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PHOTODIODE ARRAY STRUCTURE
FOR CROSS TALK SUPPRESSION

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
{0001} This invention was made with Government support under Contract
Neo, FARTZ1-056-0-0002, awarded by the U8, Air Force. The Government has

eertain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS
{0003] This application claims the benefit of US. Provisional Application
Ne. 62/340,024, filed May 23, 2018, the entivety of whieh is hereby incorporated

by reference,

BACKGROUND
{0003} This invention velates generally to electronic photodiodes, and more
particularly relates to avalanche photodiodes.
{0004} An electronie avalanche pheotodiode (APD) 18 a variation of &
semiconducting p-n unction photodiode, An APD i operated under reverse bias
conditions that enable the absorption of an incident photon at the APD t»
produce secondary charges by impact tondzation, lending the term “avalanche”
One avalanche photodiode diode arvangement, known as Geiger-mode avalanche
photodiode (GmAPD) operation, emplovs an avalanche photodiode that is
strongly biased bevond the breakdown voltage chavacteristic of the photodiede to
operate in o metastable state. Under this condition, the absorption by the
photodicde of even a single photon can cause an avalanche event that gives rise
to a detectable electrical current because the avalanche event can produce a
voltage signal swing that is sufficient for divectly deiving CMOS digital logie
GmAPD operation can therefare achieve single-photon detection accuracy with
sub-nanosecond time resolution. Imagers based on foeal plane arvays (FPAs) of
Gergee-mode avalanche photodiodes have demonstrated revolutionary laser radar

and optical communication capabilities.

{0D0A] These capabilities are enabled in part by the ability to employ

CMOS digital logic in an avalanche photodiode imaging svstem. For example, ¢
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FPA of GmAFDs can be bonded divectly o CMOS readout integrated eircuits

{ROICs) that can be fabricated separately from the FPA. The use of an all-digital
veadout reduces power, and makes the APD technology more easily scalable fo
large array sizes than competing technologies emploving, e.g., linear-mode APDs
or photomultiplier tubes. A large-arvay GmAPD in which the photodicdes are
relatively densely packed can be emploved with CMOS ROIC technology to
address a wide range of applications, e.g., In terrain mapping, airborne object
identification, and communieation in high-loss envivonments such as deep space

and under water.

{0008] Omne limitation of a densely packed Geiger-mode APD arvay is optical
cross talk between photodiodes in the arvay. When operated 1n or near Gerger-

maode, an avalanching photodiode genervates many highly energetic electronfhole
charge carrier pairvs. Some of these charge carriers lose energy by enyitting,
within the photodiode itself, a spectruum of photons of varicus wavelengths, some
of which can be absorbed and detected at other photodiodes in the photodiode
array. Such detection of photons that are secondary, e, produced at and coming
from a photodiede in the photediode array rather than from a souree external to
the array, cause false detection events across the photodiode arvay, Cross talk s
the terny used herein to describe this process of false detection across an APD

areay due to secondary photon emission and absorption,

{0007] Cross talk can at a minimum result in blwrring of edges in images
produced by a photodiode arvay, or even cause blinding” of the entive photodiode
array so that no image can be produced. Farther, as the sites of photodiodes in
an arvay are moved morve closelv fogether, the degree and intensity of cross talk
ineregses; low-pitch, high-density photodiode grrays are thevefore significantly
impacted by cross talk, As a result, as APD arvay size, arvay density, and array
performance requiraments grow, cross falk becomes increasingly Imiting factor

for achieving the most important applications for APD technology.
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SUMMARY
{0008} To achiove suppression of cross talk caused by avalanche
photodiades, there is provided herein an avalanche photodinde arvay that
includes a plurality of avalanche photodiodes. Bach of the avalanche photodiodes
in the array includes a stack of setive photodiode materials including a first
electrical contact laver, a second electrical contact laver, and an absorber
material layer and an avalanche material Iaver each disposed between the first
glectrical contact laver and the second electrical contact laver. Bach avalanche
photodiode includes an optical mterface surface to the avalanche photodiode. The
aptical interface surface consists of an exposed surface of the first electrical
contact laver and is arranged for incident external radiation to directly enter the
first electrical contaet laver. Each avalanche photodiode stack of aetive
photodinde materials s laterally isolated from the other avalanche photedindes in

the photodiode array,

{0009 The elimination of cross talk in the avalanche photodiode areay
enables significantly enhanced imager performance through increased detection
efficiency, particularly because the avalanche photodiode array can he operated
at an increased over bias condition without overwhehuing the arvay with cross
talk, and allows for increased sharpness in definition of features in 31 laser
adar images. Furthermore, avalanche photodiodes in the arvay can be spaced
guite closely without increasing cross talk., A wide range of advanced
apphications for single photon detection ave thereby enabled by the avalanche
photodiode array. Other features and advantages will be apparent from the
following deseription and accompanying figures, and from the clatms.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Figure 1 is a schematic gross sectional view of three neighboring
avalanche photoediodes in an array of photoediodes;
{0011} Figure 24 is a schematic cross sectional view of the three

netghboring avalanche photodiodes of Figure 1 and including a material region
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adjacent to the photodiodes that blocks optical eross talk between neighbering

photodindes;

0012} Figure 2B 13 a schematic perspective view of an array of avalanche
photodiodes including the three neighboring photodiodes of Figure 1
{0018} Figure 2C s a schematic cross seetional view of the three

neighbonng avalanche photodiodes of Figure 1 and an avalanching photodiode,
with a material region blocking optical cross talk from the avalanching

photodiode;

{0014} Figure 3 1y a schematic cross sectional view of the three neighboring
avalanche photodiades of Figure 1 shown mated with a microlens arrvay for

focusing external radiation to the photodindes;

{0015] Figure 4 i a schematic cross sectional view of the three neighboring
avalanche photodiades of Figure 1 shown electrically bondead to an mtegrated

cirewdt chip;

j0016] Figure 5 is & schematic cross sectional view of an InF-based
avalanche photodiode for IR photen detection and inchading a Galnds material

vegion for blocking optical cross talk from the photediode:

[0017] Figure b is a schematic cross sectionad view of an avalanche
photodiode including individual anode and cathode electrical connections to the
photodiode;

{0018} Figure 7 18 a schematic cross sectional view of the three neighboring
avalanche photodiodes of Figure 1 including a passivation laver and underfill

between the photodiodes and an Integrated civeuit chipy

{0018} Figure § is a schematic cross sectional view of the three neighboring
avalanche photodiodes of Figure 1 including a passivation laver and underfill

with a eross talk blocking byver intermediate to the passivation laver and
underfil], betweon the photodiodes and an infegrated cireuit chip;
[0020] Figure 918 a schematic cross sectional view of the three neighboring

avalanche photodiodes of Figure 1 including a passivation laver and underfill
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hetween the photodiodes and an integrated circuit chip, with an aperture in the

passivation laver for blocking optical cross talk through the passivation layer;

[ob21} Figuve 10 1% a schematic cross sectional view of the three
neighboring avalanche photodiodes of Figure 1 including a passivation layer and
underfill between the photodicdes and an integrated civewat chip, with an
aperture in the passivation laver for blocking optical cross talk through the
passivation laver and a cross talk blocking laver intermediate to the passivation
layer and underfill, between the photodiodes and an integrated clrewit chip;
{0022} Figures 11A-111 are schematic cross-sectional side views of
neighboring avalanche photodiodes in an arvay of photediodes as the photodiodes

are fabricated in a fivst example fabrication process;

{0023} Figures 12A-12E are schematic cross-sectional side views of
neighboring avalanche photodiodes in an arvay of photediodes as the photodiodes

are fabricated in & second example fabrication process: and

[0024] Figure 13 1s a plot of the average measured counts of cross talk as a
function of applied over bias measured for an experimental Gelger-mode

avalanche photodiade array.

