device or svstem may last for a relatively long time
compared to the length of the llunination event (1.¢, the decay process may have a relatively
high assoctated time constant). As described above, this may be atiributed to dark current
arising from thermally generated carriers and/or carriers photoexcited in a bulk region {c.g.,
an undepleted bulk region) of the substrate that take a relatively long time to reach the
janction of the photodetector.

[6675] Because the output signal does not necessarily rapidly decay to #s resting
state, the output signal at times much after the actual illunmination event might be mistaken
for additional ilumination events {e.g., based on a threshold set in a computing deviee).
Further, due to previous high intensity illumination and extended dark current. an output
signal of the photodetector (¢.g., the SiPM) may have a compressed amplitude. Sucha
compressed amplitude might lead to ambiguity regarding the raw intensity of the present
tlumination event within the output signal. In an effort to avoid mistaken determinations of
tHumination events and/or tlumination intensities based on the output signal, the system or
device might have a time delav (i ¢, a lag) mtroduced between tHumination events to ensure
that the system or device retums to its resting state before another lunination measurement
is taken. Even if such a technigue may help disambiguate tllumination events, it has the
potential drawback of limiting the rate at which measurements can be taken by the device or
gystern. Thus, a method of quenching or permanently reducing the time constant associated
with the decay can allow for an increased sensing rate. Such an increased sensing rate could

be useful 1 a varicty of applications that employ photodetectors (.3, autonomous vehicle
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navigation using LIDAR, object detection and avoidance using LIDAR, other LIDAR

applications, and/or optical communications).

Hi. Example Devices

[0076] Figure 3A 1s an illustration of a device, according to example embodiments.
The device may corresponding to one or more of the photodetectors 212 llustrated n Figure
2A, for example. The device tlustrated 1o Figure 3A may be configured to detect ight (e.g., a
single photon), independent of whether the device is a component of a larger system (e.g.. a
SiPM, such as the system 200 illustrated in Figure 2A). Notwithstanding, as shown and
described with reference to Figure 2A, the system 200 may collectively also be configured to
detect hight {¢.g., a single photon}. It is undersiood that the device Hlustrated in Figure 34,
and all other devices and svstems described herein, can be fabricated and/or modified by any
fabrication technigues now known or later discovered (e g., the device m Figure 3A can be
fabricated using semiconductor processing steps such as photolithography, ton implantation,
oxidation, etching, chemical deposition, etc.}. Further, the device iHustrated in Figure 3A may
be an example photodcetector prior to or without any dark current mitigation technigques or
modifications being used.

16677} The photodatector 212 may include an anode 302, a cathode 304, a first
substrate portion 312, a second substrate portion 314, a p-n junction (formed between a
heavily doped p-side 322 and a heavily doped n-side 324), guardring regions 332, and a
protective layer 342. As illustrated, a depth direction {x) within the photodetector 212 is
represented by a dashed line, with lngher values of x corresponding to portions of the
photodetector 212 nearer to a “top surface” of the photodetector 212

10078] The anode 302 may be used. in conjunction with the cathode 304, to bias the
photodetector 212. For example, in embodiments where, as in Figure 3A, the junction of the
device 18 a p-n junction (rather than an n-p junction), a negative voltage may be applied at the
anode 302. In alternate embodiments {(¢.g., embodiments where the junction of the device 1s
an n-p junction) reference numeral 302 may mnstead be a cathode and may instead have a
positive voltage applied thereto. The voltage difference between the ancde 302 and the
cathode 304 may drop across the junction to establish a negative operating bias across the
Junction. For example, the negative bias may be such that the junction 1s operating in an
avalanche breakdown regime (e.g., in a Geiger mode or a linear-mode). In some

embodiments, the negative bias may be between -10 Volts and -20 Volts, between -20 Volts
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and =50 Volts, between =50 Volts and -100 Voklis, between -100 Volts and -150 Volis, between
-150 Volts and -200 VYolts, between -200 Volts and -250 Volts, or between -250 Volts and -300
Volts, for instance.

{079} The anode 302 may be shared by multiple devices {e.g., multiple
photodetectors within an array may share a common ancde). In other embodiments,
mdividual anodes 302 (i.e., one anode 302 per device) may be used. As dlustrated, the anode
302 may include a bonding pad to which one or more electrical leads or interconnects could
be electrically coupled (e.g., soldered). Such a bonding pad may be defined on a bottom side
of the photodetector 212, as iHustrated 1n Figure 3A. In alternate embodiments, the anode 302
may include a bonding pad defined on a top surface of the photodetector 212. Such a top-
surface bonding pad may connect to a bottom side of the photodetector 212 (e.g., bottom side
of the substrate) through a via defined within the lavers of the photodetector 212, Such a via
may be a metallic {e.g., a gold, silver, copper, platinum, palladium, tungsten, alominum,
titantum, nickel, molybdenum, or tantalum) via or a heavily doped (c.2., degenerately doped)
semiconductor via.

{0080] The cathode 304, as desertbed above, may be used, in conjunction with the
anade 302, to hias the photodetector 212, For example, in emboduments where, as in Figure
3A, the junction of the device 1s a p-n junction (rather than an n-p junction}, a positive
voltage may be applied at the cathode 304 In alternate embodiments {e.g., embodiments
where the junction of the device is an n-p junction) reference numeral 304 mayv instead be an
anode and may instead have a negative voltage applied thereto.

{0081} The cathode 304 may be shared by multiple devices (e.g., multiple
photodetectors within an array may share a common cathode). In other embodiments,
mdividual cathodes 304 {i.c., one cathode 304 per device) may be used. As illustrated, the
cathode 304 may mclude a bonding pad to which one or more electrical leads or
mterconnects could be electrically coupled (5.g., soldered). Such a bonding pad may be
defined on a top side of the photodetector 212, as illustrated in Figure 3A. In aliernate
embodiments (¢.g., embodiments where the photodetector 212 s flip~chip bonded to an
ROICY, the cathode 304 may include a bonding pad defined on a bottom surface of the
photodetector 212, Such a bottom-surface bonding pad may connect to a top side of the
photodetector 212 {e.g., n-doped side of the p-n junction) through a via defined within the
tayers of the photodetector 212, Such a via may be a metallic {e.g., a gold, silver, copper,
platimum, paliadium, tongsten, aluminum, titanium, nickel, molybdenum, or tantalum) via or

a heavily doped {¢.g., degenerately doped} semiconductor via.
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{6082} In some embodiments, there may be a quenching resistor electrically coupled
{c.g., in a series arrangement} to the anode 302 or the cathode 304 (e.g., depending on
oricutation of the p-n junction}. The quenching resistor may accelerate the rate at which the
photodetector retums to Geiger mode after an illumination event occurs.

{3083} Collectively, the first substrate portion 312 and the second substrate portion
314 mayv be referred to as “the substrate.” In some embodiments, there may not be a first
substrate portion 312 or a second substrate portion 314, For example, in some embodiments,
the substrate nmight be uniformly doped throughout, 1n which case the entirety of the substrate
may be uniform. Further, the first substrate portion 312 and the second substrate portion 314
{(as well as possibly the anode 302, the cathode 304, the heavily doped p-side 322, the heavily
doped n-side 324, the guardring regions 332, and/or the protective layer 342) may be
fabricated by selectively doping a semiconductor wafer {e.g., a silicon wafer). The separate
regions of the photodetector 212 may be selectively defined / doped using a combination of
photolithography and 1on 1muplantation, for example.

{06684} The first substrate portion 312 may be doped with a p-tvpe dopant. For
example, the first substrate portion 312 may be doped with boron, aluminum, nitrogen,
gallium, and/or indium. In alternate embodiments {(¢.g., embodiments having an n~-doped
substrate}, the first substrate portion 312 may be doped with phosphorus, arsenic, antimony,
bismuth, and/or lithium. In various embodiments, the first substrate portion 312 may be
doped with a concentration of between 10'7 em™ and 10'% cm™, between 10 cn™ and 10%

0

em™, between 10 cm™ and 107 cm”?, or between 107 om™ and 107! em™,

0083} The second substrate portion 314 may be doped with a p-tvpe dopant. For
example, the second substrate portion 314 may be doped with boron, alominum, nitrogen,
gathum, and/or indium. In alternate embodiments {¢.g., embodiments having an n~doped
substrate}, the second substrate portion 314 may be doped with phosphorus, arsenic,
antimony, bismuth, and/or hithiom. In various embodiments, the second substrate portion 314
may be doped with a concentration of between 10" cm™ and 10 cm™, between 101 o
and 10 em™, between [0%° cm™? and 10!° cm™, or between 103 e and 107 cm”.

0086} The p-n junction (formed between the heavily doped p-side 322 and the
heavily doped n-side 324) may be the location within the photodetector 212 where nunonty
carriers that are photoexeited are swept by an electrie field to an electrode of the
photodetector 212 (e.g., the cathode 304 m Figure 3A). For example, the p-n junction may
mclude a depletion region (1.e., space charge region). The depletion region may include an

mduced electrc field which accelerates charged minority carriers to the electrode. Further,
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when negatively biased {¢.g., in the Geiger-mode regime}, minority camers (6.2,
photoexcited minority carriers) may generate additional minority carriers through avalanche
breakdown.

{087 As ilustrated in Figure 3A, the heavily doped p-side 322 may be doped with a
p-type dopant. For example, the heavily doped p-side 322 may be doped with boron,
aluminum, nitrogen, gallium, and/or indium. In alternate embodiments, reference numeral
322 may instcad correspond 1o an n-type senuconductor. fn such emboduments, dopants such
as phosphorus, arsemic, antimony, bismuuth, and/or lithtam may be used. In various
embodiments, the heavily doped p-side 322 may be doped with a concentration of between
107 cm ¥ and 102 enn®, between 10 cm™ and 10 em™, between 10V em™ and 10°% em™, or
between 10 co™ and 107 em™.

[3088] Likewise, as tlhustrated in Figure 3A, the heavily doped n-side 324 may be
doped with an n-type dopant. For example, the heavily doped n-side 324 may be doped with
phosphorus, arsenic, antimony, bismuth, and/or ltthium. In alternate embodiments, reference
numeral 324 may instead correspond to a p-type semiconductor. In such embodiments,

gallivm, and/or indium may be used. In various

Bl

dopants such as boron, aluminum, nitrogen
embodiments, the heavily doped n-side 324 may be doped with a concentration of between
10V em® and 10 e, between 102 cm™? and 107 cro”?, between 101 e and 10 em™, or
between 10 cm™ and 107 cm™.

103689} The guardring regions 332. in some embodiments, the guardring regions 332
may be n~type {¢.g., doped n the n+ regime). In alternate embodiments {(¢.g., wherein the p-n
junction of the device is instead an n-p junction and the bulk semiconductor is n-tyvpe), the
guardring regions 332 may be p-tyvpe {¢.g., doped in the p+ regime). The guardring regions
332 may isolate the photodetector 212 from neighboring photodetectors. Further, the
guardring regions 332 may prevent edge-breakdown from occurring. Still further, the
guardring regions 332 may be used to fine-tune a shape of the electric field near the p-n
jonction. In some embodiments, particularly embodiments only having a single photodetecior
rather than an array of photodetectors, the guardring regions 332 might not be included. In
addition to or instead of the guardring regions 332, some embodiments may include optical
isolation trenches defined within the substrate.

