OPTI CAL ARRANGEMENTS FOR USE W TH AN ARRAY CAMERA FlI ELD OF THE | NVENTI ON
[ 0001] The present invention is related to novel optical arrangenents,

desi gns awmd2ei3awsaTss for use in an array canera, and noPeTASeaidimad |y to
optical arrangenents of varying configurations capable of being used with
arrays of image sensors. BACKGROUND OF THE | NVENTI ON [ 0002] | nrage sensors
are used in caneras and other inmaging devices to capture images. In a
typi cal imaging device, light enters at one end of the inmaging device and
is directed to an i mage sensor by an optical element such as a lens. In

most 1 magi ng depries ARRANSENRATY RYRIUSEIVTRAGARFEAPERRIERAT € Pl aced
before and after the aperture stop to focus light onto the 1 nmage sensor.
Recently array cameras havi ng many i magers and | enses have been devel oped.
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array carsengys. |n particular, sone technical limtations of conventional
WLO- processes need to be reduced, such as, for exanple, mninmmsubstrate
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accuracy, etc. I'exi bility of such choices or processes needs to be
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t he syst ane laperlre stSPNDMBEYS light onto the image sensor. Recently array cameras
having many imagers and lenses have been developed. In most cases, multiple
copies of the optical elements must be formed laterally for use in array cameras.
[0003] Conventionally, optical arrays can be formed by molding or embossing
from a master lens array, or fabricated by standard lithographic or other means.
However, the standard polymer-on-glass WLO and monolithic lens WLO
manufacturing techniques have so far not been adapted for the specific high
performance requirements of array cameras. In particular, some technical limitations
of conventional WLO-processes need to be reduced, such as, for example, minimum
substrate thickness requirements, inflexibility of where to place the aperture stop,
accuracy, etc. The flexibility of such choices or processes needs to be increased in
order to meet the high demands by array cameras otherwise such WLO techniques
cannot be used to manufacture array cameras. Accordingly, a need exists for
fabrication processes capable of accurately forming these arrays and for optical
arrangements that give an increased flexibility in manufacturing so that the image
processing software of these new types of array-type cameras can take advantage

to deliver superior image quality at the system level.



[ 0004] The current invention is directed to optical arrangenents for use
with an array canera. [0005]1n one enbodinent, the invention is directed to
a t hree- swof2a3#083761 cal arrangenment for an array caner aPCIruSsuciod4ms

enbodi ment, the optical arrangenment includes: a first |lens elenent having
a first convex proximal surface and a first concave distal surface, where
the diameter of the first convex surface is |arger than the dianeter of the
first concave surface, a second |lens elenent having a substantially flat
second proxi mal surface and a second convex distal surface, where the

di amet er Qif/ARY | at second proximal surface is smaller than the di ameter
of the second convex surface, and where the di aneter of the second convex
sur f ace i[8004}t erliedéuitent nventien is ticeciecdtreoplical efrangementssor gemwitk aur f ace
and the fajrrragtcaﬁ%pé;ave surface; and wherein the first and second | ens

el ements ‘are arranged sequentially in optical alignment with an inmager
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separ at ednddydes: second substrate. I n another such enbodi ment, the flat
second proximal surface is fornmed by the second supstrate. In still another
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surface. In yet caRedRedistlelrfad)adlicietiic dRimdt@ast thenstagsivelstirfaée @ sposed
on at |east one of the first or second substrates. In still yet another

such enmbodi ment ,argR" Bige ke figmater it thi Brst ONga¥D 84’ Feet ween said first and

second | ens el enpgind 16PEbHoRENling 83Bbs@FaIRNR SHEGEHBIALEARY I ng at

| east one aperture disposed thereon.” In still yet another such enbodi nent,
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yet anot her such € i ment, e convex surraces are for romcrown-1ike
mat eri al s, and tdoecaewmiefaeesand aces are formed fromflint-1ike materials.

e wherein the first and second lens elements are arranged sequentially in
optical alignment with an imager positioned at the distal end thereof.