DETALLED DESCRIPTION
{00251 Referring to Fig. 1, there is schematically shown in cross-sectional
gitde view three avalanche photodiodes i an arvay 10 of avalanche photodiodes.
Three neighboring photodiodes 12, 14, 18, of the array of photodiodes are shown
in Fig. 1. Each photodiode is a laterally isolated structure that includes g stack
of active photodiode materials, The stack of active photodiode materials includes
at least an absorber laver 18 that can absord incoming vadiatien and an
avalanche, or multiplier, layer 20, that produces electrical charge in response to
the absorption of incoming radiation 22 into the absorber lnver 18 the of
photodiode. The absorber laver 18 and multiplier layver 20 are disposed hetween
a first electrical contact laver 18 and a second electoical contact layer 17 to

electrically bias the photodiode materials for avalanche photodiode operation.
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{0026] Each photodiode includes an optical interface surface 21 and an

output signal surface 23, The optical interface surface 31 iz areanged to allow
incident external radiation 22 to enter the isolated photediode structure. In one
einbodiment, as shown, the mptif:a {interface surface 21 s an exposed surface of
the first electvical cantact laver 13, The cutput signal surface 339 s arvanged,

e.g., with the second electrically contact laver 17, to deliver an output signsl, e.g.,
an alectrical curvent signal, 1, that is indicative of the external radiation absorbed

into that physically isolated photodiode structura.

00271 Referring to Figures 24 and 28, there ave shown cross-sectional and
perspective vigws, respectively, the three physically isolated avalanche
photodicdes 12, 14, 16 from Fig. 1 in the avalanche photodiode arvay 10, In one
embodiment, a relatively thin vegion of material 24 is disposed at the vertical
side of the photodiode array at which the optical interface surface 31 of the

¥

photodiodes exigts. The region of material 24 18 laterally adjacent to the optical
interface surface of the photodiodes in the direction of incoming radiation and in
one emboediment, as shown, laterally overlaps the edge of each photodiode by an

overlap extent 27, This lateral overlap is not required for all embodiments.

j0028] The optical interface surface ¥1 of each photodiode is thereby
expozed and not covered by a region of material 24, As shown in Fig, 28, in one
embodiment, the material region 24 includes an aveay of apertures with locations
correspongding to the areay of photodiodes, so that incoming radiation can reach
the photodiodes. Accordingly, the region of material 24 adjacent to the
photodiodes does not hinder input radiation from reaching each photodiode, e.g,

through an exposed surface of the first contact layer.

j0029] As ghown in Fig. 28, no stack of active photodiode material exists
laterally between each of the photodiodes. No substrate region exists between

photoedindes and any substrate material that was present between the
photodiodes, e.g., during microfabrication, has been removed. Kach photodiode,
g, 12, 14, 18, 18 therefore laterally isolated, through the thickness of the stack

of aetive photodiode materials of each photodiode, from all other photodiodes in
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the array. In other words, the material that forms sach photodicde is not present
laterally between the photediodes through the thickness of the stack of aetive

photodicde materials of the photodindes.

f0036] Further, therve is no substrate material vertically sdjacent to each
photedinde, either on the optical interface surface 21 of the photodiede or on the
signal output surface 23 of the photodivde. Any substrate that was employed
during microfabrication of the photodiodes, e.g.. as starting material for epitaxial
growth of photodiods layers, 8 not present in the photodiode arvay. Only
material region 24 is present, adjacent to the photodicdes, With this
configuration, the optical interface surface 21 is the exposed surface of the fivst
conducting laver 13, Incident radiation directly entevs this first conducting layer

13 without Hrst traversing a substrate or other material.

f0031} This photodiode array configuration enables nearly complete
elimination of optical eross talk in the APD arvay during Geiger-mode operation
of the array. In APD Geiger-mode operation, referring to Fig. 2C, the photodiode
arvray is configured to accept external radiation 22, with, e.g., a microleng avray
26 provided for focusing external radiation fo the photodiodes. With this
configuration, external photons 28 are directed to photodiodes. In this condition,
as shown in Fig. 2C, an external photon 23 is directed to & photodiode 19 in the
avray. RKach photodiode 1 electrically biased to absorb external photons and in
response, to produce an avalanche of electricad charge carriers for production of
an electrical signal indicative of the photon absorption. This electrical bias can

he achieved in any saitable manner,

{0032} In one embodiment, shown in Figure 2¢, the material vregion 24 that
pxtends across the APD array makes electrical connectinn to each photodicde,
e at the first electrical contact layer 13 of sach photodiode and is connected 31
as the anode for each photodiode. Each photodiode can have & separate cathode
connection 33, e.g., to the second electrical contact layer 17, or other suitable

connection. Bach photodiede 1s therefore biased for APD operation, bevond the

breakdewn voltage of that photodiode to trigger avalanching electrical charge
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production in response to absorption of an ncoming photon. Thig enables an
APD output signal indicative of photon detection by the APT} array, APD array
bias, control, and cutpufl signal processing can be conducted in any suitable
manner, 2.2, as taught in U8, No. 8,426,797, ssued April 23, 2013; and as
taught in UL8, No. 7858817, issued Decomber 28, 2010, the entivety of both
which are hereby incorporated hy reference.

&

j0033] If an external photon 23 has an enervgy corvesponding to the band
gap energy of the absorber layer of a photodiode 19, that photon 25 is absorhed by
the photodinde 18, The multiphier laver of the photodiode produces an avalanche
event B in which electrical charge is produced by the photodiode 19, A fraction of
the avalanching electrical charge loses enevgy within the photodiode material by
emitting from the photodiode 19 so-called secondary photons 7 that arve digtinet
from external photons 23 incoming to the photodiode array. The secondary
photons comprise a broad-wavelength spectruan of radiation produced by the
photodiode itself. 1€ such secondary photons 7 were 1o be absorbed by other
photodiodes in the array, a photon detection signal indicative of secondary photon
ahsorption, rather than the external, primary photon absorplion, would be
produced, This trigeeving of photodiodes by secondary photong that arve emitied
by a neighboring phetodiode s thevefore caused by optical cross talk within the

APD array.

{0034} As shown in Fig, 2C, with no photodiode active matevials present
tatevally between neighboring phetodiodes, secondary photons have noe lateral
path through substrate photodiode matertal. Farther, with no substrate material
present verfically bevond the photodiodes at the optieal interface of the array, no
substrate exists for transmission of secondary photons through the substrate
hetween photodiodes, and no eptically reflecting surface exists for total internal
reflection of secondary photons from an avalanching photoediode through the
substrate and baek info the array. Thus, in the APD syray, there 13 no substrate
path outside of each photodinde that could enable cross talk of secondary photons
hetween photodindes. Any cross talk that would require an optical path through

£3

photodinde substrate material is ehminated in the APD arvay. Thig condition 1
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particularly tmportant for APD systems like InP-based svstems in which a

photodiode substrate material is transparent to secondary photon wavelengths
that could cause avalanche events, In the APD avray provided herein there is no

substrate path hetween the photadiodes in the areay.