{6694] The protective layer 342 may be included in the photodetector 212 to protect
the photodetecior 212 from physical damage. In some embodiments, the protective layer 342
may have specifically designed optical properties. For example, in some embodiments, the

protective laver 342 may be sized such that it is approximately a quarter of a wavelength
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thick with respect to an operating wavelength of a light source and the refractive index of the
protective laver 342, As such, the protective layer 342 may be &/ 4n, where X represents the
operating wavelength (in a vacuum) of the light source and n represents the refractive mdex
of the protective layer 342, For example, if an infrared light source with an operating
wavelength of 1.55 um is being used, and the refractive index of the protective layer 342 15
1.0, the protective laver 342 may be 387.5 nm thick (1.55 pm / 4). Likewise, if an infrared
light source with an operating wavelength of 905 nm is being used, and the refractive index
of the protective laver 342 15 1.0, the protective layer 342 may be 226.25 nm thick (305 am /
43}, Having a protective layer 342 that is approximately a quarter of a wavelength thick may
maximize transmission of hight into the photodetection region of the photodetector. The
protective laver 342 may be designed to exiubit additional or alternative optical properties, as
well,

[6091] In some embodiments, the protective layer 342 may include a material that is
optically transparcut for the operating wavelength of the light source. For example, the
protective laver 342 may include 5100, In such embodiments, the protective layer 342 may be
grown on the photodetector using oxidation {e.g., within an oxidation furnace). It is
understood that in other embodiments, the protective laver 342 may include additional or
alternative matenals.

j3092] Ag lustrated in the top view portion of Figure 3B, in some embodiments, a
packaging 350 mayv surround the photodetector 212. The packaging 350 may be of a
standardized package size. Such a standardized package size may enable multiple
photodetectors 212 to be readily arranged into an array,

{6693} Further, as illustrated, the packagiog 350 may include a metallic interconnect
352. As illustrated, the metallic imterconnect 352 may be electrically coupled to the cathode
304 of the photodetector 212, In addition, the metallic interconnect 352 mayv be used to make
one or more electrical connections (e.g., series or parallel connections) with other
photodetectors 212 {e.g., to form an array of photodetectors). The metallic interconnect 352
may nclude gold, silver, copper, platinum, palladium, tungsten, alupumum, titanium, nickel,
molybdenum, tantalum, silicides, salicides, or a heavily doped semiconductor {e.g., a
degenerately doped semiconductor), in various embodiments. It is understood that, in other
embodiments, altemative materials may be used in addition to or instead of those previcusly
listed tor the metallic mterconnect 332,

[6094] Figure 3B is a band diagram of the device illustrated 10 Figure 3A, according

to example embodiments. As indicated by the axis of Figure 3B, regions nearer to a top
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surface of the photodetector 212 (i.e., regions with higher x-values) are farther to the nght of
the band diagram. The reference numerals above the band diagram imdicate various regions
within the photodetector 212 {c.g., the first substrate portion 312, the second substrate portion
314, the heavily doped p-side 322, and the heavily doped n-side 324). In addition, the dashe
line represents a Fermi level within the photodetector 212, Further, the vertical hines
overlaying the band diagram may define the various regions within the photodetector 212 as
well as junctions between disparate regions within the photodetector 212, The band diagram
tHustrated in Figure 3B may represent an equilibrium band diagram {(as opposed to a band
diagram of the photodetector 212 under forward or reverse bias}. Additionally, the junction
between the heavily doped p-side 322 and the heavily doped n-~side 324 may be a deplction
region of the p-n junction formed between the heavily doped p-side 322 and the heavily
doped n-side 324, This depletion region may be used to accelerate minonity carriers toward an
clectrode such that generated (e.g., photoexcited) minority carriers correspond to a signal
represcuting an amount photoexcitation. Further, when under reverse bias {¢.g., Geiger mode
bias conditions or avalanche bias conditions}), the depletion region may produce a cascading
event for cach minority carrier generated, such that multiple additional minonty carriers are
generated (¢.g., via avalanche breakdown}. This can lead to increased sensitivity for the
photodetector 212 {e.g., smgle-photon sensitivity).

[0095] In some embodiments, the doping between regions may be graded (e.g.,
lmearly graded, loganithmically graded, or exponentially graded}. For example, when
transitioning from a p+-doped region having a doping concentration of 10%° cm™ to a p-doped

16

region having a doping concentration of 10°¢ cm™, the concentration of the p-type dopant

may be varied logarithmically between 102 em™ and 10'° cm™ with respect to depth. In
alternate embodiments, the doping may be abruptly transitioned from 10% em™ to 10 cm™
[(096] Each of the various regions within the photodetector 212 may be made of a
single material {g.g., 5§, Ge, GaAs, or anv other semiconductor matertal). Further, as
tHustrated, the photodetector 212 band diagram has 3 p+-type, p-type, pr-type, nt-type
structure. In alternate embodiments, the photodetector 212 may instead have a uniform
doping throughout the entirety of the substrate (e.g., the first substrate portion 312 and the
second substrate portion 314 may have the same dopant concentration). In such
embodiments, the band diagram may have a p+-type, n+-type structure or a p-type, pHype,
n+-type structure. Sl further, rather than the first substrate portion 312 and/or the second
substrate portion 314 being p-doped, the first substrate portion 312 and/or the second

substrate portion 314 may be undoped (i.¢., may be an intrinsic semiconductor). In such
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embodiments, the band diagram may have a p+-type, t-type, pttype, nt-type structure; an i-
type, p-type, pt-type, n-type structure; or an i-type, pt-type, o+-type structure. In still other
cmbodiments, rather than a p-n junction, the photodetector 212 may mnelude an o-p junction.
In such embodiments, the band diagram may have an n+-type, n-type, nt-type, p+type
structure; an n-type, n-type, phtype structure; an wh-type, pr-type structure; an n+-type, i-
type, n-type, p-type structare; an i-type, n-type, nt-type, pr-type structure; or an i-type,
nt-type, pr-type stiucture.

{8697} Figure 4 13 an tHlustration of a device 412, according to example embodiments,
The device 412 may be analogous to the photodetector 212 illustrated in Figure 3A. As such,
the device 412 may nclude an anode 302, a cathode 304, a second substrate portion 314, ap-
n junction (formed between a heavily doped p-side 322 and a heavily doped n-side 324),
guardring regions 332, and a protective layer 342, Each of the previously recited components
may be substantially the same or identical to the corresponding components shown and
described with respect to Figure 3A.

{0098} However, unlike the photodetector 212 iHlustrated in Figure 3A, the device 412
mehides a thin first substrate portion 402. Because the thin first substrate portion 402 is less
decp than the first substrate portion 312 in the photodetector 212 of Figure 3A, the thin first
substrate portion 402 may be less voluminous. As such, there may be a smaller absorption
region within the substrate where optical absorption / photoexcitation can occur. Thus, fewer
minority carriers may be generated in the substrate of the device 412 when compared with the
photodetector 212 iHustrated in Figure 3A, thereby mttigating the amount of dark current
arising from minority carriers photoexcited in the substrate of the device 412, Further,
because the thin first substrate portion 402 is less deep than the first substrate portion 312, the
maximum distance from the p-n junction at which absorption / photoexcitation can occur is
reduced. Thus, anv minority carriers that are photoexcited within the thin first substrate
portion 402 diffuse sufficiently quickly to the p-n junction such that they do not contribute to
the time delay between the illomination event and the output signal arising from the minority
CArTIerTs.

{8659} In various embodiments, the thin first substrate portion 402 and/or the
substrate (¢.g., which includes both the thin first substrate portion 402 and the second
substrate portion 314) may be at most 100 times a diffusion length of a minority carmier
within the substrate, at most 10 times the diffusion length of the minonty camier within the
substrate, at most 0.1 times the diffusion length of the minority carrier within the substrate, or

at most 0.01 times the diffusion length of the minority carrier within the substrate.
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Additionally or altematively, 1 various embodiments, the thin first substrate portion 402
and/or the substrate {(¢.g., which includes both the thin first substrate portion 402 and the
second substrate portion 314} may be at most 1000 times an optical absorption length of the
substrate, at most 100 times the optical absorption length of the substrate, at most 10 times
the optical absorption length of the substrate, at most the optical absorption length of the
substrate, at most 0.1 times the optical absorption length of the substrate, at most 0.01 times
the optical absorption length of the substrate, or at most 10~ times the optical absorption
length of the substrate. Other lengths of the first substrate portion 402 and/or the substrate
relative to the optical absorption length of the sabstrate are also contemplated herein,

[00100] The thin first substrate portion 402 may be fabricated using a variety of
methods. In one embodiment, the thin first substrate portion 402 mayv be fabnicated by
removing portions of the substrate in post-processing. For example, if the device 412 is flip-
chip bonded on an ROIC (¢ g., such that the device 412 is configured to receive tlummnation
from a botton side of the device, such as a backside of the substrate), a portion of the
substrate may be removed {(¢.g., using chemical etching, such as wet etching or dry ¢tching,
or planarization) prior to applving / coupling the anode 302 to the substrate.

{00101 In altemnate embodiments, the thin first substrate portion 402 may nstead be
hightly doped or undoped. Still further, in addition to or instead of having a thin first substrate
portion 402, the device 412 may also include a thinner second substrate portion (e.g., the
second substrate portion 314 may have a smaller depth than ilustrated in Figure 4, so as to
further mitigate dark current arising from minority carriers photoexcited in the substrate).
[66182] Figure § s an tHlustration of a device 512, according to example embodiments,
The device 512 may be analogous to the photodetector 212 illustrated in Figure 3A. As such,
the device 312 may nclude an anode 302, a cathode 304, a first substrate portion 312, a
second substrate portion 314, a p-n junction (formed between a heavily doped p-side 322 and
a heavily doped n-side 324), guardring regions 332, and a protective laver 342, Each of the
previously recited components may be substantially the same or identical to the
corresponding components shown and described with respect to Figure 3A.

[00103] However, unlike the photodetector 212 iHlustrated in Figure 3A, the device 312
mehides a band-reject optical filter 502, As iHustrated, the band-reject optical filter 502 may
overlay the protective laver 342, Alternatively, in some embodiments, the band-reject optical
filter 507 could be located between the protective laver 342 and the heavily doped n-side 324,

In some embodiments, the band-reject optical filter 502 may be added to the device 312 m
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post-processing (e.g., the band-rgject optical filter 502 may be retrofitted to a previously
fabricated photodetector).

[00104] The band-reject optical filter 502 may be contigured to reduce an intensity of
one wavelength or a range of wavelengths. Such a wavelength or range of wavelengths may
corrgspond to wavelengths output by a light source (e.g., one of the plurality of ight sources
144 1n the emitter subsystem 170 as lhistrated in Figure 1B). For example, if the light source
15 a lascr that cmits light in the infrared portion of the electromagnetic spectrum, the band-
reject optical filter 502 may be configured to reduce an intensity of light having wavelengths
within the infrared portion of the electromagnetic spectrum. In this way, the mtensity of light
reaching the photodetector portion of the device 512, and ultimately the substrate, may be
reduced. Thus, the amount of photoexeitation of minority carriers within the substrate based
on the light emitied from the light source may be reduced, thereby mitigating dark current
and reducing a time decay associated with the idlhumination event.

[66105] In addition to or instead of a band-reject optical filter, some embodiments may
mchude other optical components used to reduce intensity of one or more wavelengths of
hight. For example, a beam splitter (¢.g., a half-silvered mirror} or a neutral-density (ND)
filter (o.g., ND2 filter, ND4 filter, NDS filter, ND16 filter, ND32 filter, ND64 filter, ND100
filter, NI 128 filter, ND236 filter, ND4OO filter, NDS 12 filter, ND 1024 filter, ND2048 fiker,
ND4096 filter, ND6310 filter, ND8192 filter, ND 100600 fikter, or ND 100000 filter) could be
used.