[0006] In one embodiment of the three-surface optical arrangement, the surfaces
of the first element are separated by a first substrate, and the surfaces of the second
element are separated by a second substrate. In another such embodiment, the flat
second proximal surface is formed by the second substrate. In still another such
embodiment, an aperture stop is disposed on the flat second proximal surface. In
yet another such embodiment, at least one aperture is disposed on at least one of
the first or second substrates. In still yet another such embodiment, an aperture
structure is disposed between said first and second lens elements, comprising at
least one aperture substrate having at least one aperture disposed thereon. In still
yet another such embodiment, the first and second lens elements and the second
lens element and the imager are separated by spacers. In still yet another such
embodiment, a filter is disposed on at least one of the first or second substrates. In
still yet another such embodiment, at least two of the surfaces of the lens elements

are formed from materials having different Abbe-numbers. In still yet another such



[ 0007] I n anot her enbodi nent of the three-surface optical arrangenent, an
array of such arrangenents are described, where the array is designed to

i mage a swbeotwswavel engt h band, and where the profil ePofi/tstol2eagi4 one of
the I ens surfaces within each optical arrangenent is adapted to optimally
i mage only a narrow band portion of the selected wavel ength band such that
in conbination the plurality of arrangenents within the array inmage the
entirety of the sel ected wavel ength band. [0008]1n anot her enbodi nent, the
invention is directed to a five-surface optical arrangenment for an array
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separ at ed by a second substrate. In another such enbodi ment, the third

pl anar diR4%deSsurface is in contact with one of either the image sensor or
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enbodi ment, an aperture stop I's disposed on the first concave di stal
surface. In yet c@neaveedisial sHrfeceh ovhaie e dameipreeh hedirst eqnves stifeposed on

the first SUbStrl?rgsrﬁaghft‘r?@&taﬁeg%rtd??néfn"s?&orﬁ:%l?&@t{r‘?aé%',Sta' surface. In yet

anot her such enbodi nent
e a second lens element having a second concave proximal surface and a

second convex distal surface, where the diameter of the second concave
proximal surface is smaller than the diameter of the second convex
surface;

e a third lens element having a third concave proximal surface and a third
planar distal surface, where the diameter of the third concave proximal
surface is larger than the diameters of any of the surfaces of the first and
second lens elements; and

e where the first, second and thirds lens elements are arranged sequentially
in optical alignment with an imager positioned at the distal end thereof.

[0001] In one such embodiment of the five-surface optical arrangement the
surfaces of the first element are separated by a first substrate, and the surfaces of
the second element are separated by a second substrate. In another such
embodiment, the third planar distal surface is in contact with one of either the image
sensor or a cover glass disposed over the image sensor. In still another such
embodiment, an aperture stop is disposed on the first concave distal surface. In yet
another such embodiment, an aperture stop is disposed on the first substrate

adjacent to the first concave distal surface. In yet another such embodiment, at least



one aperture is disposed within the first lens elenent. In still yet

anot her such enbodi nent, an aperture structure is disposed between at | east
two of sawo20e8M®3Bbenents, the aperture structure conpriPSTAg2@ER/k@ast one

aperture substrate having at | east one aperture disposed thereon. In still
yet anot her such enbodi ment, the first and second | ens elenents, and the

second and thirds lens elenents are separated by spacers. In still yet
anot her such enbodinent, a filter is disposed within at | east one of the
first and second lens elenments. In still yet another such enbodi nent, at
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[0002] In another embodiment of the five-surface optical arrangement, a plurality

of the five-surface optical arrangements is provided in an array. In such
embodiment, the array is designed to image a selected wavelength band, and
wherein the profile of at least one of the lens surfaces within each optical
arrangement is adapted to optimally image only a narrow-band portion of the
selected wavelength such that in combination the plurality of arrangements within the
array image the entirety of the selected wavelength band.
[0003] In another embodiment, the invention is directed to a substrate embedded
hybrid lens optical arrangement for an array camera. In such an embodiment, the
optical arrangement includes:

e a substrate having proximal and distal sides;

e a first monolithic lens element having first proximal and distal surfaces

disposed on the proximal side of the substrate;



optical alignnment with an inmager positioned at the distal end thereof.