[0035] In addition, in one embodiment, the material region 2418 a eross
talk blocking laver that blocks secondary photong 7 from fraveling between
photodiodes in the array. Secondary photons 7 emanating from an avalanching
photodiode 19 arve absorbed by the eross talk blocking material region 24 or
refloected by the eross talk blocking material region 24 back to the avalanching
photodiode 19, The secondary photons do not travel from the avalanching
photodicde 19 to neighboring photodindes 14, 18 through the region 24. Instead,
secondary photons are trapped by the eross talk blocking material region 24
where they arve absorbed or are veflocted back to the avalanching photodiode 19

itself for trapping in the photodiode.

{0036] With this design, optical cross talk laterally across the APD array
can be substantially completely eliminated with a combination of substrate
removal, cross talk Mocking material region disposition hetween photodiodes,

and, as explained in detadl below, the provision of cross talk blocking material

aveay 10 enables significantly enhanced imager performance through increased
detection efficieney, particularly because the APDs can be operated at an
increased over bias condition without overwhelning the APD avray with cross
talk, and allows for increased sharpness in definition of features in 3D laser
adar pnages. Furthermore, photediodes can be spaced quite closely in the arvray.
A wide range of advanced applications for single photon detection are thereby

enabled by the APD arvay 1L

{0037} The cross talk blocking region of material 24 that is adjzcent to the
arvray of photodiodes is not a substrate, and as sxplained above, no photodinde
substrate is provided on either top or bottom surface of the material 24, Indeed,

as shown in the figures and explained above, no APD substrate is provided at any
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focation of the APD array between photodiodes. As a result, the photodiode array

consists of laterally solated slands of active photodiode materials that are not
supported on a conventional, much thicker microelectronie substrate that s
typically hundreds of microns in thickness, External input radiation 22 that is
meident on the arvay of photodiedes 1s divectly absorbed into each photodiade,
8.8, al the exposed surface of the first electrical contact layer, and does not fivst
pass through a thick substrate or other material. Only active photodiode
materials are ineluded in the vertival stack of materials that are directly adjacent

to the optical interface surface 21,

{0038} The cross tatk blocking region of material 24 1s prefevably even
thinner than the stack of material layers that form sach photediode; 1., the

photodiode vertical extent is greater than the thickness of the region of material
24, as shown in Figure 2. The cross talk blocking region of material is 1n

general lesa than ten microns in thickness, and can be, v.g., between about 2000

A-thick and about 30,000 A-thick. The region of material 24 can be provided as a

single laver of material or as multiple lavers of materials, exther homogenesous or
inhomogeneous in composition through the layers and from laver fo layver. The
region of material 24 overlaps the edge of each photodiode by an overlap extent
27 that is sufficient to provide mechanical and additionally, optionally, electrical

contaet, with each photodiode.

{0039] Referring back to Figs ZA-ZB, in one embodiment, the cross talk
blocking vegion of material 24 adjacent to the arvay of isolated photodiodes blocks
cross talk by absorbing at least & portion of the secondary photons that ave
produeed by photodiodes. For example, the oross talk blocking region of material
24 can include g semiconducting material, with a selected doping concentration,
if desired, having a band gap that absorbs at least some wavelengths of photons
produced by photodiodes in the array. It is preferable that at least a portion of
the range of secondary photon wavelengths that could cause avalanche of a
neighboring photodinde be absorbed by the cross talk blocking material 24, In
other words, it 18 preferable that secondary photons having wavelengths that

could be absorbed by the band gap energy of the absorber material in photodiodes
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of the array be absorbed instead by the cross talk blocking material 24, With this

condition, the cross talk blocking laver prohibits the triggering of neighboring
photodiades by secondary photons which would otherwise be absorbed by the

neighboring photodiodes.

[0040] In one embodiment, the eross tadk blocking region of materiad 2418
different than matenial emploved as the photodiede avalanche laver material, In
another embodiment, the region of material 24 is different than the materiad
emploved as the photodiode absother layver material, The region of material 24

can comprise or consist of a -V semiconducting material or stack of such

materials, or any suitable semiconducting material that can absorh photons

produced by the avalanche layer of photodiodes 1 the arvay.

[0041] In one embodiment, the region of material 24 is an electricadly
conducting slectrical contaet layer, wherehy the region of material 24 can be
emploved as an electrically conducting plane that makes electrical contact to all
T[‘i

of the photodiodes in the arrayv of photodiodes. This conducting plane further can
: o E £ B

bloek optical cross talk, as in the operation shown in Fig. 20, e.g., by absorbing

0y

secondary photons. The extent of lateral overlap 37 bebtween the region of
material 24 and each photodiode, as shown in Frig. 24, enables electrical contact
bhetween the region of material 24 and each photodiode. This can be employed,
e.g., as the cathode connection to each photodiede. In 2 further embodimuant, the
erogs talk blocking region of material 24 is electrically conducting and blocks
cross talk by reflecting, rather than absorbing, at least a portion of the secondary
photons that are produced by photodiodes. The cross talk blocking region of
waterial 24 further can be categorized as being opague to at least one or a range

of wavelengths of secondary photons produced by photodiodes in the arevay,

{0042 In one embodiment, the region of material 24 s electrically
eonducting in that the region of material includes or consists of an electrically
conducting material such as one or more layvers of metal, metal alloys, doped
semiconductors, or other electrically conducting matervial. The region of material

24 can include one or more electrically condueting lavers along with other
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materials, e.g., one or more semiconducting or electrically msulating layers, so
long as the clectrically conducting layver makes eontact to gach APD for enabling
electrical connection to each APD. Alternatively, the regien of material 24 can
consist entively of one or more metal layers., The lateral overlap extent 27, Fig.
ZA, between the region of material 24 and a photodinde i1 preferably sufficient to
make full electrically conducting contact between the photediode and the
electrical conducting laver of the region of matenial 24, In one embodiment, with
the region of material 24 making electrical contact to each photodiode in the
array, the region of material provides 3 common anode for the photodiode array,
{0043} With the cross talk blecking region of material 24 disposed adjacent
to the photodiode arvay, there i produced a focal plane areay (FPA) of avalanche
photodiodes for the which cross talk can be substantially completely eliminated.
Considering the introduction of external radiation to the array in move
gspeciflcity, and referring to Flgure 8, in one embodiment, a lons avray 26 is
positioned adiacent to the region of material 24. The lens array provides a
microlens at the location of each photodiode in the array to focus external
adiation 22 so that a cone of focused external radiation is directed to a
covresponding photodiode. Without a microlens, each photodiode could be
sensitive to external radiation incoming to the array from any angle; the
micrelens array excludes such background optical input from collection by the
photodiode array. In addition, by focusing incoming radiation, the micvolens
array enables a veduction in the reguired photodiode size. It can thervefore be
preferred for most applications to configure the photodiode arrvay with an
adiacent microlens array, but such s not required.
{0044} Both surfaces of the lens array are preferably coated with an anti-
refloction coating 28 so that external incident radiation does not reflect off of the
surfaces of the lens and instead can enter the lens, focus through the leny
thickness, and exit the lens to the photodinde arvay. Similarly, the ophical
interface surface 21 of cach photodiode is preferably coated with an anti-
reflection coating 28 so that incident radiation does not reflect off of the surface of

the photediode and mstead penetrates the active photodiode material. As
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explained above, the optical interface surface here remaing exposed to incident
radiation and radiation can divectly enter the surface; the woating faeilitates this
condition. The surface of the region of material 24 can alse include an anti-
reflection coating 28, The resuliing focal plane arvay does not include any
substrate region in the optical path that exists between the external surface of

the microlens array and the vertical stack of photodiode materials.