[066106] Adduionally or alternatively, in some embodiments, a non-linear optical
material {¢.g.. a non-lingar optical absorber) may be included. The non-linear optical material
may exhibit a non-linear optical response for one or more mcoming wavelengths, for
cxample. The non-lincar optical material mav also mclude a threshold power level (e g..
defined for at least one of the one or more mcoming wavelengths at which the non-hincar
optical material exhubits the non-lincar optical responsc) at which the non-linear optical
material absorbs incoming photons. For example, when incoming hight is irradiating the
device with an associated power at or above the threshold power level, the non-lincar optical
material may reduce the mtensity of the incoming light. However, when the inconung bight is
trradiating the device with an associated power below the threshold power level, the non-
kincar optical material may not reduce the intensity of the incoming light. Such a non-hincar
optical material may be between I nm and 10 nm in thickness, between 10 nm and 100 nm in

thickness, between 100 nm and 1 pm m thickness, between 1 um and 10 um i thickness,
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between 10 um and 100 pm in thickness, between 100 ym and 1 mm in thickness, between 1
mm and 1 cm in thickness, or between 1 cm and 10 cm 1 thickness, in vanous embodiments.
{60107 Figure 6 is an illustration of a device 612, according to example embodiments.
The device 612 may be analogous to the photodetector 212 illustrated in Figure 3A. As such,
the device 612 may include a cathode 304, a first substrate portion 312, a second substrate
portion 314, a p-n junction {formed between a heavily doped p-side 322 and a heavily doped
n-side 324}, guardring regions 332, and a protective laver 342, Bach of the previously recited
components may be substantially the same or identical to the corresponding components
shown and described with respect to Figure 3A.

{00108] However, unlike the photodcetector 212 illustrated in Figure 3A, the device 612
may include a modified anode 602 and an anti-reflective layer 604. The modified anode 602
may have a reduced size, as iHustrated. Similar to the cathode 304, the modified anode 602
may be sized such that light can be transmitted around the modified anode 602. Unlike the
anode 302 ilustrated in Figure 3A, which may completely cover an entire bottom surface of
the first substrate portion 312, the moditied anode 602 may only cover a portion of the
bottom surface of the first substrate portion 312.

[00109] The anti-reflective layer 604 may be disposed adjacent to the modified anode
602. Additionally or alternatively, the anti-reflective laver 604 may be coupled to the
substrate (e.g., coupled to the first substrate portion 312}, The anti-reflective layer 604 may
aid in shepherding photons that passed unabsorbed through the substrate out of the device
612 {c.g.. may couple light passing through the substrate to an exterior of the device 612} In
other words, the anti-reflective layver 604 may prevent unabsorbed light from undergoing
mternal reflections {either from a surface of the substrate and/or a surface of an electrode),
such that the light is not reflected back into the interior of the device 612, Because the anti-
reflective layer 604 reduces the amount of time hight 1s travelling through the substrate of the
device 612, the time and distance over which optical absorption can occur is also reduced,
thereby reducing the probability of photoexcitation and the time scale over which
photoexcitation occurs. Thus, the nsumber of minority carriers photoexcited m the substrate
will be reduced overall. Because the number of photoexcited minonity carriers is reduced, the
dark current ansing from such minority carriers may be mitigated.

{06116 Figure TA is an illustration of a device 712, according to example
embodiments. The device 712 may be analogous to the photodetector 212 lustrated m
Figure 3A. As such, the device 712 may include an anode 302, a cathode 304, a first substrate

portion 312, a second substrate portion 314, a p-n junction (formed between a heavily doped
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p-side 322 and a heavily doped n-side 324}, guardring regions 332, and a protective layer
342. Each of the previsusly recited components may be substantially the same or identical to
the corresponding components shown and described with respect to Figure 3A.

6111 However, unlike the photodetector 212 ilustrated m Figure 34, the device 712

mcludes surface roughness 702 {e.g.

ot

corresponding to surface defects) on a bottom surface of
the first substrate portion 312, The surface roughness 702 may be a modification applied to
the first substrate portion 312 during fabrication of the device 712 pror to coupling the first
substrate portion 312 to the anode 302, Additionally or alternatively, in some embodiments,
other surfaces {(e.g., side surfaces or a top surface} of the first substrate portion 312 may
mclude roughness. Further, in addition to or nstead of the first substrate portion 312
meluding surface roughness 702, i some embodiments, the second substrate portion 314
may include surface roughness on one or more surfaces. Surface defects resulting from
surface roughness may include topological defects, defects where a translation symmetry of
the surface is broken, adsorbates {¢.g., sodium or magnesiuny), interfaces with other
materials, inconsistent grain boundanes, stacking faults, antiphase boundanes, or dangling
bonds, for example.

{00112 Figure 7B is a band diagram of the device 712 dlusirated in Figure 7A,
according to example embodiments. The surface roughness 702 may generate one or more
mterfacial states and/or trap strates, as illustrated. These trap states may be accessed by
minority carriers during a two-step {or multi-step) recombination process. Sach
recombination processes may be altemative mechanisms by which minority carriers can
recombime (in addition to traditional recombination processes present in the substrate). As
such, the probability of recombination of minority carriers may increase. Thus, minority
carricrs that are photoexcited within the substrate may more readily recombine, thereby
reducing the number of photoexcited minonity carners present in the substrate. Because of
this, fower munority carriers may oltimately reach the p-n junction, thereby mutigating the
dark current arising from minority carriers photoexcited in the subsirate. Said a different way,
the nunority carrier fifetime of photoexcited minornity carriers may be reduced due to the
mterfacial and/or trap states. Correspondingly, based on the following relations, the diffusion
length of the minority carricrs may decrease, thereby reducing the number of minority
carriers reaching the p-n junction:

Ly = \,/m

Ly D

5
<



WO 2019/147789 PCT/US2019/014927

where L, / Ly represent minority carrier diffusion lengths, Dy / Dp represent minority carrier
diffusion constants, and 1, / 1, represent minority carmer lifetimes.

{00113 In addition or instead of surface roughness 702, in some embodiments, the
deviee 712 may include trap states within a bulk region of the first substrate portion 312
and/or a bulk region of the second substrate portion 314, For example, gold, platinum, and/or
or Xenon may be incorporated into the device 712 to dope certain regions of the first substrate
portion 312 and/or the sccond substrate portion 314, Gold may atroduce a donor level 0.35
eV above the valence band of the surrounding silicon and/or an acceptor level .54 below the
conduction band of the surrounding silicon, in ecxample embodiments. Likewise, platinum
may introduce a donor level 0.35 ¢V above the valence band of the surrounding silicon and/or
an aceeptor level 0.26 eV below the conduction band of the surrounding silicon, in example
embodiments. Other dopant matenals are possible and contemplated herein.

{00114 Additionally or alternatively, crystallographic defects that give rise to trap
states may be present within the bulk region of the first substrate portion 312 and/or the
second substrate portion 314, Such crystallographic defects may inclode vacancy defects,
mterstitial defocts, Fronkel defects, antisite defects, substitutional defects, or topological
defects, for example. Further, such crystallographic defects may be created using ion
mplantation {¢.g., without thermal anncaling or with partial thermal annealing to control the
extent of the damage without completely negating it}. Alternatively, such crystallographic
defects may be inherently present within the bulk region of the first substrate portion 312
{i.c., the first substrate portion 312 mayv be a “dirty substrate” region). In such embodiments,
the second substrate portion 314 may then be epitaxially grown on the first substrate portion
312 such that the second substrate portion 314 has far fewer crystallographic defects than the
first substrate portion 312,

[6115] Analogously to the trap and/or interface states ansing due to surface roughness
702, as described above, such intermediate states may reduce the minority carrier hifetime,
thus reducing the minority carrier diffusion length, which ultimately reduces the number of
photoexcited minority carriers that reach the p-n junction. Henee, trap states within the bulk
region of the first substrate portion 312 and/or the second substrate portion 314 may also be
ased to mitigate the dark current arising from minority carriers photoexcited in the substrate.
{06116} The trap and/or mterface states (whether introduced by crystaliographic
defects, surface roughness, or other mechamsms) miroduced into the substrate may be
defined at a predetermined depth. The predetermined depth may be determined based on a

desired photon detection efficiency and/or a desired diffusion profile for the minority carriers
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i the substrate. For example, the predetermined depth may be large enough (i.¢., the trap
and/or interface states may be located far encugh from the p-n junction) such that the photon
detection cfficiency is not substantially adversely affocted by the trap and/or interface states.
Additionally or altematively, the predetermined depth may be small enough (i.¢., the trap
and/or wnterface states may be located close enough to the p-n junction) such that the dark

current ansing from the minority carricrs photoexcited in the substrate is sufficiently

mitigated.
{66117} Figure 8A is an illustration of a device 812, according to example

embodiments. The device 812 may be analogous to the photodetector 212 dllustrated 1n
Figure 3A. As such, the device 812 may include an anode 302, a cathode 304, a sccond
substrate portion 314, a p-n junction (formed between a heavily doped p-side 322 and a
heavily doped n-side 324), guardring regions 332, and a protective layer 342, Each of the
previously recited components may be substantiaily the same or identical to the
corresponding components shown and described with respect to Figure 3A.

[66118] However, unlike the photodetector 212 illustrated in Figure 3 A, the first
substrate portion 312 of the photodetector 212 may be replaced with a heterogeneous
substrate portion 802, Unlike the first substrate portion 312 i Figure 3A, the heterogeneous
substrate portion 802 in the device 812 may be made of a different matenial than the other
materials i the device 812. Particularly, the matenial of the heterogencous substrate portion
802 may be different than the material of the second substrate portion 314, For example, if
the sccond substrate portion 314, the heavily doped p-side 322, the heavily doped n-side 324,
and the guardring regions 332 each mchude doped or undoped §4, the heterogeneous substrate
portion 802 may include a different semiconductor matenial such as doped or undoped GaAs
or doped or undoped Ge. Other semiconductor materials besides GaAs and Ge are also
possible. As such, both the device 812 and its corresponding band diagram include a
heterostructure.

{60119 The different semiconductor material may be selected based on its bandgap
and/or based on the photon energy of the hght being emitted from the light source, which is
irradiating the device 812. In some embodiments, the different semiconductor material may
be selected such that light of a given photon energy being emitted from the Hight source will
not be absorbed within the heterogencous substrate portion 802 {i.¢ , photoexcitation will not
occur 1n the heterogeneous substrate portion 802). For example, if the light source 1s emitting
mfrared hight with a wavelength of 1.0 um (corresponding to an cnergy of 1.24 V), that hight

may be readily absorbed by silicon, which has a bandgap of about 1.12 ¢V at 300 K. Hence,
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such hight can cause photoexcitation in the second substrate portion 314, the heavily doped p-
side 322, and the heavily doped n-side 324 (assuming those regions are made of silicon).
However, in order to prevent photoexcitation from occurring within the heterogencous
substrate portion 802, a material with a bandgap of greater than 1.24 eV may be selected. For
gxample, the heterogencous substrate portion 802 may be made of GaAs (doped or undoped),
which has a bandgap of about 1.424 ¢V at 300 K. In alternate embodiments, rather than
GaAs, other semiconductor materials could be used {e.2., doped or undoped InP, doped or
undoped GaP, doped or undoped CdSe, doped or undoped CdTe, doped or undoped Zn(3,
doped or undoped ZnS, etc.) or insulating materials could be used {e.g., Ab(s).

[B0126 By including a material in the substrate (¢.g., in the heterogencous substraic
portion 802} that does not absorb light enmitted from the hight detector {e.g., a materal with a
bandgap above the photon energy of the light emitted from the hight detector),
photogxcitation can be prevented within the heterogencous substrate portion 802, Preventing
photoexcitation of nunority carricrs within the substrate reduces the total number of
photoexcited minority carriers across the entire substrate, thereby mitigating the dark current
{¢.g., the dark diffusion current from the minority camers photoexcited in the substrate} after
an illumination event. In addition, because minority carriers are not photoexcited i the
heterogencous substrate portion 802, the maximum distance from the p-n junction, and
likewise the maximum depth of the device 812, at which photoexcitation can occur 13
decreased. In other words, each minority carrier that is photoexcited within the device 312 is
within a given distance of the p-n junction. This may linut the number of photoexcited
minority carriers with long diffusion lengths from meandering to the p-n junction {(and
resulting m output signal) substantially after an iHumination event. In other words, this may
provide another mechanism that limits the “long tail” of the detection curve by mitigating the
dark current.