[ 0004] I n anot her enbodi nent of the substrate enbedded hybrid | ens opti cal
ar r angenewo0 2at3/doazst two axially aligned apertures are @c3ass@dosnwisai d
substrate. In another such enbodinent, the at |east two axially aligned
apertures are one of either the sane or different sizes. In still another
such enbodi nent, at |east one coating is disposed on said substrate in
optical alignment with said at | east one aperture. In yet another such
enbodi nent, the at |east one coating is selected fromthe group consisting
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filter. In still anot {vale s formed from
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part of a wafer stack conprising urality of the substrate enbedded
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ar r angendimt grouphemsisting ofar pojarizatide iltgmedcolor filter, an IRCF filter, and a NIR-
pass filter. In still yet another such embodiment, the substrate is formed from a
material that acts as a filter selected from the group consisting of a polarization filter,
a color filter, an IRCF filter, and a NIR-pass filter. In still yet another such
embodiment, the substrate further comprises an adaptive optical element. In still yet
another such embodiment, at least two of the lens elements are formed from
materials having different Abbe-numbers.
[0005] In still another embodiment of the substrate embedded hybrid lens optical
arrangement, such an arrangement is part of a wafer stack comprising a plurality of
the substrate embedded hybrid lens optical arrangements including:
e a plurality of wafer surfaces formed from the elements of the
arrangements; and
e at least two alignment marks formed in relation to each wafer surface,
each of said alignment marks being cooperative with an alignment mark
on an adjacent wafer surface such that said alignment marks when
cooperatively aligned aide in the lateral and rotational alignment of the
lens surfaces with the corresponding apertures.
[0006] In yet another embodiment of the substrate embedded hybrid lens optical
arrangement, the arrangement is part of an array comprising a plurality of the

substrate embedded hybrid lens optical arrangements, where the array is designed



to i mage a sel ected wavel ength band, and wherein the profile of at |east
one of the lens surfaces within each optical arrangenent is adapted to
opti mal | yworeagpen0s27by a narr ow band portion of the sel ecret/isaveloetngt h such
that in conbination the plurality of arrangenents within the array inmge
the entirety of the selected wavel ength band. [0007] In still another
enbodi nent, the invention is directed to a nonolithic | ens optical
arrangenment for an array canera. In such an enbodi nent, the optica
arrangenent includes: at |least one lens element itself conmprising: a
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t he second nonol i t.hilc |l ens is arranged in optical alignnent with said

apert ure;arrﬁ'ﬂgemﬁﬂtép(éug%% first nonolithic lens elenment is in direct contact

with the aperturs|gRdohdiRns ePight eaIOLbhpiiging:ens. [ 0008] I n anot her
enbodi ment the nonolithic optical arrangenent includes at |east one filter
di sposed on s&i @ {shAwnslithicdees havisy firet Arodmahane Aistalisurfaces. gvhere theast one
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formed frommaterials having different Abbe-nunbers. In yet another such

enbodi ment, at |c@asaver AbCoRex ROBIReANd veliase ftoe fest. distobeoface et thel firshot her

enbodi nent the mMAYitHidie Slhﬁggr%éﬂq &%hlearrangement is part of an array
conprising a plurality of the nolithic optical arrangenents, where the

array is designed leasti omgyeapartse epededvarelttendtdt distal sueace wiiethei first he
B rangerent i s SOIVEEE 1B° SpHTHaRTS FRRGRT S MEAG, Fow band portion of the
sel ect ed wavebenrgsbcside mdnbhthid lens having second proximal and distal surfaces,
where the second proximal surface of the second monolithic lens has a
plano profile, and where the second distal surface of the second monolithic
lens has one of either a concave or convex profile, and where the second
monolithic lens is arranged in optical alignment with said aperture; and
¢ where the first monolithic lens element is in direct contact with the aperture
and the second monolithic lens.
[0008] In another embodiment the monolithic optical arrangement includes at
least one filter disposed on said plano surface in optical alignment with said at least
one aperture. In still another such embodiment, the monolithic lenses are formed
from materials having different Abbe-numbers. In yet another such embodiment, at
least two lens elements are formed.
[0009] In still another embodiment the monolithic lens optical arrangement is part
of an array comprising a plurality of the monolithic optical arrangements, where the
array is designed to image a selected wavelength band, and wherein the profile of at
least one of the lens surfaces within each optical arrangement is adapted to

optimally image only a narrow-band portion of the selected wavelength such that in



conbination the plurality of arrangenents within the array inmage the
entirety of the selected wavel ength band. [0010] I n yet another enbodi nent
of the nowol2ot3nos276ens optical arrangenment, such an arr aogasee2/os®ipart of
a wafer stack conprising: a plurality of wafer surfaces forned fromthe
el ements of the arrangenments; and at |east two alignment marks formed in
relation to each wafer surface, each of the alignnment nmarks being
cooperative with an alignnent mark on an adj acent wafer surface such that
t he alignment marks when cooperatively aligned aide in the |lateral and
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[0011] I n yet another odi nent e 1nvention |
t hr ee- el setestednwansliendth bandéns optical arrangement for an array camera. In

such an ¢ | meat etté?n%tr%‘?.térﬁrﬁédi%ﬁta[w%e onio‘ﬁ'ﬂcu%?@;%{)ti%alf ialrr?r]iqérﬁé}ﬁ el ement
having a'first convex proximl surface and a first piadno distal surface; a
second | ensh eh@mangemant iagad of e vaaier stackceoneprmingki nal surface and a second