[0045] Referring to Figuwre 4, 1n one embodiment, each physically solated
photodiode in the avray is individually connected directly to cirewitey, such as a
CMOS photodiode read out integrated eiveuit (ROIC) on a miervofabricated chip
32, In one embodiment, the microfabricated ROIC chip includes electrical
contacts and bonding pads 34 that can be electrically connected to an electrically
conducting contact 38 of each photodiode tn the areay with bump bonds 36, or
other suitable electrical connection as is known in the art. With this connection,
the ROIC can produce an electrical signal, such as an elsetrical exrrent, that is
indicative of photon detection, photon arrvival time, andfor other information, for
sach photodiode m the avvay. The ROIU s provided inone smbodiment as a
microfabricated chip 32 that 1z Intevconnected to the focal plane avray for divect
dedivery of electrical current from the photodiode arvay to the integrated cireuit,

95

{0046} in the embodiment shown in Figs. 2A-2C, Fig. 8, and Fig. 4, each
photodinde does not meclude any substrate materials or material lavers other
than a stack of active photodiode lavers, one or move electrical contacts, and
optional antiveflection coatings, as explained above. With this condition, then as
shown in Fig. 8, the arrangement of a microlens array 26 at the photodiode array
for focusing external radiation to array photediodes results in the existence of
hollow regions 30 adjacent to each photodiode at the optical interface swrface 28
in one embodiment, the hollow regions 30 are void of any material whatsosver
and include only air or another gas. In an alternative emboediment, the hollow
vegions 30 are provided with, e.g., a low-index oxide ar other materiad that 18 not
a photodiode substrate materiall As a result, as explained above, no
senuconducting substrate exists vertically bevond the active photodiode material

at the optical interface surface 21; the optical interface surface is located directly
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at the active photodiode material. In other words, the material of each

photodinde at the optical interface surface includes only active photodiode

materials, electrical contact materals, or anfireflection coatings.

[0047} The term ‘active photodiode materialy’ heve refers to materials that
cooperate for the operation of a photodiede. This does not include a
microelectronic waler substrate or other starting material on which the
photodiode may have been fabricated. For example, as shown in the figures, each
stack of active photodiode materials in one isolated photodiode includes an
absorber layer 18 and an avalanche layver, Le., multipher layer 20, These ave the
two material layvers requirved for avalanche photodiode operation; the absorber
laver 18 absorhs photons and the avalanche laver multiplies the number of free
electrical charge carmiers produced by the absorbed photon and that can be

sensed to indicate the photon absorption.

j0048] In addifion to the sbsorber layer and multiphier layer materialg, the
active photodiode materials included in a stack of active photodiode materials can
mclude grading layers for transitioning through the stack between two different
active materialy, can include fleld stop layver materials, and can include other
favers, .2, for defining the electric feld at the edge of the multiphier laver or
other function such as making good electrical connection to the absorher and
multiphier lavers. The ordering of the active lavers depends on a selected APD
material system and APD design considerations, e.g., to aveid edge breakdown
and to enforce a selected charge carrier type to initiate breakdown. The order of
the absorber layver 20 and avalanche laver 18 can be reversed and the doping
types veversed with selected APD designs and materials, and ne particular APD

stack arrangement 1s required.

[0049] The first electrical contact layver 13 (Figure 1) includes the optical
mterface surface 21 at an exposed surface of the contact layer 13, The term
‘exposed surface’ is here meant to include a surface on which a coating, layer, or
selected physical condition is provided for functionality of the surface as the

optical interface surface 21, For example, the contact layver 18 can include one or
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more antireflection coatings or other material coating or laver for facilitating
acceptance of meident external radiation into the contact laver. The contact layer
surface remaing exposed even with such coatings in that the contact laver 13 i
the topmost material layer in the stack of active photodiode materials and no

subsatrate or pther active photodiode material is present atop the contact layver 18.

{0050} In one embodiment, the materials in the stack of active photodiode
lavers ave selected in concert with the materials of the cross talk blecking region
of material 24 fo eliminate cross talk in the APD array. Figure 8 iga qross-
sectional view of a photodiede 12 in an arvay of hike photodiodes, including a
eross talk blocking vegion of material 24 that overlaps edges of the photodiode 12,
in this example, the photodinde includes an anti-reflection coating layer 28 of
hafmium oxide of 136 nm in thickness, The anti-reflection conting laver is
disposed on the optical interface surface 21 of the photediode. This surface s at s
taver 50 of InP having a thivkness of about 10.000 A and doped with Zn at a
concentration of about 2o con® to form a p-tyvpe doped electrical contact layver
that iz the electrical contact layver 18 defined in Figure 1. The next photodinde
laver 52 18 a 5000 A -thick layer of InP doped with Zn af a concentration of about
TeiT em? to provide a p-ivpe doped diffusion laver. The avalanche multiplying
taver 20, of about 14000 A in thickness., is next disposed in the photediods stack,
with a carvier concentration, m, of 1 < Se® envd, A field stop layer 54 18 adyacent
to the avalanche layver 30 and provided as an InP layer of about 730 Ain
thickness, doped with 8 at a concentration of about 347 omd, A grading layey
58 is next disposed in the photodiode stack as a 500 A-thick InGadsP laver
having a carrier concentration of no move than about Bei® emd. The photodiade
absorher layer 18 is disposed as a laver of InGadAsF of about 15,000 A in
thickness and having a carrier concentration of no more than about 5B em™®. An
adjacent laver 58 of InP of about 5,000 A in thickness and that is Si-doped with a
coneentration of about 20 am® s next provided and i an n-type doped contact
layver. Finally, an electrical contact 35 is provided at the signal outpat surface 283

of this InP layer 58, as a 100 A-thick laver of InGaAs that 1s Si-doped at a
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concentration greater than 2o emas the second electrieal contact layer 17

defined in Figure 1.

[oDS1] This example photodicde configuration ncludes an InGadsP
absorber material layver 18 having 4 hand gap wavelength of about 1100 nm +4- 5

nn; e, the InGadsE absorber material has & band gap energy that enables

absorption of photons having a wavelength shorter than abeut 1100 nm - 5 am,

An array of these photodiodes 12 provides operation as a high efficiency detector

of incident infrared radiation at about 1084 nm.

{0052} In one embodiment of this photodiode shown in Fig. 5, the cross talk
blocking material region 24 15 a layer of GalndAs with Zn doping at a

Sy TS

concentration of 2e'¢ cro® and having a thickness of about 20,000 A, This GalnAs
layver has a band gap wavelength near 1650 nm. Secondary phatons emitied by
the InP avalanche multiphication layer 20, during a charge carrvier avalanche
event, which have a wavelength less than about 1850 run arve absorbed by the
material region 24, Aw a resull, the eross talk blocking material region 24 hlocks

secondary photons that could trigger an avalanche event at photodiodes

neighboring an avalanching photodiode.
{0053 This example embodiment Hlustrates a condition in which the

material region 24 1s selected to absorb wavelengths of secondary photans
produced by an avalanching photodiode that could cause a faulty avalanche event
i absorbed at other photodicdes it an arvay. This absorption removes secondary
photons from a lateral path between photodiodes through material region 24
Thus, in a particular embodiment, the cross talk blocking material region 84 is a
semiconducting material having & bandgap that absorby photon wavelengthsin a
spectrum of wavelengths from seme wavelength longer than the wavelength that
could cause an avalanche event to shorter wavelengths, In this embodiment, as
shown in Figure 8, the material region 24 is sufficiently electrically conducting to

form an electrical contact to each APD in the array.