00121 In alternate embodiments, one or more other portions of a device may mchude
a heterogeneous portion. For example, part or all of the second substrate portion 314 may be
replaced with materials that are different from the material in the heavily doped p-side 322
and/or the heavily doped n-side 324. Sumilarly, part or all of the p-n junction mayv be replaced
with matenals that are different from the matenal in the second substrate portion 314,
100122} Figure 8B is a band diagram of the device 812 illustrated in Figure 8A,
according to example embodiments. For example, the band diagram of Figure 8B illustrates
an embodiment where the second substrate portion 314, the heavily doped p-side 322, and the

heavily doped n-side 324 gach include sificon with different dopants / doping concentrations
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and where the heterogeneous substrate portion 802 includes GaAs. As iHustrated, the bandgap
of the heterogeneous substrate portion 802 is larger than the bandgap of the second substrate
portion 314, the heavily doped p-side 322, and the heavily doped n-side 324.

[66123] Other ways of modifying the band diagram, in addition to or mstead of
meorporating a heterostructure, may also serve to mitigate dark current arising from minority
carriers photoexcited in the substrate. For example, the p-n junction in a device may be
designed to introduce an electrc field {¢.g., based on a curvature of a conduction band or
valence band of the band structure) that extends farther down the junction, wherein the
clectric field accelerates ¢xcess minonty carriers moving towards the p-n junction. Hence,
those excess minority carricrs will move more guickly to the p-n junction, which will reduce
the length of the “long tail” illustrated in Figure 3B.

[060124] Figure 9A is an illostration of a device 912, according to example
embodiments. The device 912 may be analogous to the photodetector 212 illustrated in
Figure 3A. As such, the device 912 may mnclude an anode 302, a cathode 304, a p-n junction
{formed between a heavily doped p-side 322 and a heavily doped n-side 324), guardring
regions 332, and a protective layer 342 Each of the previously recited components may be
substantially the same or identical to the corresponding components shown and described
with respect o Figure 3A.

[60125] However, unhike the photodetector 212 illustrated in Figure 3A, instead of the
first substrate portion 312 and the second substrate portion 314, the device 912 in Figure 9A
may include a graded substrate portion 902, The graded substrate portion 902 may be
variably doped throughout. For example, the graded substrate portion 902 may be doped
based on a doping profile that varies with respect to depth {x). The graded substrate portion
902 may include a single material, in some embodiments. In other embodiments, the graded
substrate portion 902 may mclude two or more materials (i.¢., the graded substrate portion
502 may be a heterostructure}.

{0126] Figure 9B is a band diagram of the device 912 illustrated i Figare SA.
according an example ecmbodiment of the device 912 For example, as illustrated o Figure
9B, the graded substrate portion 902 may be heterostruciured where the composition of the
materials are varied (e.g., based on a material composition profile) with respect to depth. For
example, the graded substrate portion 902 may include GaAs and GaSb (whereas the heavily
doped p-side 322 and the heavily doped n-side 324 may include silicon). {iaAs mayv have a
bandgap of about 1.424 ¢V at 300 K and GaSb may have a band gap of about 0.68 eV at 300

K. The graded substrate portion 902 may also include, as illustrated, hybrids that are
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GaAsSbi,, where z represents the proportion of the material that is arsenide and 1-z
represents the proportion of the material that is antimonide. It is understood that other
materials (both single-material structures and heterostructures) are contemplated herein. For
example, 51Ge could be used.

[66127] Ag shown, a first portion 814 of the graded substrate portion 902 nearest the
heavily doped p-side 322 may be GaAsiSbe {ic., GaAs}, a second portion 916 of the graded
substratc portion 902 nearest a surface of the graded substrate portion 902 (¢.g., a bottom
surface of the graded substrate portion 902} may also be GaAsiSbe (1.e., GaAs), and in an
mtermediate region 918 {¢.g., nearer to the heavily doped p-side 322 than the bottom side of
the graded substrate portion 902) the graded substrate portion 902 may be GaAseSh (ic.,
GaSb). In between those three distinct regions, the arsenide and antimonide m the graded
substrate portion 902 is varied linearly. It 1s understood that other gradings with other
materials {¢.g , besides GaAg and GaSbh) are also possible. Further, it 15 also anderstood that
rather than 3 linear grading profile, an exponential grading, logarithmic grading, or anv other
type of grading profile could be used. Yet further, while binary and temary [H-V
semiconductor compounds are expressly recited herein, it will be understood that quaternary
corapounds and H-V1 semiconductor compounds are also contemplated and possible.
[6128] Figure 9C is a plot of optical absorption with respect to depth of the device
912 illustrated in Figure 9A having the band diagram illustrated 1n Figure 9B, according to
example embodiments. As shown, the graded substrate portion 902 can be used define certain
regions of high absorption {(¢.g., relatively high photoexcitation of minority carricrs), as well
as certain regions of low absorption {e.g., relatively little photoexeitation of minority
Carriers),

{00129} Again, it a ight source irradiating the device 912 is transmitting hight with a
wavelength of 1 um {corresponding {o a photon energy of 1.24 eV), the GaSb and some
mtermediate values of GaAs:Sbiz may be capable of absorbing that light, whereas the GaAs
and somg other intermediate values of GaAs:Sbi, might not be. Thus, in regions with a
narrow bandgap {(¢.g , regions having a higher Sh concentration and a lower As
concentration), more hight absorption / photoexcitation of minority carriers may occur. As
such, the graded substrate portion 902 can be used to define where and in what quantities
minority carriers are being photoexcited in the substrate. As such, the overall number of
photoexcited minority carriers can be reduced. Additionally, the regions in which
photoexcited minority carriers are excited can be limited fo a distance that is close enough to

the pn punction such that the minority carriers will diffuse to the p-n junction within a
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reasonable time (e g, thereby decreasing the time decay constant assoctated with each
tHumination event). Both of these factors are mechanisms by which the use of a graded
substrate portion 902 can mitigate dark current arising from nunority carriers photoexcited in
the substrate.

{60136 In addition to impacting absorption behavior, a graded substrate portion 902
{both graded composition and graded doping) may influence dnft current and/or diffusion
current toward or away from the p-n junction. As is understood, the graded substrate portion
902 thercby has an additional mechanism to mitigate dark current arising from nunority
carriers photoexcited o the substrate.

{00131} Figure 10 is an illustration of a device 1012, according to example
embodiments. The device 1012 may be analogous to the photodetector 212 ilfustrated in
Figure 3A . As such, the device 1012 may include may mnclude a cathode 304, a first substrate
portion 312, a second substrate portion 314, a p-n junction (formed between a heavily doped
p-side 322 and a heavily doped n-side 324), guardring regions 332, and a protective layer
342. Fach of the previously recited components may be substantially the same or identical to
the corresponding components shown and deseribed with respect to Figure 3A.

{00132 However, unlike the photodetector 212 illustrated in Figure 34, the device
1012 may mclude a modified anode 1002 and polished / plananzed surface 1004, The
modified anode 1002 may have a reduced size, as iHustrated. Similar to the cathode 304, the
modified anode 1002 may be sized such that light can be transmitted around the modified
anode 1002, Unlike the anode 302 illustrated in Figure 3 A, which may completely cover an
entire bottom surface of the first substrate portion 312, the modified anode 1002 may only
cover a portion of the bottom surface of the first substrate portion 312,

{60133 The polished / planarized surface 1004 may be a surface of the first substrate
portion 312 that is polished and/or planarnzed. The polished / planarized surface 1004 may aid
in shepherding photons that passed snabsorbed throogh the substrate out of the device 1012
{(e.g.. may couple light passing through the substrate o an exterior of the device 10612}, In
other words, the polished / planarized surface 1004 may prevent unabsorbed light from
undergoing internal reflections {either from a surface of the substrate and/or a surface of an
clectrode), such that the light 18 not reflected back into the interior of the device 1012,
Because the polished / planarized surface 1004 reduces the amount of time light is travelling
through the substrate of the device 1012, the time and distance over which optical absorption
can oceur 18 also reduced, thereby reducing the probability of photoexcitation and the time

scale over which photoexcitation occurs. Thus, the number of nunority carriers photogxcited
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i the substrate will be reduced overall. Because the number of photoexcited minority carniers
is recduced, the dark current arising from such minority carriers may be nutigated. In some
cmbodiments, 11 addition to or instead of the polished / planarized surface 1004 being
polished and/or plananzed, other surfaces of the device 1012 (e.g., side surfaces of the first
substrate portion 3123 may be polished and/or planarized.

[00134] Figure 11 A is a band diagram of a device having a potential barrier, according
to example embodiments. The device may be similar to the photodetector 2172 illustrated in
Figure 3A, for example. However, the doping profile of the second substrate portion in Figure
11A may be different than the doping profile of the second substrate portion 314 of the
photodetector 212 (as illustrated in Figure 3B). For example, in Figure 114, the second
substrate portion is not uniformly doped, unlike the second substrate portion 314 as llustrated
in Figore 3B.

[60135] As illustrated, a region of the second substrate portion in Figure 11A s
strongly p-doped (e.g., p+-doped or p++-doped). This strongly p-doped region gives risc to a
potential barrier 1102 within the band structure of Figure 11A. Such a potential barmer 1102
may be configured to prevent minority carriers from reaching a depletion region {e.g., within
the p-n junction) of the device due to diffusion. A barrier thickness corresponding to the
potential barrier 1102 may be at least T nm thick, at least 10 nm thick, or at least 100 om
thick, in various embodiments.

[060136] The conduction band of the potential barrier 1102 may be separated from (e.g.,
lie above) the conduction band of the surrounding bulk substrate by a positive encrgy offset
1104, Similarty, the valence band of the potential barrier 1102 may be separated from (e g,
lie above) the valence band of the surrounding bulk substrate by the positive energy offset
1104, The positive encrgy offset 1104 could have a value of at feast 0.01 times the band gap
of the bulk substrate, at least 0.05 times the band gap of the bulk substrate, at least 0.1 times
the band gap of the bulk substrate, at least .15 times the band gap of the bulk substrate, at
least 0.2 times the band gap of the bulk substrate, at least 0.25 times the band gap of the bulk
substrate, at least 0.5 times the band gap of the bulk substrate, at least 0.75 times the band gap
of the bulk substrate, or at least 1.0 times the band gap of the bulk substrate, in various
embodiments. In example embodiments where the bulk substrate 1s made of sthicon, this may
correspond to at least 0.28 ¢V, atleast .36 ¢V, atleast 084 eV, oratleast 1.12 eV,
respectively, at 300 K. In alternate embodiments {e.g., embodiments where the bulk substrate
ts primarily n-type, rather than p-type}, the positive energy offsct 1104 of the potential barrier

1102 may be larger.
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1860137} Figure 11B is a band diagram of a device having a potential well, according to
example embodiments. The device may be similar to the photodetector 212 itlustrated in
Figure 3A, for example. However, the doping profile of the sccond substrate portion in Figure
11B may be different than the dopmg profile of the second substrate portion 314 of the
photodetector 212 (as illustrated in Figure 3B). For example, in Figure 11B, the second
substrate portion is not untformly doped, unlike the second substrate portion 314 as illustrated
m Figure 3B.

{66138} As illustrated, a region of the second substrate portion in Figurg 11B is
strongly n-doped {(e.g., n+-doped or n++-doped). This strongly n-doped region gives rise to a
potential well 1106 within the band structure of Figure 118, Such a potential well 1106 may
be configured to prevent minority carriers from reaching a depletion region (¢.g., within the
p-n junction) of the device due to diffusion. A well thickness corrgsponding to the potential
well 1106 may be at least 1 nm thick, at least 10 am thick, or at least 100 nm thick, in various
embodiments.