convex distal'surf Cest afthird neggsci ens e#Fnen% ha%in a tEiEd concave
proxi mal surfacé afd el My §VaenvaY aﬁ?%ttﬂ £y Q0L heae® ?'@ggt? SheMpert ure
di sposed on t he driahgemphinandli stal surface; and
e at least two alignment marks formed in relation to each wafer surface,
each of the alignment marks being cooperative with an alignment mark on
an adjacent wafer surface such that the alignment marks when
cooperatively aligned aide in the lateral and rotational alignment of the
lens surfaces with the corresponding apertures.
[0011] In yet another embodiment, the invention is directed to a three-element
monolithic lens optical arrangement for an array camera. In such an embodiment,
the optical arrangement includes:
¢ afirstlens element having a first convex proximal surface and a first plano
distal surface;
e a second lens element having a second concave proximal surface and a
second convex distal surface;
¢ a third menisci lens element having a third concave proximal surface and a
third convex distal surface;
¢ atleast one aperture disposed on the first plano distal surface; and
¢ wherein the first, second and third lens elements are arranged sequentially
in optical alignment with the aperture stop and an imager.
[0012] In another embodiment the three-element monolithic optical arrangement
includes first and second lens elements that are formed from low dispersion
materials and the third lens element is formed from a high dispersion material. In still
another such embodiment, at least one filter is disposed on the first plano distal
surface in optical alignment with the first lens element. In yet another such
embodiment, the first lens element further comprises a substrate disposed on the
distal surface thereof. In still yet another such embodiment, at least one aperture is
disposed on the distal surface of said substrate. In still yet another such

embodiment, at least one filter is disposed on the distal surface of said substrate. In
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wherein the first, second and third I ens el enents are arranged sequentially
in optical alignnment with the aperture stop and an inager. [0012]1n another
enbodi mrernwothss/awba7ee- el emrent nonol i thic optical arrangememtuseoclouges first
and second lens elenents that are formed from | ow di spersion materials and
the third lens element is forned froma high dispersion material. In stil
anot her such enbodi nent, at |east one filter is disposed on the first piano
distal surface in optical alignment with the first lens elenment. In yet
anot her such enbodi nent, the first lens elenent further conprises a
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enbodi nent, "at | east one aperture is disposed on Enhe I stal SLPI’ ace of said
subst r at substrate disposgadbetaeen fieg proxiniel @nt sititatentfaces theeepst one filter is
di sposed he di sta i g..s r I bl er such
enbodi ne ?(,mét]he Ige%[ﬁ)lnén g%\'fs%@?oé%&ﬂ?ﬁf ﬂ}et lF\Hehrgé ggénﬁ?qts@gﬁg‘télhbpéﬁ%a@e}%%rsposed
bet ween tah@npemrnhelpadrd adiastay| cosnprisagespltradityeaffthe fH0d-8]dnmerd tnidriolidiot her

enbodi ment ..t he ree-el e nolithi ¢ | pti_cal ig part of

an arr ay%%g(}ﬁ%rqréﬁmﬁg%gﬁ%o’ l% %fef m)%} %{‘ré)% Eeg?sk'ﬁq{e%-@l 'Fenr?éﬁta %%Ié(gt?lgt | cFeg I cal

ar r angemdiahd, anthehereirhthegurofilg df at thast gmedf the lemag@afares elithat eachaeptiehengt h

band, and wherein, the rtOEIile of. a@y l.east one of the |lens surfac W thin
RPteds o aRliva :

each opt iCA 98P feRgRPte {9285 M i‘afrﬂﬁ’déangnPg%H' n@r band
portion ablechel walaaigit suavidbeingiomisnationtithapluralitcofdrrangementd Wichipthe al i ty
of arrangenents within the_ array i e the entirety of the selected

wavel engt¥H #AREI® fh?(ﬁ’ﬁ']r?tﬁ °§ﬁ]e| ?J%g(?‘g%?lﬁ%qthgﬁﬁgdi ment, the invention is
direct ed [o@4 plinrsall iyby apdthepbidabinfnt, A6 8RRHLSN fi9 iratted th &y plisdI®y of
including: = a lens elenment array stack fornmed froma plurality of |ens

el ement &PHE3 SrapgRments forrn P CATRAAtUdPgays being in optical alignment
wi th each other Apdsaldndd &FRYNEAFolBIREmM APRiraWef Rn8atdm&it drhfs,

i ndi vidual lens elenents of each of the lens el ement stacks Is formed from
one of either a eagchlefdre lepweRntrnt ainale Peirgtie opti¢al ahgrmemrarith each etbguence in