[0054] In additional embodiments, the material region 24 18 electrically

conducting, e.g., as a metal or metal alloy, such as, eg, Th N3, Au, P, Pd, Zn,
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and any suitable combination. The material region 24 alternatively can be
provided as an electrically insulating material, such as EPQ-TEK 320, Epoxy
Technology, Inc., Billerica, MA. In this embodiment, an electrically conducting
material layer can be provided with the electrically insulating material to enable
electrical contact to the aveay of ARPDs. In either of these cases, the material
region 24 1% a material that absorbs secondary photons emitted from a
photodiode. It 18 preforred, as given above, that the material region, whether
sleetrically insulating or condueting, or semiconducting, absorbs secondary
photons having wavelengths that could cawse an avalanche event at a photodiode

it the phetodiode array.

{0055] As explained above, in a further embodiment, the cress talk blocking
material region 24 18 8 material that redlects, rather than abserbs, secondary
photons. In this condition, the material region can reflect back to an avalanching
photodiode those secondary photong that are produced by the photodiode. This
secondary photon reflection back o the avalanching photodiode i
moennseguential because the avalanchmg photodiode has absorbed an external
photon and 1 correctly producing a detection signal anyway. Materials such as,

2.2, Au, Ag, AL Cu, or other materialg can heve be pmploved.

{0056} With these examples i is shown that the eross talk blocking
material vegion 24, whether reflecting or absorbing, s in general a hlock to
optical cross tatk that could occur due to the lateral excursion of photons in at
least a vange of photon wavelengths, between photodiodes in the photodiede
array. Not all secondary photons need to be blocked, only those photong having a
wavelength that could cause an avalanching event need to be blocked. Thus, the
material region 24 in one embodiment blocks at least some range of wavelengths
of secondary photons that are emitted from a photodinde during an avalanche
event, and preferably blocks those secondary photon wavelengths that couldd

cause an avalanche event at a neighboring photodiade,

{005 7] As explained above, it ong embodimend, the material region 24 8

sufficiently electrically conducting to make electrical connection to the optical
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interface surface 21 of the photodiodes in an array of phetodiodes. For example,

given a material region 24 of InGadAs with 8 Zo-doping concentration of 2e' g,
the maternial region 24 is sufficiently electrically conducting to provide an
electrical connection to each photediode. Then as shown in Fig, 28, the material
region 24 can operate as the plane of & common anode connection for an entive

photediode array.

[0058] If the material region 24 i not sufficiently clectrically conducting to
make electrical connection to the optical interface surface 21 of the photodiodes
i an array of photediodes, then an electrically conducting laver, such ag
heavily-doped semiconducting layer and/or one or more conducting metal layvers,
can be emploved. For example, if a selected absorbing material region 24 33
particidarly preferved for its ability to absorb secondary photons but is net
sufficiently electrically conducting, then ene or more electrically conducting
materials can be included in contact with each photodiode, with the absorbing

{aver atop the conducting laver or layers.

[0059] In an alternative embodiment, shown in Figure 6, a photodiede 12
can include both of ity own Individeal elecirical connections, thereby eliminating
the need for a shared slectrical contact to the optival interface surface across the
APD array. In one example of such, the photodiode 12 includes an electrical
contact laver 35 provided at the signal output surface 28 in the manner descrtbed
above as a cathode. A second electrical contact laver 60 is provided at the
opposite end of the photediode, and can be formed of the same material as the
fivst electrical contaet laver 835, The second electrical contact laver is then the
outermost layer of the photodiode at the optical interface surface 21. The
antireflection coating 28 is then provided on the second electrical contact layer
60, The second electrical contact layer material must be trangparent to incident
radiation wavelengths of Interest so that the photodiode can absorb the radiation
for detection therein. This second electrical contact laver can be extended

slightly in the lateral direction to increase ease of electrical comtact to the layer.
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{0060} An slectrical connection 62 is made from the second ¢lectrical

conttact layer to the signal output side of the photodiode, and is electrically
isolated from the photodinde materials by, e.g., an electrically msulating
passivation maferial 64, A bump bond 36 or other suitable connection is provided
from the fivgt electrical contact laver 83 and separately from the electrical
connection 62 to the second electrical contact laver 60, With this arrangement,
the photodiode 12 can be independently and separately connected to a cireuit for
independent biag and contral of the photodiode as well as output of the

photodiode detection signal,

{0061} In ong embodiment, the glectrical connection 62 is configured as a
cross talk blocking ragion. Hove, the electrical connection 62 15 formed of a
material that absorbs secondary photon emission from the photodiode 12, oris
formed of a material that veflects secondary photon eimission from the photediode
12 back inty the photodiode itsell. The electrical connection 62 thereby operates
to block secondary photon emission produced by the photodiode 12, In u further
embodiment, the eleetrical connection and underlying passivation laver laterally
surround the photodiode 12, With the elecirical conneetion 62 formed of a cross
talk blocking material, the clectrical connection 62 herve operates to substantially
comapletely block secondary photons from being emitted from the photodiode 12,
As a vesult, the crosy talk blocking material regions 24 dre not reguired in this
embodiment for inhibiting cross talk, The material regions 24 can here he
emploved, if desired, e.g., as an electrical contact layer, as an aid in positioming

the FPA of photodiodes, or for ether purpose, but is not required.

{0062} Whatever photodiode electrical connection arvangement is selected,
when an grray of photodiodes is mated with 2 microfabricated chip to connect the
photodicdes to the IC of the chip, passivation and underfill materials are
provided at the photodiode arvay {o electrical nsulate the photodiodes and to
provide mechanical and environmental protection. In one embodiment, shown in
eross section in Figure 7, a passivation layer 70 i disposed on the sidewalls of
cach material stack of & photodiode 12 and along the surface of the material

region 24, The passivation layer does not inhibit exposure of the photodiode
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contact layer 35 for making electrical connection with a chip 32 by way of bumps

36 or other connection. An underfill material 72 is disposed between the

passivation laver and the chip 32,

{0063} The passivation material can be provided as, e.g., a polymer
material such as polvinmide or SU8S. Alternatively, the passivation material can
be provided as an electrically insulating diclectrie such ag silicon nitride or silicon
dioxide, or as an inswlating ervstalline material such as a semicandustor ke InP
or InGads, The passivation layer 70 can be as thin ag 0.1 microns or as thick as
several microns, and can be even thicker than the total thickness of the
photodiode active layer stack of materials. The underfill material can be
provided as, e.g., an epoxy, such as EpoTek 320 or EpoTek 333ND, both from

Epoxy Technology, Inc., Billeriea, MAL

{0064} In one embodiment, at least one of the passivation layer 70 and the
underfill 72, or both the passivation layer 70 and the underfill 72, block
secondary photons that are emitted from & photodiode 12, For example, the
passivation materials InP and InGads deseribed above can be employved to absorb
secondary photons emitted from a photodinde. Stmilarly, the underfill material
EpoTek 320 described above can be emploved to absorb secondary photons
emitted from a photodiode, In this embodiment, the passivation andfor underfill
materials operate to block secondary photons that could travel through the
passivation and underfill materials from one photodiode to neighboring

photodicdes in an array.

[0065] Referving to Figure 8, in a further embodiment, there can be

nehuded one or more coatings of a cross falk blocking layer 74 of material

digposed between the passivation laver 70 and the underfill 72, This cross talk

blocking layer preferably includes at least one material that absorbs or reflects

secondary photon emission from photodicdes. A metal layer stack mncluding, e.g.,
Tt and Ni, preferably oxidized, is an example of such a cross talk blocking layer
T4, Other materials can be emploved here. With thas arrangement, the

passivation baver 70 and the underfill 72 need not be blocking to secondary
tion b O and tt terfill 72 Enot be bloeking ¢ dars
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photon emission from the photodindes in an array. Instead, the cross talk
blocking layer 74 operates to block the path of photons laterally between
neighboring photodisdes, either by reflecting the secondary photon emission back

fo originating photodicde, or by absorbing the secondary photon emission.