[66139] The conduction band of the potential well 1106 may be separated from (¢ .g.,
lie below) the conduction band of the surrounding bulk substrate by a negative energy offset
1108, Sinularly, the valence band of the potential well 1106 may be separated from (c g, lic
below) the valence band of the surrounding bulk substrate by the negative energy offset 1103,
The negative energy offset 1108 could have a value of at least .01 times the band gap of the
bulk substrate, at least 0.05 times the band gap of the bulk substrate, at least 0.1 times the
band gap ot the bulk substrate, at least 0.15 times the band gap of the bulk substrate, at least
0.2 times the band gap of the bulk substrate, at least 0.23 times the band gap of the bulk
substrate, at least 0.5 times the band gap of the bulk substrate, at least 0.75 times the band gap
of the bulk substrate, or at least 1.0 times the band gap of the bulk substrate, m various
embodiments. In example embodiments where the bulk substrate 1s made of silicon, this may
corrgspond to at least 0.28 eV, atleast .56 ¢V, at least 0.84 eV, orat least 1.12 eV,
respectively, at 300 K. In altemate embodiments {¢.g., embodiments where the bulk substrate
1s primarily n-type, rather than p-type), the negative encrgy offsct 1108 of the potential

barrier 1102 may be smaller.

V. Example Processes
006148 Figure 12 is a Howchart diagram of a method 1200, according to example

embodiments.
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[006141] At block 1202, the method 1200 includes providing a device including a
substrate and a photodetector coupled to the substrate. The photodetector is arranged to detect

light eritted from a light source that irradiates a top surface of the device.

{60142 At block 1204, the method 1200 includes providing light from the light source.
33143} At block 1206, the metheod 1200 imncludes mitigating dark current arising from

minority carrers photoexcited in the substrate based on the light emitted from the light
source. In some cmbodiments, mitigating the dark current may include providing light from
the light source such that the hight from the light source irradiates a bottom surface of the
device {e.g., in embodiments where the device 1s flip-chip bonded to a ROICY. This may
allow for a device with a thinner substrate to be used, which would reduce an amount of
photoexcited minority carriers in the substrate, thereby reducing the number of nunority
carricrs that reach the p-n junction after the llumination event.

{00144 Additionally or alternatively, mitigating the dark current may include
modifying an operating temperature of the device. Modifving the operating temperature of
the device may mitigate the dark current by modifying the diffusion length of minonty
carriers within the substrate {e.g., minority carriers photoexcited in the substrate). The
diffusion length of minority carricrs is dependent on minonty carrier diffusion constant (£ /
Dpy and minority carrer hifetime (t / 1p), as described above. Minority carrier diffusion

constant can be defined by the following relations (1.¢., the Einstem relations):

i kT
p, =t
q
i, kT
p,="tel.
) q

where un / #p are the minority carrier mobilities, £ 13 Boltzmann’™s constant, 7'1s the absolute
temperature, and ¢ is the electrical charge of the minonty carrier. Forther, minority carrier
mobility, itself, is temperature dependent. In general, minority carrier mobility decreases with
mereasing temperature, and i a fashion that overcompensates for the linear temperature
factor in the equation above. Henee, in general, minornity carrier diffusion constant decreases
with increasing temperature. Thus, modifying the operating temperature 1o mitigate the dark
current may include increasing the operating temperature of the device, thereby reducing the
minority carrier diffusion constant and, in tum, reducing the minonty carner ditfusion length.
If the diffusion length 18 decreased, the number of minority carriers photoexcited in the
substrate that can ultimaiely reach the p-n junction is reduced, thereby reducing the “long

tail” of the iHumination event.
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{66145} Still further, in some embodiments, mitigating the dark current may include
modulating a wavelength of the light emitted from the light source. For example, modulating
the wavelength may include increasing the wavelength of the light emitted. Increasing the
wavelength of the hght enitted may correspond to a reduction in the associated photon
energy of the light emitted. If the associated photon enerpy 1s reduced, the amount of light
absorbed 1n the substrate may be reduced or eliminated {e.g., if the bandgap of the substrate
matcrial 1s greater than the photon energy of the light emitted). If the amount of ight
absorbed in the substrate is reduced or climinated, the number of photoexcited mmority
carricrs may be reduced or eliminated. Reducing the nomber of minority carriers
photoexcited in the substrate may reduce the number of minority carriers that diffuse to the p-
n junction after an illumination event, thereby reducing the “long tail” of the iHlumination
event.

{30146 Altematively, modulating the wavelength may 1oclude decreasing the
wavelength of the light emitted. Decreasing the wavelength of the light emitted may reduce
the depth into the substrate that the photons penetrate before being absorbed (¢ g, the
absorption depth in silicon may be arcund 100 um for wavelengths around 1 pum whereas the
absorption depth in silicon may only be around 100 nm for wavelengths around 400 nm). By
decreasmg the absorption depth of the emitted light, the number of minority carmers that are
photoexcited within the substrate relatively far from the p-n jonction (e g., far encugh from
the p-n junction that they take an extended time to diffuse to the p-n junction) may be reduced
or climinated. If the amount of minority carriers photoexeited within the substrate relative far
from the p-n junction is reduced or eliminated, the number of photoexcited minority carners
that reach the p-n junction sigatficantly after an ilomunation event may be reduced or
climinated, thereby reducing the “long tail” of the illununation event.

{01471 In addition, mitigating the dark current may include modulating a power of the
hight emitted from the hght source. Modulating the power of the light emitted from the hight
source may mchude reducing the power of the light from the light source. Reducing the power
of the light from the light source may correspond to fewer photons irradiating the device. By
reducing the number of photons rradiating the device, the number of photons that are
transmtted to the substrate may be reduced in turn. Such a reduction of photons transmitted
to the substrate may reduce absorption i the substrate, thereby reducing the amount of
minority carriers photoexcited i the substrate. Reducing the number of minonity carmers

photoexcited in the substrate may reduce the number of minority carriers that diffuse to the p-
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1 junction after an illumination event, thereby reducing the “long tal” of the illumination
cvent.

{60148 Even further, nutigating the dark current may include modulating a pulse
frequency or duty cvele of the light emitted from the light source. In some embodiments,
modulating a pulse frequency or duty cvcle of the light emtted from the hght source may
mclude switching from a continvous-wave (W) operating mode to a pulsed operating mode.
Similarty, modulating a pulse frequency or dutv cycle of the light emitted from the light
source may include swapping a CW light source for a pulsed light source. Additionally or
alternatively, modulating the pulse frequency of the light emitted from the light source may
mclude reducing the pulse trequency of the light emitted from the light source. Stmilarly,
modulating the duty cycle of the light emitted from the light source may include reducing the
duty cycle of the light emitted from the light source. Reducing the pulse frequency or
reducing the duty cyele of the light emitted from the light scurce may correspond to fower
photons irradiating the device. By reducing the number of photons irradiating the device, the
number of photons that are transmitted to the substrate may be reduced 1o tum. Sucha
reduction of photons transmitted to the substrate may reduce absorption in the substrate,
therchy reducing the amount of minority carriers photoexeited i the substrate. Reducing the
number of minority carriers photoexcited in the substrate may reduce the number of minonty
carriers that diffuse to the p-n junction afier an iHummation cvent, thereby redacing the “long
tail” of the itlumination event.

[060149] Figure 13 is a flowchart diagram of a method of manufacture 1300, according

to example embodiments.

{06156 At block 1302, the method of manuafacture 1300 mehudes providing a
substrate.
{6151 At block 1304, the method of manufacture 1300 mcludes forming a

photodetector within or on the substrate. The photodetector is arranged to detect hight emitted
from a light source that irradiates a top surface of the photodetector.

[06152] At block 1306, the method of manufacture 1300 includes performing a
processing step that mitigates dark current ansing from minority carriers photoexcited in the
substrate based on the light emitted from the light source. In some embodiments, performing
the processing step that mitigates dark current may include thinning the substrate by
removing a portion of the substrate, thereby reducing a depth of the substrate o less than or
equal to 100 times a ditfusion length of a minority carrier within the substrate. Forther,

performing the processing step that mitigates dark current may include producing
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crvstallographic defects within the substrate that allow for recombination of electrons and
holes {e.g., through trap-assisted recombination at trap states).

{00153 Additionally or alternatively, performing the processing step that mitigates
dark current may include defining a band structure based on a material composition of the
substrate and the photodetector. In such embodiments, the band struchire may induce an
clectric field that extends bevond a depletion region of the photodetector based on a curvature
of a conduction band or a valence band of the band structure bevond the depletion region of
the photodetector. Such an electric field may be configured to induce a drift current that
accelerates minority carners toward the depletion region of the photodetector when minonty
carriers arc photocxeited in the substrate based on the light emitted from the hight source. For
example, the p-n junction in a device may be designed to introduce an electric field that
extends farther down the jonction, wherein the electric field accelerates excess minority
carriers moving towards the pn junction.

[00154] In some embodiments, the band structure may include a potential barrier
contigured to prevent minority carriers photoexcited in the substrate from reaching a
depletion region of the photodetector due to diffusion. Such a barrier thickness corresponding
to the potential barrier may be at least 1 nm thick, at least 10 nm thick, or at least 100 nm
thick, m various embodiments. Further, the potential barrier mayv include: a conduction band
encrgy that is at least 0.01 times the band gap of the substrate above a conduction band
energy of the band structure of the substrate surrounding the potential barrier, a conduction
band cnergy that is at least 0.05 times the band gap of the substrate above a conduction band
energy of the band structure of the substrate surrounding the potential barrier, a conduction
band energy that is at least 0.1 times the band gap of the substrate above a conduction band
energy of the band structure of the substrate surrounding the potential barrier, a conduction
band energy that is at least 0.15 times the band gap of the subsirate above a conduction band
energy of the band structure of the substrate surrounding the potential barrier, a conduction
band energy that is at least 0.2 times the band gap of the substrate above a conduction band
energy of the band structure of the substrate surrounding the potential barrier, a conduction
band energy that is at least 0.25 times the band gap of the subsirate above a conduction band
energy of the band structure of the substrate surrounding the potential barrier, a conduction
band energy that is at least 0.5 times the band gap of the substrate above the conduction band
energy of the band structure of the substrate surrounding the potential barnier, a conduction
band energy that is at least .75 times the band gap of the substrate above the conduction

band energy of the band structure of the substrate surrounding the potential barrier, a
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conduction band encrgy that 1s at least 1.0 times the band gap of the substrate above the
conduction band energy of the band structure of the substrate surrounding the potential
barrier, a valence band energy that is at Ieast 0.01 times the band gap of the substrate above a
valence band energy of the band structure of the substrate surrounding the potential barrier, a
valence band cnergy that 1s at least 0.05 times the band gap of the substrate above a valence
band energy of the band structure of the substrate surrounding the potential barrier, a valence
band cnergy that is at least 0.1 times the band gap of the substrate above a valence band
energy of the band structure of the substrate surrounding the potential barrier, a valence band
energy that is at least 0,15 timgs the band gap of the substrate above a valence band energy of
the band structure of the substrate surrounding the potential barrier, a valence band encrgy
that 1s at least 0.2 times the band gap of the substrate above a valence band energy of the
band structure of the substrate surrounding the potential barrier, a valence band energy that is
at least 0.25 times the band gap of the substrate above a valence band ¢nergy of the band
structure of the substrate surrounding the potential barrier, a valence band energy that is at
least 0.5 times the band gap of the substrate above the valence band energy of the band
structure of the substrate sarrounding the potential barrier, a valence band energy that s at
least 0.75 times the band gap of the substrate above the valence band cnergy of the band
structure of the substrate surroundimg the potential barrier, or a valence band energy that 1s at
least 1.0 imes the band gap of the substrate above the valence band energy of the band
structure of the substrate surrounding the potential barrier.