Ymnitl::\r/ll SE:I Or eﬁ'stéglﬁ;angorﬁﬂsg?g@ﬁg gﬁp ér?g@%ugggbﬂ]engtpgu ?lal | Eaﬁzege: zgaggt ected
by the i mager or eltaredathearfdhe.indid0ud]léms stendnty ef eactofidne éarisoelement , t he
invention is di I e?ctlgqs R‘é)rmaedp#réjrﬁ%nieté? ecl)’gher a high or low Abbe number material,
and where the sequence in which one of either a high or low Abbe number
material is used in any individual lens element stack depends upon the
spectral band being detected by the imager related thereto.
[0015] In still yet another embodiment, the invention is directed to a plurality of
optical arrangements for an array camera including:
e alens element array stack formed from a plurality of lens element arrays,
each of said lens element arrays being formed of a plurality of lens
elements;
e a plurality of structural features integrated into each of the lens element
arrays;
e where the structural features ensure alignment of the lens element arrays
in relation to each other within the lens element array stack in at least one
dimension.
[0016] In one such embodiment of a plurality of optical arrangements the
structural features are selected from the group consisting of lateral and rotational

alignment features, spacers and stand-offs.



optical arrangenents for an array canera including: a lens elenent array
stack fornmed froma plurality of lens elenent arrays, each of said | ens

el enent awopays/doai7ag fornmed of a plurality of |ens el emeordiS201a/opdons al ity
of structural features integrated into each of the I ens el enent arrays;
where the structural features ensure alignnment of the lens elenent arrays
in relation to each other wwthin the lens elenent array stack in at |east
one di nension. [0016]In one such enbodi ment of a plurality of optical
arrangenments the structural features are selected fromthe group consisting

of |ater d nQtgfivanaho@kt n‘?aifhr toA3 ! R b6 WO
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fabri cat 'cﬂgnr'?élé 85r?|Ptl|§]n&n array having a plurality of optical channels
conpri si ng: a design incorporating a nom nal shape of one of
either a vvavepl anreparmgaa nigsigr éincerpatatinig achommaﬂ)htzlmaae edfeomtof usitbdr foor only

chanvel-ut oe, <0 pheBB s LSBT AR sk FefBbh R A g E-antl. e

wise color aberration correction of the optical channels of the array;

o fabricating an array lens module based on the design;

e experimentally determining the systematic deviation of the lens module
from the design based on at least one parameter selected from the group
consisting of lens metrologies, centering, distance and optical
performance;

¢ redesigning only the channel-wise color aberration correcting surfaces of
the lens module based on the results of the experiment;

o refabricating the lens module based on the redesign; and

e compensating for any of the systematic deviations remaining using a back
focal length of the lens module.

[0018] In still yet another embodiment, the invention is directed to an optical
arrangement comprising a plurality of optical channels, each optical channel
including at least one optical element, comprising at least two optical surfaces,
wherein one of the optical surfaces of each of the plurality of optical channels is a
channel specific surface having a wavefront deformation sufficient solely to adapt the
optical channel to a selected waveband of light. In one such embodiment, the
channel specific surface is selected from the group consisting of waveplates,
kinoforms, and radial symmetric multilevel diffractive phase elements.

[0019] The features and advantages described in the specification are not all
inclusive and, in particular, many additional features and advantages will be
apparent to one of ordinary skill in the art in view of the drawings, specification, and
claims. Moreover, it should be noted that the language used in the specification has
been principally selected for readability and instructional purposes, and may not

have been selected to delineate or circumscribe the inventive subject matter.



experinmental ly determ ning the systematic deviation of the |lens nodule from
t he desi gn based on at | east one paraneter selected fromthe group

consi sti nyoab1dms6net r ol ogi es, centering, distance andPoptusea/044014
performance; redesigning only the channel-w se color aberration correcting
surfaces of the | ens nodul e based on the results of the experinent;
refabricating the | ens nodul e based on the redesign; and conpensating for
any of the systematic deviations remaining using a back focal |ength of the
| ens nmodule. [0018]1n still yet anot her enbodi ment, the invention is