[0066] Referring to Figure 9, in a further embodiment, the passivation
layer 70 includes an aperture 76 at a stbe glong the laver 70, 1t can be preferred
to provide such an aperture 76 at, e.g., & site along the material region 84, The
aperture 76 extends through the thickness of the passivation layer 7O, This
aperture can be provided across an APD arvay by extending unhroken between
vows of APDs In the arvay and extending unbiroken between columng of AFDs in

the array.

[0067] The undecfill 72 ills the aperture 76 through the extent of the
passivation layer thickness and fully across the aperture at the aperture site.
With the arrangement, any secondary phetons that fraverse the passivation laver
76 can be absorbed or reflected by the underfill 72, No unbroken path exists
hetween neighboring photodiodes through the passivation laver 70, With an
ahsorhing or reflective underfill 72, secondary photon emission is theveby blocked

from each photodiode,

[0068] In ancther embodiment, shown in cross section i Figure 10, the
passivation laver 70 includes an aperture 76, and a cvoss talk blocking Inyer 74 is
inchaded between the passivation laver 70 and the underfill 72, extending across
the aperture in the passivation laver 70, Here again, no unbroken path exists
hetween neighboring photodiodes through the passivation laver T0; a photon path
through the passivation layer necessarily ineludes the cross talk blocking layer
T4 at the site of the aperture 76, Further, no photon path exists theough the
underfill without at least one traversal of the blocking laver 74, The eross talk
blocking layer 74 includes one or more materials that either absorb or that reflect
at least g vange of wavelengths of secondary photons that are emitted from

photodiodes. As a vesult, secondary photon emission is effectively completely
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hlocked across an APD arrvay with thig arrangement including the cross talk

material region 24 a5 well as the cross talk blocking layer 74

j0069] Turning to microfabrication of an APD arvay, it has been discoverad
that an APD array can be efficiently microfabricated 1o produce an APD array
that s devoid of a microfabrication substrate. The general steps of one
embodiment of such a microfabrication process are shown in Pigs, 11A-11D. Ina
firat sequence of ateps, the result of which s shown in cross-section in Fig. 11A,
an epitaxial growth substrate 100 is provided in the conventional manner, On
one face of the substrate there is formed a laver 102 that is to provide the
material regions 24 of the final APD arvay. Layers 104 ave then formed as a
stack of materials that are to provide the active layers of the array APDs.
Epitaxial growth, physical or vapor deposition, or other suitable layer formation

process can here be emploved.

j0076] As shown m cross-section mn Fig. 118, the stack of lavers 104 1s then
patterned and etehed to produce each laterally isolated photodiode 12, 14, 16,
The resulting photodiodes can have any selected lateral geometry, e.g., genervally
civcular, generally vectangular, or sther selected lateral geometry, Wet etching,
dry etching, a combination of efehing, or other process can here be emploved o

produce each isolated photodiode from the stack of layers 104

{0071} Turning to Fig. 110, in which the structure is bere shown flipped

upside down in orientation from that of Fige 11A11B, the photoediodes of the

APD array are bonded fo & ROIC chip 32, e.g., through bond pads 36. A selected

passivation laver 70 and underfill 72 s provided in the manner described above.
In the example embodiment shown in Fig, 11C, the passivation layer includes an
aperture 76 so that no continuous path for secondary photons exists through the

passivation baver between neighboring photodiodes.

{0072 In a next seguence of steps, the vesult of which is shown in cross
section in Fig. 11D, the substrate 100 is completely removed from the layer 108
No substrate vemaims. The layver 102 s then patterned and etched to provide in

the layer an arnay of apertures like that shown in Fig. 2B, so that material
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regiong 24 exist hetween photodiodes and slightly overlap laterally with cach
photodiode. An antiveflection coating 28 is provided on the optical interface
surface 21 of each photodiode. A microlens can then be mated with the APD

array if desived.

{0073] This sequence of process steps demonstrates that an seray of
photodiodes can be microfabricated and mated to an integrated eiveuit chip with
complete removal of the micrefabrication subsirate. The resulting APD aveay,
tike that shown in Fig. 28, does not include any renmmant of the miceofabrication
substrate that s emploved during processing for, e.g., epitaxial growth of the

photodiode sctive layvers during the processing.

{0074} The general steps of a further embodiment of an APD

microfabrication process ave shown in Figs, 12A-18E, In a fivst sequence of steps,

kS

the result of which s shown in cross-section in Fig. 1284, an epitaxial growth
substrate 100 s provided in the conventional manner. On one face of the
substrate there is formed a stack 104 of materials that are to provide the active
tavers of the APDs in the APD sovay. The stack is vertically arvanged in the
reverse order to the order of layers specified for the final APD structure. Alayer
102 18 then formed o provide the material regions 24 of the final APD arvay.
Epitaxial growth, physical or vapor deposition, or other suitable layver formation

process can here be emploved.

j0075] As ghown in crosg-section in Fig. 128, the laver 102 18 then
patterned and etched to provide in the layver an arvay of apertures like that
shown m Fig. 8B, An antireflection coating layer is then provided on the exposed
aptical interface surface 21 at the site for each photediode, as well as on the
material regions 24,

{0076} As shown in Big. 12C, the material regions 24 are then bonded to
the micrelens array 26, on which has been provided an antireflection coating

taver 38, Any suitable bonding method, such as oxide-to-ogide bonding and

bonding apparatus, can be emploved. With this bonding step, air gaps 30 ave

produced between the sites of photodiodes and the microlens. If such air gaps are
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not desired, then the air gaps can be filled with a selected material, proforably

which is transparent to incident radiation to be detected by the photodiodes,

00771 Turning to Fig. 121D, the substvate 100 is completely removed from
the stack of layers 104, No substrate vemains, The stack of lavers 104 is then
patterned and etched o produce each laterally isalated photodiode 12, 14, 168 as
shown in Fig. 12E. The photodiodes can then be passivated and bonded to a
ROIC chip as in Fig, 11D, with a selected underfill and passivation arvangement

such as that shown in Fig. 11D,

{0078} These two example fabrication processes demonstrate that an APD

array of physically solated photodiodes can be produced with complete removal

minimal optical crosstalk between photodiodes of the array. No particulay
microfabrication procossing seguence s required, and any suitable process can he
emploved. The microfabrication sequences demonstrated in Figs, TIA-D and
Figs. 12A-E are particularly elegant and efficient for producing an APD arvay
that is in-place with a microlens array or integrated civeudt chip. In one process,
shown in Figs, 11A-11D, the integrated cireuit chip serves as i handle wafer, and
in the other process, shown in Figs, 12A-12K, the microlens array serves 88 8
handle water, both for removal of a microfabrication substrate on which the APD
active layers are epitaxially grown. These example processes demonstrate that
varied approaches can be emploved to produce the APD arvay that does not

include a microfabrivation substrate.