[66155] In addition to or instead of a potential barrier, the band structure may melude a
potential well (e .g., separated from a potential barrier by a specified distance) configured to
prevent minority carriers photoexcited in the substrate from reaching a depletion region of the
photodetector due to diffusion. Such a well thickness corresponding to the potential well may
be at least 1 nm thick, at least 10 nm thick, or at least 100 nm thack, in various embodiments.
Further, the potential well may include: a conduction band energy that is at least 0.01 times
the band gap of the substrate below a conduction band encigy of the band structure of the
substrate surrounding the potential well, a conduction band energy that is at least 0.05 fimes
the band gap of the substrate below a conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band encrgy that s at least 0.1 times
the band gap of the substrate below a conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band energy that is at least 0.15 times
the band gap of the substrate below a conduction band energy of the band structure of the

substrate surrounding the potential well, a conduction band encrgy that is at least 0.2 times
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the band gap of the substrate below a conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band energy that is at least .25 times
the band gap of the substrate below a conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band energy that is at least 0.5 times
the band gap of the substrate below the conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band encrgy that is at least .75 times
the band gap of the substrate below the conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band encrgy that s at least 1.0 times
the band gap of the substrate below the conduction band energy of the baod structure of the
substrate surrounding the potential well, a valence band energy that is at feast 0.01 times the
band gap of the substrate below a valence band energy of the band structure of the substrate
surrounding the potential well, a valence band energy that is at least 0.05 times the band gap
of the substrate below a valence band encrgy of the band structure of the substrate
surrounding the potential well, a valence band conergy that is at least 0.1 times the band gap of
the substrate below a valence band energy of the band structure of the substrate surrounding
the potential well, a valence band energy that 1s at least 0.15 times the band gap of the
substrate below a valence band energy of the band structure of the substrate surrounding the
potential well, a valence band energy that is at least 0.2 times the band gap of the substrate
below a valence band energy of the band strocture of the substrate surrounding the potential
well, a valence band energy that 1s at least 0.25 times the band gap of the substrate below a
valence band encrgy of the band structure of the substrate surrounding the potential well, a
valence band energy that is at least 0.5 times the band gap of the substrate below the valence
band energy of the band structure of the substrate surrovnding the potential well, a valence
band encrgy that is at least 0.75 times the band gap of the substrate below the valence band
encrgy of the band structure of the substrate surrounding the potential well, or a valence band
energy that 1s at least 1.0 times the band gap of the substrate below the valence band energy
of the band structure of the substrate surrounding the potential well.

[066156] In still other cmbodiments, the substrate may include two or more materials,
Ag such, the band structure may include a heterostructure. The heterostructure may include a
first material with a band gap larger than a photon energy associated with the light enmitted
from the light source. Further, the first material may be present within the substrate at a first
depth within the substrate fo define a maximum absorption depth for the light emitted from

the hight source.
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[86157] In some embodiments, block 1306 of the method 1300 may mchude coupling
an anti-reflective laver to a second surface of the substrate (¢.g., a surface of the substrate
opposite the top surface of the device and/or opposite a top surface of the substrate). The anti-
reflective layer may be configured to couple light passing through the substrate to an exterior
of the substrate, thereby preventing reflections within the substrate of the light emitted from
the hight source so as to reduce photoexcitation of minority carriers within the substrate. The
anti-reflective layer may inchide a graded-index anti-reflective coating, a guarter-wave
optical laver, a Bragg grating, a diffraction grating, or an mdex-matched, passive substrate.
{06158 In vet other embodiments, block 1306 of the method 1300 may include
polishing or planarizing a second surface of the substrate (¢.g.. a surface of the substrate
opposite the top surface of the device and/or opposite a top surface of the substrate), thereby
preventing reflections within the substrate of the light emitted from the light source so as to
reduce photoexcitation of minority carriers within the substrate.

{66159 In still vet other embodiments, block 1306 of the method 1300 may mclude
applying a band-reject optical filter over the top surface of the photodetector, thereby
configuring the photodetector such that light emitted from the light source trradiates the
photodetector through the band-reject optical filter. The band-rgject optical filicr may be
configured to reduce intensity of one or more wavelengths (e.g., a range of wavelengths) of
the hight emitted from the light source, so as to reduce photoexcitation of minority carriers in
the substraie based on the light emitted from the light source.

[0016G] In even further embodiments, block 1306 of the method 1300 may include
flip-chip bonding the substrate and the photodetector to one or more electrodes used to bias
the photodetector such that the photodetector is arranged to detect Light from the light source
that irradiates a sccond surface of the substrate {¢.g., a surface of the substrate opposite the
top surtace of the photodetector and/or opposite a top surface of the substrate}. Additionally
or alternatively, the substrate and the photodetector may be flip-chip bonded o one or more
ROICs such that the photodetector is arranged to detect light from the light scurce that
irradiates a second surface of the substrate (e.g., a surtace of the substrate opposite the top
surface of the photodetector and/or opposite a top surface of the substrate).

{68161} In some embodiments, the method 1300 may also include forming an
additional photodetector within or on the substrate and electrically connecting the additional
photodetector in series with the photodetector. The additional photodetector may be arranged
to detect light emitted from the light source that irradiates a top surface of the additional

photodetactor.
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{66162} Additionally, in various embodiments of the method 1300, one or more
regions of the photodetector and/or the substrate may be defined using lthography. For
example, one or more regions of the photodetector and/or the substrate may be defined using
e-beam lithographyv, photolithographv, nanoimprint lithography, mterference lithography,
chemical lithography, X-ray lithography, extreme ultraviolet lithography, dip-pen
nanoiithography, magnetolithography, or scanning probe lithography. Additionally or
alternatively, one or more regions of the photodetector and/or the substrate may be defined
asing additive mamufacturing (i.e., three-dimensional (3D} printing or stereolithography}.

Other additive or subtractive techniques could additionally or alternatively be used.

VY. Conclusion

{00163} Multiple strategies of mitigating dark current are individually herein shown
and described. It is understood that cach strategy (e.g., method, device, or system) described
herein could be combined with other strategies {¢.g., methods, devices, or systems) described
elsewhere or herein. Such combinations could be concurrently employed to further mitigate
dark cuwrrent, for example. In addition, it is understood that, in systems including multiple
devices {¢.g., multiple photodetectors, such as APDs, serially connected in a detector array,
such as a S1PM), a single device may be modified to mitigate dark current, a plurality of
devices may be modified to mitigate dark current, or all devices may be modified to mitigate
dark current.

3164} Further, many of the techniques of mitigating dark carrent in the present
disclosure are shown and described with reference io photodetectors that include p-n
junctions, It is also understood that at least some of the technigues could be applied 1o
mitigate dark current in non-p-n-junction photodetectors. Even further, some of the
techniques herein shown and descrbed could be used to mitigate time decay for light
detection in non-semiconductor photodetectors.

[30165] The present disclosure 1s not to be hmited i terms of the particular
embodiments described in this application, which are miended as illustrations of varicus
aspects. Many modifications and vartations can be made without departing from s spirit and
scope, as will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, 1n addition to those enumerated herein, will be
apparent to those skilled in the art from the foregoing descriptions. Such modifications and

variations are intended to fall within the scope of the appendad claims.
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[086166] The above detailed description describes various features and functions of the
disclosed systems, devices, and methods with reference to the accompanying figures. In the
Figures, sinular symbols typically identify similar components, unless context dictates
otherwise. The example embodiments described herein and n the Figures are not meant 1o be
Iemiting. (ther embodiments can be utilized, and other changes can be made, without
departing from the spirit or scope of the subject matier presented herein. It will be readily
understood that the aspects of the present disclosure, as generally described herein, and
tHustrated 1n the Figures, can be arranged, substituted, combmed, separated, and designed in a
wide variety of different configurations, all of which are explicitly contemplated herein.
{00167} The particular arrangements shown in the Figures should not be viewed as
bmiting. It should be understood that other embodiments can include more or less of each
element shown in a given Figure. Further, some of the illustrated clements can be combined
or omitted. Yet further, an example embodiment can inchide elements that are not tlustrated
m the Figures.
{66168} While various aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration and are not intended to be
bmiting, with the true scope bemng indicated by the tollowing claims.
[060169] Embodiments of the present disclosure may thus relate to one of the
enumerated example embodiments (EEEg) histed below.
[60170] EEE 1 1s a device comprising:
a substrate; and
a photodetecior coupled to the subsitrate,
wherein the photodetector is arranged to detect hight emitted from a hight
source that trradiates a top surface of the device,
wherein the substrate comprises surface defects on a second surface of the
substrate, and
wherein the surface defects allow for recombination of electrons and holes so
as to nutigate dark current arising from munority carriers photoexcited in the substrate
based on the light emitted from the light source.
{06171 EEE 2 1g the device of EEE 1, wherein at least one of the surface defects
comprises a topological defect, a defect where a translation symmetry of the second surface s
broken, an adsorbate, an interface with ancother material, an inconsistent grain boundary, a

stacking fault, an antiphase boundary, or a dangling bond.
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[66172] EEE 3 1s the device of EEEs 1 or 2, further comprnising an additional
photodetector coupled to the substrate,
wherein the additional photodetector is arranged to detect hight emitted from
the hight source that wradiates the top surface of the device and is electrically
connected in series with the photodetector.
{0173] EEE 4 is a device comprising:
a substrate; and
a photodetector coupled to the substrate,
wherein the photodetector is arranged to detect hight emitted from a hght
source that irradiates a top surface of the device, and
wherein the substrate comprises crystaliographic defects that allow for
recombination of electrons and holes 50 as to mitigate dark current arising from
minority carricrs photoexcited in the substrate based on the light emitted from the
light source.
[06174] EEE 3 1s the device of EEE 4, further comprising an additional photodetector
coupled to the sabstrate,
wherein the additional photodetector is arranged to detect hight emitted from
the hight source that wradiates the top surface of the device and is electrically
connected in series with the photodetector.
[60175] EEE 6 is the device of EEEs 4 or 5, wherein the crystallographic defects
comprise vacancy defects, interstitial defects, Frenkel defects, antisite defects, substitutional
defects, or topological defects.
{06176} EEE 715 a device comprsing:
a substrate; and
a photodetector coupled to the substrate,
wherein the photodetector is arranged to detect Hight emitted from a light
source that irradiates a top surface of the device, and
wherein a depth of the substrate is at most 100 times a ditfusion length of a
nunorty carrier within the substrate so as to mitigate dark current arising from
nunority carriers photoexcited in the substrate based on the light emitted from the
light source.
{06177} EEE 8 13 the device of EEE 7, further comprising an additional photodetecior

coupled to the substrate,
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wherein the additional photodetector is arranged to detect hight emitted from
the light source that irradiates the top surface of the device and i3 electrically

connected in series with the photodetector,

[6178] EEE 9 13 the device of EEEs 7 or §, wherein the depth of the substrate is at
most 10 times the diffusion length of the minority carrier within the substrate, at most 1 times

the diffusion length of the minority carrier within the substraie, at most .1 times the
diffusion length of the minority carrier within the substrate, or at most .01 times the
diffusion length of the minority carrier within the substrate.
186179 EEE 10 is the device of any of EEEs 7-9, wherein the depth of the substrate is
at most 1000 times an optical absorption length of the substrate, at most 100 times the optical
absorption length of the substrate, at most 10 times the optical absorption length of the
substrate, at most the optical absorption length of the substrate, at most 0.1 times the optical
absorption length of the substrate, at most 0.61 times the optical absorption length of the
substrate, or at most 10-3 times the optical absorption length of the substrate.
{06188 EEE 11 15 the device of any of EEEs 7-10, wherem the depth of the substrate
defines a maximum absorption depth for the light emitted from the light source.
{00181} EEE 12 1s a device comprising:
a substrate; and
a photodetector coupled to the substrate,
wherein the photodetector is arranged to detect fight emitted from a light
source that trradiates a top surface of the device,
wherein the device has a band structure based on a matenal composition of the
substrate and the photodetector, and
wherein the band structure is configured to mitigate dark current arising from
minority carriers photoexcited in the substrate based on the light emitted from the
light source.
[60182] EEE 13 is the device of EEE 12, further comprising an additional
photodetector coupled to the substrate,
wherein the additional photodetector 1s arranged to detect light emitted from
the hight source that rradiates a top surface of the device and is electrically connected
in series with the photodetector, and
wherein the band structure 18 based on a material composition of the additional
photodetector.