directed E?FQE?%%RWIOW@F’J‘ §orrpr| sing a plurality of optical
channel s, each optical channe |nc uding at | east one optical elenent,
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figures, vvherel
embodlment of the optical arrangement of Figure 4A.
[0026] Figure 5A1 is a schematic of a five surface three-lens optical arrangement
according to one embodiment of the invention.
[0027] Figure 5A2 is a table of exemplary lenses in accordance with one
embodiment of the optical arrangement of Figure 5A1.
[0028] Figures 5B to 5H are data plots presenting characteristic performance
indicators of the optical arrangement of Figure 5A1.
[0029] Figure 511 is a schematic of a five surface three-lens optical arrangement
according to one embodiment of the invention.
[0030] Figure 512 is a table of exemplary lenses in accordance with one
embodiment of the optical arrangement of Figure 5I1.
[0031] Figure 5J1 is a schematic of a five surface three-lens optical arrangement
according to one embodiment of the invention.
[0032] Figure 5J2 is a table of exemplary lenses in accordance with one
embodiment of the optical arrangement of Figure 5J1.
[0033] Figures 6A and 6B are schematics of conventional monolithic lens and
aperture arrangements.
[0034] Figure 6C is a schematic of a monolithic optical arrangement according to

one embodiment of the invention.
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[0021]Figure 1 is a plan view of a conventional canmera array with a
plurality of imagers. [0022]Figure 2 is a perspective view of a

conventi oval2osawe7a array with |lens el enents. [0023] Fi giCe/u32012/084014
cross-sectional view of a conventional canera array. [0024]Figure 4Ais a
schematic of a three surface two-lens optical arrangenment according to one
enbodi nent of the invention. [0025]Figure 4B is a table of exenplary |enses
i n accordance with one enbodi nent of the optical arrangenent of Figure 4A
[ 0026] Figure 5A1 is a schematic of a five surface three-lens optical

arr angemgphasicc ¢iglirag 67 epehRdidmeniaties drMRondiMe dpRBal arrangements
according to various embodiments of the invention.
[0036] Figures 7A is a schematic of a process flow for manufacturing a monolithic
optical arrangement according to one embodiment of the invention.
[0037] Figures 7B to 7D are schematics of monolithic optical arrangements
according to various embodiments of the invention.
[0038] Figures 7E to 7G are schematics of optical arrangements which
incorporate monolithic lens elements according to the embodiments of the invention
shown in Figures 7B to 7D.
[0039] Figures 8A to 8D are schematics of three element monolithic optical
arrangements according to various embodiments of the invention.
[0040] Figures 8E to 8J are data graphs of characteristic performance indicators
of the three-element monolithic optical arrangements according to one embodiment
of the invention.
[0041] Figures 9A and 9B are schematics of conventional injection molded optical
arrangement formed of two materials.
[0042] Figure 9C is a schematic of an injection molded optical arrangement
formed of two materials according to one embodiment of the invention.
[0043] Figures 9D is a schematic of a conventional polymer on glass wafer level
optical arrangement formed of two materials.
[0044] Figures 9E is a schematic of a polymer on glass wafer level optical
arrangement formed of two materials according to one embodiment of the invention.
[0045] Figures 10A is a schematic of a conventional polymer on glass wafer level
optical arrangement having an integrated aperture stop.
[0046] Figures 10B is a schematic of a polymer on glass wafer level optical
arrangement having an integrated aperture stop according to one embodiment of the
invention.
[0047] Figures 11A and 11B are schematics of optical arrangements having
preformed spacing and alignment elements according to one embodiment of the
invention.
[0048] Figure 12 is a flowchart of a process for manufacturing an optical

arrangement according to one embodiment of the invention.
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[0027] Figure 5A2 is a table of exenplary |lenses in accordance with one
enbodi nent of the optical arrangenent of Figure 5A1. [0028]Figures 5B to 5H
are data wbhavs/qsEsenti ng characteristic perfornmance i n#cCtaiserig/oefo14 he
optical arrangenent of Figure 5A1. [0029]Figure 511 is a schematic of a
five surface three-lens optical arrangenent according to one enbodi nent of
the invention. [0030]Figure 512 is a table of exenplary |enses in
accordance with one enbodi mrent of the optical arrangenment of Figure 511.
[0031] Figure 5J1 is a schematic of a five surface three-lens optical

arr angenmgiiT ACEP S SERIFPTIBRE enbodi nent of the invention. [0032] Figure 5J2

is a table of exenplary |lenses in accordance with one
[0049] The current invention relates to novel optical arrangements for use in an

array camera that captures images using a distributed approach using a plurality of
imagers of different imaging characteristics. Each imager of such a camera may be
combined with separate optics with different filters and operate with different
operating parameters (e.g., exposure time). As will be described, these distinct
optical elements may be fabricated using any suitable technique, including, for
example, injection molding, glass molding, polymer-on-glass wafer level optics

(WLO), or monolithic-lens WLO technologies (polymer or glass).