[0079] Additionally, the substrate-free APD array can be produced with
dig-seale attachment, ¢ g, between an individual APD areay div and an ROIC
chip, as in Fig. 11, or can be conducted with wafer-scale bonding, e.g., waler-
scale honding of & microlens array to the cross-talk bloeking laver material region
24 agin Fig, 12D Alternatively, there can be employed saervificial handle wafers
or other support steoctures that facititate the removal of a substrate from the

AFPD array without the use of a chip or 8 micvelens array.
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j FLI ¢
Sxample
{0080} An APD array was microfabricated with the photodiede active layer

specifications shown in Fig. 8. The InP layer 50 had a thickness of about 10,000

A and was doped with 7n at a coneentration of ahout 2e¥™ an® to form a p-type

doped contact layer. A BGOY A -thick faver of InP doped with Znat a
concentration of about 7e'? om® was formed to provide the p-type doped diffusion
laver 52, An avalanche multiplving laver 20, of about 14.000 A in thickness, was
formed with a carnier concentration, n, of 1% em, The fleld stop laver 54 was
formed as an InP laver of about 73 Ain thickness, doped with Siat a
soncentration of shout 3.4¢17 em3, The wrading laver 56 was a 500 A-thick
InGadsP laver having a carvier concentration of about et em. The photodiode
absorber layer 18 was formed as a laver of InGaAsP of about 15,000 A in
thickness and having a carvier concentration of about 62 em?. The contact
layer B8 way provided as InP that was Si-doped with a concentration of about
Zed% s, The electrical contact layer 35 was provided at the signal cutput
surface 23 of this InP laver 58, as a 100 A-thick laver of InGaAs that was Si-
doped at a concentration greater than Ze'® e, The cross talk blocking layer 24
was provided as a 20,000 A-thick layer of GalnAs that was Zn-doped at a
concentration of aboui Zei% pms. With this doping level the cross talk blocking

layer 24 was employed as an electrical connection to each photoediode.

f0081] An mdium phosphide wafer was employed as the substrate for
epitaxial growth of the photodiode lavers. The microfabrication process shown in
Figs, 11A-11D was emploved to produce the APD areay, with In bunps disposed
on the photodiodes and Nidu bumps digposed on bond pads of the integrated
eiveuit chip for making connection between each photodiode and the chip.
Coatings of polyimide and ealicon nifride were digposed as a passivation layer,
and a cross talk blocking material EpoTek 320 was emploved as an underfill

between the APD arrvay and the chip, inthe arrangement shown i Fig, 7.

{00821 Figure 13 18 a plot of the average number of optical cross talk events
that were counted due to an avalanching photodiode in Geiger-mode as & function

of the applied over bias for one of the photodiodes in the areay, Over eight
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million photodiods avalanche events were controllably initiated and the number
of resulting cross talk events counted. Over the entive population of trigger
events, an average of 0.006 cross talk events occowrred for each triggered
avalanche event, even for an over bias of 4 V. Thig remarkably low level of
optical cross talk is more than three prders of magnitude less than that of
conventional APD array operation and is a dramatic demonstration of almost

zero cross talk, a condition that was not historically thought to be achievable.

{0083} The cross talk blocking arvangement of the APD array can be
apphied to photodiedes of any selected material system, such as a stlicon-based
matevial gystem, in HI-V material systems, other 1V systems, or other suitable
material systems, and 1 not himited {o a particular material system. In any of
these materialy, the photodiode array provided herein enables optimal

photodinde performance for a wide range of ymportant appheations.

j0084] It is vecognized, of course, that those skilled in the art may make
various modifications and additions to the embodiments deseribed above without
departing from the spinit and scope of the present contribution o the art.
Accordingly, it i3 to be wnderstood that the protection sought to be afforded
herveby should be deemed to extend to the subject matter claims and all

egquivalents thereof fairly within the seope of the invention.

[0ORS] We claim
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i 1. An avalanche photodicede array comprising:

P2

a plurabity of avalanche photodindes, each avalanche photodinde

Lt

including s stack of active photodiode materials comprising:

a firat electyical contact layer;

LA A

3 second electrical contact laver,;

o

an absorber material layer and an avalanche material laver

3

each disposed befween the first electrical contact layver and the

b second electrical contact layer; and

9 an optical interface surface to the avalanche photodiode, the
14 optical interface surface consisting of an exposed surface of the first

11 electrical contact laver, arranged for incident external radiation to

£

directly enter the first electrical contact layer; and

,_
Sl

wherein each avalanche photodiode stack of active photodiode

Nt

materials s laterally isolated from the other avalanche photedindes in the

L

photodiode areay,

| 2. The avalanche photodiode array of elaim 1 further comprising

frd

eross talk blocking region disposed laterally adjacent to each avalanche

o)

photodiode in the array, between laterally isolated stacks of active

i

photodiode material, maintaining an exposed surface of the first electrical

LA

contact layer of each avalanche photodiode in the array, the cross talk

£ blocking region comprising a cross talk blocking material that exhibits a
7 condition selected from the group consisting of absorption of secondary

& photons produced by avalanche photodisdes in the array and reflection of
9 secondary photons produced by avalanche photodiodes in the array.

¥

{ 3 The avalanche photodiode array of claim 2 wherein the fivst

b

electrical contact laver comprizes indium phosphide, the avalanche

Lo

material laver comprises indivm phosphide, the abserber materiad layer

comprises InGadsP, and the cross talk blocking vegion comprises Galnds.
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4, The avalanche photodiede acray of claim 2 wherein the cross talk
blocking region is electrically conducting and s in electrical contact with
the exposed surface of the first electrical contact laver of each avalanche

photodiode in the array.

3. The avalanche photodiode aveay of claim 2 wherein the cross talk
blocking region comprises 3 material layer that laterally overlaps edges of
the exposed sarface of the first electrical contact laver of each avalanche

photodiode in the array.

6. The avalanche photodiode array of claim 4 wherein the cross talk
hlocking material layer comprises a metal laver.
7. The avalanche photodiode avvay of claim 4 wherein the cross talk

bloeking material layer comprises 3 doped semiconducting laver.

8, The avalanche photodiode array of elaim 1 further comprising an
slectrically conducting electrical contact lavey disposed laterally adjacent
to each avalanche photodiode in the arvay, hetween laterally isolated
stacks of active photodiode material, maintaining an exposed surface of
and making electrical contact to the first elecirical contact laver of each

avalanche photodiods in the areay.

&, The avalanche photodiode array of claim 1 further comprising an
array of micrclenses, each mivrolens disposed in an optical path with the
optical interface surface of an avalanche photodiode i the areay of
avalanche photodiodes for focusing incident external radiation to the
axposed surface of the first electrical contact layer of each avalanche

photadiode in the arvay of avalanche photodiodes,



S L2 b

Ln

9

16

11

{2

L

o=

94

trd

e fad b3

g

Lok

WO 2018/031093 PCT/US2017/034092

29
10, The avalanche photediode avray of claim 8 further compriging a
cross talk blocking region disposed laterally adjacent to wach avalanche
photodiode in the avvay, between latevally isolated stacks of active
photediode material, maintaining an exposed surface of the first electrical
contact layer of each avalanche photodiode in the avray, the cross talk
blocking region comprising a cross talk blocking material that exhibits a
condition selected from the group consisting of absorption of secondary
photons proeduced hy avalanche photodiedes in the arvay and reflection of
secondary photens produced by avalanche photodiedes in the arrvay, and
wherein the array of microlenses is disposed adjacent to the cross talk
region for focusing incident external radiation to the exposed surface of the

first electrical contaet layer of each avalanche photodiode in the arvay.

11, ‘The avalanche photodiode array of claim 1 wherein the exposed
surface of the first electrical contact laver of each avalanche photodiode in

the array is coated with an antireflection coating to facilitate entrance of

external incident radiation into the fivst electrical contact layer.