[06183] EEE 14 is the device of EEEs 12 or 13,
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wherein the band structure induces an electric field that extends beyond a
depletion region of the photodetector based on a curvature of a conduction band or a
valenee band of the band structure bevond the depletion region of the photodetector,
and
wherein the electric field 15 configured to induce a drift corrent that accelerates
mincrity carriers toward the depletion region of the photodetector when minority
carriers are photoexcited i the substrate based on the light emitted from the light
SOUrce.
[6G184] EEE 15 is the device of any of EEFs 12-14,
wherein the band structure compriscs a potential barrier, and
wherein the potential barmer is configured to prevent minority camiers
photoexcited 1n the substrate from reaching a depletion region of the photodetector
due to diffusion.
{00185] EEE 16 is the dovice of EEE 15, whercm a barrier thickness corresponding
with the potential barner is at least 1 nm thick, at least 10 nm thick, or at least 100 nm thack.
{66186} EEE 17 15 the device of EEEs 15 or 16,
wherein the substrate comprises a band gap,
wherein the potential barner comprises a conduction band energy that is at
least 0.01 times the band gap of the substrate above a conduaction band energy of the
band structure of the substrate surrounding the potential barrier, a conduction band
encrgy that i1s at least 0.05 times the band gap of the substrate above a conduction
band encrgy of the band structure of the substrate surrounding the potential barrier, a
conduction band energy that is at least 0.1 times the band gap of the substrate above a
conduction band encrgy of the band structure of the substrate surrounding the
potential barrier, a conduction band energy that is at least §.15 times the band gap of
the substrate above a conduction band energy of the band structure of the substrate
sarrounding the potential barrier, a conduction band energy that is at least .2 timesg
the band gap of the substrate above a conduction band energy of the band structure of
the substrate surrounding the potential barrier, a conduction band energy that is at
least 0.25 times the band gap of the substrate above a conduction band encrgy of the
band structure of the substrate surrounding the potential bamer, a conduction band
energy that is at least 0.5 times the band gap of the substrate above the conduction
band energy of the band structure of the substrate surrounding the potential barrier, a

conduction band energy that is at least 0.75 tumes the band gap of the substrate above
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the conduction band energy of the band structure of the substrate surrounding the
potential barrier, a conduction band energy that is at least 1.0 timeg the band gap of
the substrate above the conduction band energy of the band structure of the substrate
surrounding the potential barrier, a valence band energy that 1s at least 0.01 times the
band gap of the substrate above a valence band energy of the band structure of the
substrate surrounding the potential barrier, a valence band energy that is at least 0.05
times the band gap of the substrate above a valence band encrgy of the band structure
of the substrate surrounding the potential barrier, a valence band energy that 1s at least
0.1 times the band gap of the substrate above a valence band energy of the band
structure of the substrate surrounding the potential barrier, a valence band energy that
1s at least 0,15 times the band gap of the substrate above a valence band energy of the
band structure of the substrate surrounding the potential barrier, a valence band
encrgy that s at least 0.2 times the band gap of the substrate above a valence band
energy of the band structure of the substrate surrounding the potential barrier, a
valence band enecrgy that is at least 0.25 times the band gap of the substrate above a
valence band energy of the band structure of the substrate surrounding the potential
barrier, a valence band energy that is at least 0.5 times the band gap of the substrate
above the valence band encrgy of the band structure of the substrate surroundmg the
potential barrier, a valence band energy that is at least 0.75 times the band gap of the
substrate above the valence band energy of the band structure of the substrate
surrounding the potential barrier, or a valence band energy that is at least 1.0 times the
band gap of the substrate above the valence band energy of the band structure of the
substrate surrounding the potential barrier.
[BG187] EEE 18 is the device of anv of EEEs 12-17,
wherein the band structure comprises a potential well, and
wherein the potential well 1s configured to prevent minority carriers
photoexcited in the substrate from reaching a depletion region of the photodetector
due to ditfusion.
{00188} EEE 19 1s the device of EEE 18, wherein a well thickness corresponding to the
potential well 1 at least 1 wm thick, at least 10 nm thick, or at least 100 nm thick.
[BG189] EEE 20 is the device of EEEg 18 or 19,
wherein the substrate comprises a band gap,
wherein the potential well comprises a conduction band encrgy that is at least

0.01 times the band gap of the substrate below a conduction band ¢nergy of the band
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structure of the substrate surrounding the potential well, a conduction band energy
that is at least 0.05 times the band gap of the substrate below a conduction band
energy of the band structure of the substrate surrounding the potential well, a
conduction band energy that is at least 0.1 times the band gap of the substrate below a
conduction band energy of the band structure of the substrate surrounding the
potential well, a conduction band energy that is at least 0.15 tunes the band gap of the
substrate below a conduction band energy of the band structure of the subsirate
surrounding the potential well, a conduction band energy that s at least 0.2 times the
band gap of the substrate below a conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band cnergy that 1s at feast 0.25
times the band gap of the substrate below a conduction band energy of the band
structure of the substrate swrrounding the potential well) a conduction band encrgy
that is at least 0.5 times the band gap of the substrate below the conduction band
energy of the band structure of the substrate surrounding the potential well, a
conduction band encrgy that 1s at east 0.75 times the band gap of the substrate below
the conduction band energy of the band structure of the substrate surrounding the
potential well, a conduction band encrgy that 15 at least 1.0 times the band gap of the
substrate below the conduction band energy of the band structure of the substrate
surrounding the potential well, a valence band energy that is at least 0.01 times the
band gap of the substrate below a valence band energy of the band structure of the
substrate surrounding the potential well, a valence band energy that is at least 0.05
times the band gap of the substrate below a valence band encrgy of the band structure
of the substrate surrounding the potential well, a valence band eoergy that 1s at least
0.1 times the band gap of the substrate below a valence band energv of the band
structure of the subsirate surrounding the potential well, a valence band energy that is
at least 0.15 times the band gap of the substrate below a valence band energy of the
band structure of the substrate surrounding the potential well, a valence band energy
that 15 at least 0.2 times the band gap of the substrate below a valence band energy of
the band structure of the substrate surrounding the potential well, a valence band
energy that 1s at least 0.25 times the band gap of the substrate below a valence band
energy of the band structure of the substrate surrounding the potential well, a valence
band energy that 13 at least 0.5 times the band gap of the substrate below the valence
band energy of the band structure of the substrate surrounding the potential well, a

valence band energy that is at least 0.75 times the band gap of the substrate below the
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valence band energy of the band structure of the substrate surrounding the potential
well, or a valence band energy that is at least 1.0 times the band gap of the substrate
below the valence band energy of the band structure of the substrate surrounding the
potential well.
33150 EEE 21 1 the device of any of EEEs 12-20,
wherein the substrate comprises two or more materials,
wherein the band structure comprises a heterostructure,
wherein the heterostructure comprises a first material with a band gap larger
than a photon energy associated with the light emitted from the light source, and
wherein the first material is present within the substrate at a first depth within
the substrate to define a maximum absorption depth for the light emitied from the
light source.
{00191} EEE 22 is a device comprising:
a substrate; and
a photodetector coupled to the substrate,
wherein the photodetector is arranged to detect hight emitted from a hght
source that irradiates a top surface of the device; and
an anti-reflective laver coupled to a second surface of the substrate,
wherein the anti-reflective layer is configured to couple light passing through
the substrate to an extorior of the device, thereby preventing reflections within the
substrate of the light emitted from the light source so as to reduce minority carrier
photoexcitation in the substrate based on the Light emitted from the light source, so as
to mitigate dark current arising from minority carriers photoexctted in the substrate
based on the light emitted from the light source.
301921 EEE 23 18 the device of EEE 22, further comprising an additional
photodetector coupled to the substrate,
wherein the additional photodetector is arranged to detect ight emitted from
the light source that irradiates the top surface of the device and is clectrically
connected 1n series with the photodetector.
[66193] EEE 24 15 the device of EEEs 22 or 23, wherein the anti-reflective laver
comprises a graded-index anti-reflective coating, a quarter-wave optical layer, a Bragg
grating, a diffraction grating, or an index-matched, passive substrate.
[B0194] EEE 25 15 a device comprising:

a substrate; and
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a photodetector coupled to the substrate,
wherein the photodetector is arranged to detect hight emitted from a hght
source that irradiates a top surface of the device,
wherein a second surface of the substrate 1s polished or planarized, thereby
preventing reflections within the substrate of the light emitted from the light source so
as to reduce minority carrier photoexcitation in the substrate based on the light
emitted from the light source, thereby mitigating dark current arising from minortty
carriers photoexcited in the substrate based on the light emitted from the light source.
{86195} EEE 26 is the device of EEE 25, further comprnising an additional
photodctector coupled to the substrate,
wherein the additional photodetector coupled to the substrate is arranged to
detect light enitted from the light source that irradiates the top surface of the device
and is electrically connected in series with the photodetector.
[00196] EEE 27 is a device comprising:
a substrate;
a photodetector coupled to the substrate; and
a band-reject optical filier,
wherein the photodetector 1s arranged to detect Hight emitted from a light
source that trradiates a top surface of the device,
wherein light from the light source that irradiates the top surface of the device
1s transmitted through the band-reject optical filter, and
wherein the band-reject optical filter is configared to reduce intensity of one or
more wavelengths of the hight emitted from the Hght source, so as to reduce minority
carrier photoexcitation in the substrate based on the hight emitted from the hight
source, thereby mitigating dark current ansing from minority carriers photoexcited in
the substrate based on the light emitted from the light source.
[066197] EEE 28 is the device of EEE 27, further comprising an additional
photodetector coupled to the substrate,
wherein the additional photodetector coupled to the substrate is arranged to
detect light emitted from the light source that irradiates the top surface of the devics
and is elecirically connected in series with the photodetector.
[30198] EEE 29 15 a device compnising:
a substrate;

a photodetector coupled to the substrate; and
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a non-linear optical absorber,
wherein the photodetector is arranged to detect hight emitted from a hght
source that irradiates a top surface of the device,
wherein light from the light source that irradiates the top surface of the device
is transmitted through the non-linear optical absorber, and
wherein the non-linear optical absorber is configured to reduce intensity of
one or more wavelengths of the light emitted from the light source that are at or above
a threshold power level, 30 as to reduce minority carrier photoexeitation in the
substrate based on the hight emitted from the light source, thereby mitigating dark
current arising from minority carricrs photoexcited in the substrate based on the hight
emitied from the ight source.
[60199] EEE 30 1s the device of EEE 29, further comprising an additional
photodetector coupled to the substrate,
wherein the additional photodetector coupled to the substrate is arranged to
detect light emitted from the light source that irradiates the top surface of the device
and is electrically connected in series with the photodetector.
{00206 EEE 31 is a method comprising:
providing a device comprising:
a substrate; and
a photodetector coupled to the substrate,
wherein the photodctector is arranged to detect light emitted from a
light source that trradiates a top surface of the deviee;
providing hight from the light source; and
mitigating dark current arising from mivonty carriers photoexcited in the
substrate based on the light emitted from the hght source.
60201 ] EEE 32 1s the method of EEE 31, wherein mitigating the dark current
comprises providing light from the light source such that the Hght from the light source
rrradiates a botton surface of the device.
[86262] EEE 33 15 the method of EEEs 31 or 32, wherein mitigating the dark current
comprises modifying an operating temperature of the device.
{68263} EEE 34 is the method of any of EEEs 31-33, whercin mitigating the dark
current comprises modulating a wavelength of the light emitted from the hight source.
[B0204] EEE 35 15 the method of any of EEEs 31-34, whercin mitigating the dark

current comprises modulating a power of the fight emitted from the light source.