Definitions

[0050] A sensor element or pixel refers to an individual light-sensing element in a
camera array. The sensor element or pixel includes, among others, traditional CIS
(CMOS Image Sensor), CCD (charge-coupled device), high dynamic range pixel,
multispectral pixel and various alternatives thereof.

[0051] An imager refers to a two dimensional array of pixels. The sensor
elements of each imager have similar physical properties and receive light through
the same optical component. Further, the sensor elements in the each imager may
be associated with the same color filter.

[0052] An imager array refers to a collection of imagers designed to function as a
unitary component. The imager array may be fabricated on a single chip for
mounting or installing in various devices.

[0053] A lens stack refers to an axial arrangement of several optical
components/lens elements.

[0054] An optical channel refers to the combination of a lens stack and an imager.
[0055] A lens array refers to a lateral arrangement of individual lens elements.
[0056] An optics or lens stack array refers to a lateral array of lens stacks, or an
axial arrangement of multiple lens arrays.

[0057] A camera array refers to the combination of an optics array and an imager
array, and can also be defined as an array of optical channels.

[0058] Image characteristics of an imager refer to any characteristics or
parameters of the imager associated with capturing of images. The imaging

characteristics may include, among others, the size of the imager, the type of pixels
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enbodi nent of the optical arrangenent of Figure 5J1. [0033]Fi gures 6A and
6B are schematics of conventional nonolithic | ens and aperture

ar rangenewo02013834] Fi gure 6C is a schematic of a nonol PChiGS2@pLIMS
arrangenent according to one enbodi nent of the invention. WO

2013/ 003276PCT/ US2012/ 044014 [ 0035] Figures 6D1 to 6D6 are schematics of
nmonol i thic optical arrangenents according to various enbodi nents of the

i nvention. [0036] Figures 7A is a schematic of a process flow for

manuf acturing a nonolithic optical arrangenent according to one enbodi nent

of the i RYS&MdLR the imager, the shape of the imager, filters associated with the imager,
the exposure time of the imager, aperture size of the optics associated with the
imager, the configuration of the optical element associated with the imager, gain of
the imager, the resolution of the imager, and operational timing of the imager.
[0059] The characteristics of the optics of a camera refer to at least the field of
view (FOV), F-number (F/#), resolution (MTF), effective focal length or magnification,

color or waveband, distortion, and relative illumination.

Structure Of Camera Array

[0060] Figure 1 is a plan view of a generic camera array 100 with imagers 1A
through NM. As shown, an imager array of the type shown is fabricated to include a
plurality of imagers 1A through NM. In turn, each of the imagers 1A through NM may
include a plurality of pixels (e.g., 0.32 Mega pixels). Although the imagers 1A
through NM are arranged into a grid format as illustrated in Figure 1, it should be
understood that they may be arranged in any suitable configuration. For example, in
other embodiments, the imagers may be arranged in a non-grid format, such as in a
circular pattern, zigzagged pattern or scattered pattern.

[0061] Imager arrays of this design may include two or more types of
heterogeneous imagers, each imager including two or more sensor elements or
pixels. Each one of the imagers may have different imaging characteristics.
Alternatively, there may be two or more different types of imagers where the same
type of imagers shares the same imaging characteristics. For example, each imager
1A through NM may be associated with its own filter and/or optical element (e.g.,
lens). Specifically, each of the imagers 1A through NM or a group of imagers may
be associated with spectral color filters to receive certain wavelengths of light.
Example filters include a traditional filter used in the Bayer pattern (R, G, B), an IR-
cut filter, a near-IR filter, a polarizing filter, and a custom filter to suit the needs of
hyper-spectral imaging. In addition, some imagers may have no filter to allow
reception of both the entire visible spectra and near-IR, which increases the imager’s
signal-to-noise ratio. The number of distinct filters may be as large as the number of
imagers in the camera array.

[0062] It will be understood that such imager arrays may include other related

circuitry. The other circuitry may include, among others, circuitry to control imaging
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[0037] Figures 7B to 7D are schematics of nonolithic optical arrangenents
according to various enbodi nents of the invention. [0038] Figures 7E to 7G
are schemsDi20s/08276pt i cal arrangenments whi ch i ncor por at @Cwarsedi2iolioss | ens

el ements according to the enbodi nents of the invention shown in Figures 7B
to 7D. [0039]Figures 8A to 8D are schematics of three elenent nonolithic
optical arrangenents according to various enbodi nents of the invention.