13, The avalanche photodiode avray of claim 2 wherein the eross talk
blocking region comprises g cross talk blocking passivation layer disposed
on sidewalls of each avalanche photodicde stack of active photodiode

materials

13, The avalanche photodiode array of claim 2 wherein the cross talk
blocking region comprises a cross talk blocking underfill materal that is
disposed between each avalanche photodiode stack of active photodiode

materials.

14, The avalanche photodiode array of claim 2 wherein the cross talk
blocking region comprises a cross talk blocking laver extending down a

sidewall of each avalanche photodiede stack of active phetodiode materials.
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i 15, The avalanche photodiode aveay of cladm 14 wherein the aross talk

2 blocking laver comprises an electrically conducting material {ayver in each
3 avalanche photodiode that makes an electrical connection to the first

4 electnical contact laver of that avalanche photodiode.

1 16, The avalanche photediode arvray of claim ¥ further comprising a

b

passivation layver digposed on sidewalls of each avadanche photodiede stack

Lad

of active photodinde materials, and wherein the cross talk blocking region

e

contprises a cross talk blocking laver that is disposed on the passivation

T

5 laver.

i 17, The avalanche photodiode arvay of eladm 16 wherein the passivabion
2 faver includes an aperture between sach avalanche photodiode stack of
3 active photodicde materials, and whevein the crosstalk blecking layer

4 disposed on the passivation layer fills each aperture.

i 18, The avalanche photodivde array of claim 1 further comprising:

P

acrvoss talk blocking region disposed laterally adiacent to each

Lad

avalanche photodiode in the array, between laterally 1solated stacks of

e

active photodiode material, maintaining an exposed surface of the first

L

electrical contact layer of each avalanche photodiode in the array, the cross
6 talk blocking region comprising a ervoss talk blocking material that exhibits
7 a condition selected from the group consisting of absorption of secondary
8 photons produced by avalanche photodicdes in the srray and reflection of
9 secondary photansg produced by avalanche photodiodes in the arvay;

14 a passivation laver disposed on sidewalls of each avalanche

1§ photodiode stack of active photodiods materialg; and

12 an underfill material disposed between sach avalanche phoetodiode

13 stack of active photodiode materials, over the passivation laver;

14 whervein at least one of the passivation laver and the underfill

13 material comprises a cross falk blocking material that exhabits a condition
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selected from the group consisting of absorption of secondary photons

produced by avalanche photodiodes in the array and reflection of secondary

photons produced by avalanche photodiodes in the arvay.

19, The avalanche photodiode arrayv of claim 18 wherein the eross talk
blocking vegion comprises a cross talk blocking material layver that makes
electrical connection to the first electrical contact laver of each avalanche

photodiode in the array.

20, The avalanche photediode array of claam 19 further comprising an
arvay of micrelenses, each micvolens disposed adjacent to the cross talk
blocking material layer, in an optical path with the optical interface
surface of an avalanche photodieds in the arvay of avalanche photodiodes,
for focusing incident external radiation to the exposed surface of the first
electrical contact laver of cach avalanche photadiode 1n the areay of

avalanche photodiodes,

21 A method for manufacturing an areay of avalanche photodiodes
COMprising:
forming on a substrate » layver of erosy talk blocking material that
blocks transmission of photons through the eross talk blocking material;
forming a stack of active photediode Iavers on the eross talk blocking
material layer, the stack of active photodiode lavers including a first
eleetrical contact laver, an absorber layver, an avalanche laver, and a
second slectrical contaet lavery
removing regions of the stack of active photodiode lavers through o
full thickness of the lavers, at sttes acrvoss the substrate, to form an areay
of laterally wolated avalanche photodiodes, sach avalanche photodiode
being isolated laterally from the other avalanche photodiodes in the array

bv the removal of regions of the stack of active photodinde layers;
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plectrically connecting one of the electrical contact layers of each

avalanche photodiode in the array to an individual contact pad of a
microelectronie chip;

completely removing the substrate on which the stack of active
photodiode layers was formed, producing an aveay of laterally isolated
avalanche photodiodes develd of o substrate; and

removing regions of the cross talk blocking material layer at each
avalanche photodiode to expose an optical interface surface at each

avalanche photodiode in the array.

28, The method of claim 21 further comprising forming an antiveflaction

coating on the optical interface surface of each avalanche photodiods,

23, The method of ¢laim 21 farther comprising coating sidewalls of each

wolated avalanche photodiede stack of active photodiode layers with a
planarization layver and providing an underfill material hetween the array
of avalanche photodiodes and the microelectronic ¢hip, at least ane of the
planarization yver and the underfill material being 1 material that blocks

fransmission of photons.

24, The method of claim 21 further comprising:

coating each isolated avalanche photodiode with a planarization
layer;

forming 2 cross talk blocking planarization material laver on the
planarization layer, the cross talk blocking planarization material being a
muterial that blocks transmission of photons; and

providing an underfill matertal hetween the arrvay of avalanche

photodiodes and the microelectronic chip.
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25, The method of elaim 24 harther comprising forming an aperture in

the planarization laver at a site between each photodiode, the ross talk

blocking planarization material layer filling the aperture.

26, A method for manufacturing an array of avalanche photodiodes
comprising:

forming a stack of active photodiode lavers on a substrate, the stack
of active photodiode lavers ineluding a first electrical comtaet layer, an
abgorber laver, an avalanche layer, and a second electrical contact layver;

forming on the stack of active photodiode lavers 8 layer of cross talk
blocking matertal that blocks transmission of photons through the cross
talk blocking material;

removing the cross talk blocking material layer at a plurality of sites
on the stack of active photodivde layers to expose avalanche photodiode
nptical interface surface sites for an arvay of avalanche photodindes;

bonding the eross talk blocking material laver to a microlens array
aligned with the plurality of optical intevface surface sites;

completely removing the substrate on which the stack of active
photodiode lavers was formead, producing an array of avalanche
photodiode sites devoid of a substrate; and

removing regions of the stack of active photediode layers through a
full thickness of the lavers, at the optical interface surface sites across the
substrate, to form an arvray of latervally solated avalanche photodindes,
each avalanche photodinde being isolated laterally from the other
avalanche photediodes in the array by the removal of regions of the stack

of active photodiode lavers.

27, The method of claim 26 further comprising forming an oxide layer
on the microlens array and forming an oxide layer on the cross tatk
blocking material laver for bonding the cross talk blocking material laver

to the microlens arvay through the oxide lavers.



P2

A e Lad 2

b

Sl

9
16
11

WO 2018/031093 PCT/US2017/034092

34
28, The methed of claim 26 further comprising electrically connecting

one of the electrical contaet lavers of each avalanche photodiode in the

array to an individual contact pad of 8 microplectronic chip.

29, The method of claim 28 further comprising coating sach isolated

avalanche photodiode with a planarization layer and providing an underfill
material between the array of avalanche photoediodes and the

mieroclectrome chip, at least one of the planavization layver and the

underfill material being a matenial that bloeks transmission of photons.

30, The method of elaim 28 further comprising:

coating each solated avalanche photodiede with a planarization

fornying an aperiure in the planarization laver at a site between
each photodiode,

forming a cross talk blecking planarization material layer on the
planarization aver, the cross talk blecking planarization material being a
material that blocks transmission of photons and the eross talk blocking
planarization material baver filling the aperture; and

providing an underfill material between the array of avalanche

photodiodes and the micreoelectronie chip.
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3
Applied Photodiode Overbias (Volts)

Figure 13
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