WO 2019/147789 PCT/US2019/014927

[86285] EEE 36 1s the method of any of EEEs 31-35, wheremn mitigating the dark
current comprises modulating a pulse frequency or duty eycle of the light emitted from the
light source.
{02061 EEE 37 18 a method of manufacture comprising:
providing a substrate;
forming a photodetector within or on the substrate, wherein the photodetector
18 arranged to detect light enutied from a light source that irradiates a top surface of
the photodetector; and
performing a processing step that mitigates dark current arising from minority
carriers photoexcited in the substrate based on the light emitted from the light source.
602671 EEE 38 1s the method of EEE 37, wherem performing the processing step that
mitigates dark current comprises thinning the substrate by removing a portion of the
substrate, thereby reducing a depth of the substrate to kess than or equal to 100 times a
diffusion fength of a minority carrier within the substrate.
180208} EEE 39 is the method of EEEs 37 or 38, wherein performing the processing
step that mitigates dark current comprises producing crystaliographic defects within the
substrate that allow for recombination of electrons and holes.
[0209] EEE 40 is the method of any of EEEs 37-39, wherein performing the
processing step that mitigates dark current comprises defining a band structure based on a
material composition of the substrate and the photodetector.
{60210} EEE 41 1s the method of EEE 40,
wherein the band structure induces an electric field that extends beyond a
depletion region of the photodetector based on a curvature of a conduction band or a
valenee band of the band structure bevond the depletion region of the photodetector,
and
wherein the electric field 15 configured to induce a drift corrent that accelerates
mincrity carriers toward the depletion region of the photodetector when minority
carricrs are photoexcited 1 the substrate based on the light emitted from the light
SOUrce.
{66211} EEFE 42 15 the method of EEEs 40 or 41,
wherein the band structure comprises a potential baraer, and
wherein the potential barmer is configured to prevent minority camiers
photoexcited 1n the substrate from reaching a depletion region of the photodetector

due to diffusion.
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[86212] EEE 43 15 the method of EEE 42 whergin a barrier thickness corresponding to

the potential barrier is at least T nim thick, at least 10 am thick, or at least 100 nm thick.

[B0213] EEE 44 is the method of EEEs 42 or 43,

wherein the substrate comprises a band gap,
wherein the potential barner comprises a conduction band energy that s at

least .01 times the band gap of the substrate above a conduction band engrgy of the
band structure of the substrate surrounding the potential barmier, a conduction band
energy that s at least 0.05 times the band gap of the substrate above a conduction
band energy of the band structure of the substrate surrounding the potential barrier, a
conduction band encrgy that is at least 0.1 times the band gap of the substrate above a
conduction band energy of the band structure of the substrate surrounding the
potential barrier, a conduction band energy that s at least 0.15 times the band gap of
the substrate above a conduction band energy of the band straucture of the substrate
surrounding the potential barrier, a conduction band encrgy that 1s at least 0.2 times
the band gap of the substrate above a conduction band energy of the band structure of
the substrate surrcunding the potential barrier, a conduction band energy that is at
least .25 times the band gap of the substrate above a conduction band encrgy of the
band structure of the substrate surrounding the potential barrier, a conduction band
encrgy that is at least 0.5 times the band gap of the substrate above the conduction
band energy of the band structure of the substrate surrounding the potential barrier, a
conduction band encrgy that is at least 0.75 times the band gap of the substrate above
the conduction band energy of the band structure of the substrate surrounding the
potential barrier, a conduction band energy that is at feast 1.0 timeg the band gap of
the substrate above the conduction band energy of the band structure of the substrate
surrounding the potential barrer, a valence band energy that is at least 0.01 times the
band gap of the substrate above a valence band energy of the band structure of the
substrate surrounding the potential barrier, a valence band energy that is at least 0.05
times the band gap of the substrate above a valence band encrgy of the band structure
of the substrate surrounding the potential barner, a valence band energy that 1s at least
0.1 times the band gap of the sabstrate above a valence band energy of the band
structure of the substrate surrounding the potential barrier, a valence band energy that
1s at least 0,15 times the band gap of the substrate above a valence band energy of the
band structure of the substrate surrounding the potential barrier, a valence band

encrgy that s at least 0.2 times the band gap of the substrate above a valence band
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energy of the band structure of the substrate surrounding the potential barrier, a
valence band energy that is at least 0.25 times the band gap of the substrate above a
valence band energy of the band structure of the substrate surrounding the potential
barrier, a valence band energy that is at least 0.5 times the band gap of the substrate
above the valence band energy of the band structure of the substrate surrounding the
potential barrier, a valence band encrgy that is at keast 0,75 times the band gap of the
substrate above the valence band energy of the band structure of the substrate
surrounding the potential barrier, or a valence band energy that 1s at least 1.0 times the
band gap of the substrate above the valence band energy of the band structure of the
substrate surrounding the potential barrier.
06214 EEE 45 is the method of any of EEEs 40-44,
wherein the band structure comprises a potential well, and
wherein the potential well is configured to prevent minority carriers
photoexcited in the substrate from reaching a depletion region of the photodetector
due to diffusion.
{66215} EEE 46 15 the method of EEE 45, whergin a well thickness corresponding to
the potential well is at least 1 nm thick, at least 10 nm thick, or at least 100 nm thick.
{00215} EEE 47 1s the method of EEEs 45 or 46,
wherein the substrate comprises a band gap,
wherein the potential well comprises a conduction band ¢nergy that is at least
0.01 times the band gap of the substrate below a conduction band encrgy of the band
structure of the substrate surrounding the potential well, a conduction band energy
that is at least 0.05 times the band gap of the substrate below a conduction band
energy of the band structure of the substrate surrounding the potential well, a
conduction band energy that is at least 0.1 times the band gap of the substrate below a
conduction band energy of the band structure of the substrate surrounding the
potential well, a conduction band energy that is at least 0.15 tunes the band gap of the
substrate below a conduction band energy of the band structure of the substrate
surrounding the potential well, a conduction band energy that s at least 0.2 times the
band gap of the substrate below a conduction band energy of the band structure of the
substrate surrounding the potential well, a conduction band energy that is at feast .25
times the band gap of the substrate below a conduction band energy of the band
structure of the substrate swrrounding the potential well, a conduction band encrgy

that is at least .5 times the band gap of the substrate below the conduction band
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energy of the band structure of the substrate surrounding the potential well, a
conduction band encrey that is at least 0.75 times the band gap of the substrate below
the conduction band encrgy of the band structure of the substrate surrounding the
potential well, a conduction band energy that is at least 1.0 times the band gap of the
substrate below the conduction band energy of the band structure of the substrate
sarrounding the potential well, a valence band energy that is at least .01 times the
band gap of the substrate below a valence band energy of the band structure of the
substrate surrounding the potential well, a valence band energy that 1s at least 0.05
times the band gap of the substrate below a valence band energy of the band structure
of the substrate surrounding the potential well, a valence band energy that is at least
0.1 times the band gap of the substrate below a valence band energy of the band
structure of the substrate swrrounding the potential well, a valence band energy that is
at least 0.15 times the band gap of the substrate below a valence band energy of the
band structure of the substrate surrounding the potential well, a valence band encrgy
that is at least 0.2 times the band gap of the substrate below a valence band energy of
the band structure of the substrate surrounding the potential well, a valence band
energy that is at least 0.25 tunes the band gap of the substrate below a valence band
energy of the band structure of the substrate surrounding the potential well, a valence
band energy that 13 at least 0.5 times the band gap of the substrate below the valence
band energy of the band structure of the substrate surrounding the potential well, a
valence band energy that is at least 0.75 times the band gap of the substrate below the
valence band energy of the band structure of the substrate surrounding the potential
well, or a valence band energy that is at least 1.0 times the band gap of the substrate
below the valence band energy of the band structure of the substrate surrounding the
potential well.
j63217} EEE 48 s the method of any of EEEs 40-47,

wherein the substrate comprises two or more materials,

wherein the band structure comprises a heterostructure,

wherein the heterostructure comprises a first matenial with a band gap larger
than a photon encrgy associated with the light emitted from the hight source, and

wherein the first material is present within the substrate at a first depth within
the substrate to define a maximum absorption depth for the light emitied from the

light source.
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[66218] EEE 49 is the method of any of EEEs 37-48, wherein performing the
processing step that mitigates dark current comprises coupling an anti-reflective lavertc a
second surface of the substrate, and
wherein the anti-reflective layer 1s configured to couple light passing through
the substrate to an exterior of the substrate, thereby preventing reflections within the
substrate of the Hight emitted from the light scurce so as to reduce photoexcitation of
minority carricrs within the substrate.
[66219] EEE 50 1s the method of EEE 49, whergin the anti-reflective layer comprises a
graded-index anti-reflective coating, a quarter-wave optical layer, a Bragg grating, a
diffraction grating, or an index-matched, passive substrate.
602201 EEE 51 1s the method of any of EEEs 37-30, wherein performung the
processing step that mitigates dark current comprises polishing or planarizing a second
surface of the substrate, thereby preventing reflections within the substrate of the hight
emitted from the light source so as to reduce photoexcitation of minority carriers within the
substrate.
{66221} EEE 52 15 the method of any of EEEs 37-51, wherein performing the
processing step that mitigates dark current comprises applving a band-reject optical filter over
the top surface of the photodetecior, thereby configuring the photodetector such that hight
emitted from the hight source irradiates the photodetector through the band-reject optical
filter, and
wherein the band-reject optical filter 1s configured to reduce intensity of one or
more wavelengths of the hight emitted from the light source, so as to reduce
photoexcitation of minority carriers in the substrate based on the Hght emitied from
the light source.
32221 EEE 53 is the method of any of EEEs 37-52, further comprising flip-chip
bonding the substrate and the photodetector to one or more electrodes used to bias the
photodetector such that the photodetector i1s arranged to detect light from the hight source that
wrradiates a second surface of the substrate.
[06223] EEE 54 is the method of any of EEEs 37-33, further comprising:
forming an additional photodetector within or on the substrate, wherein the
additzonal photodetector is arranged to detect hight emitted from the light source that
irradhates a top surface of the additional photodetector; and
clectrically connecting the additional photodetector i series with the

photodetector,
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{66224} EEE 35 15 the method of any of EEEs 37-34, wherein one or more regions of

the photodetoctor or the substrate are defined using lithography.

5%



MCSLLP

CLAIMS

1. A device comprising:

a substrate; and

a photodetector coupled to the substrate,

wherein the substrate has a depth in a depth direction,

wherein the photodetector is arranged to detect light emitted from a light source that
irradiates a top surface of the device,

wherein the depth of the substrate is at most 1 times a diffusion length of a minority
carrier within the substrate so as to mitigate dark current arising from minority carriers
photoexcited in the substrate based on the light emitted from the light source; and

an additional photodetector coupled to the substrate,

wherein the additional photodetector is arranged to detect light emitted from the light
source that irradiates the top surface of the device and is electrically connected in series with

the photodetector.

2. The device of claim 1, wherein the depth of the substrate is at most 0.1 times the

diffusion length of the minority carrier within the substrate.

3. The device of claim 1, wherein the depth of the substrate is at most an optical

absorption length of the substrate.

4. The device of claim 1, wherein the depth of the substrate defines a maximum

absorption depth for the light emitted from the light source.

5. A device comprising:

a substrate; and

a photodetector coupled to the substrate,

wherein the substrate has a depth in a depth direction,

wherein the photodetector is arranged to detect light emitted from a light source that
irradiates a top surface of the device, and

wherein the depth of the substrate is at most 1 times a diffusion length of a minority
carrier within the substrate so as to mitigate dark current arising from minority carriers

photoexcited in the substrate based on the light emitted from the light source.
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6. The device of claim 5, further comprising an additional photodetector coupled to the
substrate,

wherein the additional photodetector is arranged to detect light emitted from the light
source that irradiates the top surface of the device and is electrically connected in series with

the photodetector.

7. The device of claim 5, wherein the depth of the substrate is at most 0.1 times the

diffusion length of the minority carrier within the substrate.

8. The device of claim 5, wherein the depth of the substrate is at most an optical

absorption length of the substrate.

0. The device of claim 5, wherein the depth of the substrate defines a maximum

absorption depth for the light emitted from the light source.
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