[ 0040] Figures 8E to 8J are data graphs of characteristic performance
indicators of the three-elenment nonolithic optical arrangenents according

one eg#%I St Fgaﬁé stahgorw%ghg@gmty& 99%5&@%@8 3 %ﬁﬁ?ir%i@%ﬁmt ics

Of conve | nj ect1 on nol I cal arrangerrent
mat eri al §on[roiomqgmggga@n@@Brﬁsswhsam@nmsuce dimesn gam;, eodi acknsvakdffegit i cal

arrangemgil, gensor may include dark pixels to estimate dark current at the operating
temperature. The dark current may be measured for on-the-fly compensation for any
thermal creep that the substrate may suffer from.
[0063] These camera arrays may be designed as a drop-in replacement for
existing camera image sensors used in cell phones and other mobile devices. For
this purpose, the camera array may be designed to be physically compatible with
conventional camera modules of approximately the same resolution although the
achieved resolution of the camera array may exceed conventional image sensors in
many photographic situations. Taking advantage of the increased performance, the
camera array of the embodiment may include an imager with fewer pixels to obtain
equal or better quality images compared to conventional image sensors.
Alternatively, the size of the pixels in the imager may be reduced compared to pixels
in conventional image sensors while achieving comparable results.
[0064] In one embodiment, the camera array including the imagers replaces a

conventional image sensor of M megapixels. The camera array includes [ |

imagers, each sensor including pixels of . Each imager in the camera array also

has the same aspect ratio as the conventional image sensor being replaced.

Optics Integration

[0065] To provide lenses and other optical elements for these imagers, these
types of camera arrays may employ any suitable optical technology. The following
discussion will provide a general overview of conventional optical elements for use in
camera arrays.

[0066] Figure 2 is a perspective view of one such conventional array camera
assembly 200 that incorporates such an optics array 210 with an imager array 230.
As shown, the optics array 210 generally includes a plurality of lens stacks 220
(which furthermore may consist of several axially aligned lens elements), each lens
stack 220 covering (in the shown example) one of twenty-five imagers 240 in the

imager array 230.
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formed of two materials according to one enbodi nent of the invention.
[0043] Figures 9D is a schematic of a conventional polyner on glass wafer

| evel optwoabiszoszmkmgenent fornmed of two materials. [0042LCFiusaried4dELi s a
schematic of a polyner on glass wafer |evel optical arrangenent forned of
two materials according to one enbodi nent of the invention. [0045] Figures
10A is a schematic of a conventional polynmer on glass wafer |evel optical
arrangenent having an integrated aperture stop. [0046] Figures 10B is a
schematic of a polyner on glass wafer |evel optical arrangenent having an

I nt egr at er t {: - ' [ fodphend kon.
0047 H 4 e B SRl g, e e o D) 280 e o T
pr ef or nedusiaclasignathe caniegn aesambly @ maslheooprisangn opticsnaraynibolddimgr® of t he

ook lop WRTLEL S Lo LANSIRL 0] gPEPRERR B ROAAG 4T 0 o
substrate 278 with multiple sensors and associated light sensing elements formed
thereon. Spacers 258, 264 and 270 are also included to provide proper positioning
to the various elements. In this embodiment the camera array assembly 250 is also
packaged within an encapsulation 254. Finally, an optional top spacer 258 may be
placed between the encapsulation 254 and the top lens wafer 262 of the imager
array; however, it is not essential to the construction of the camera assembly 250.
Within the imager array, individual lens elements 288 are formed on the top lens
wafer 262. Although these lens elements 288 are shown as being identical in Figure
3, it should be understood that within the same camera array different types, sizes,
and shapes of elements may be used. Another set of lens elements 286 is formed
on the bottom lens wafer 268. The combination of the lens elements on the top lens
wafer and bottom lens wafer form the lens stacks 220 shown in Figure 2.

[0068] In these types of camera arrays, through-silicon vias 274 may also
provided to paths for transmitting signal from the imagers. The top lens wafer 262
may be partially coated with light blocking materials 284 (e.g., chromium, oxidized
(“black™) chromium, opaque photoresist) to block of light. In such embodiment, the
portions of the top lens wafer 262 of the optics array not coated with the blocking
materials 284 serve as apertures through which light passes to the bottom lens wafer
268 and the imager array. Although only a single aperture is shown in the
embodiment provided in Figure 3, it should be understood that, in these types of
camera arrays, additional apertures may be formed from opaque layers disposed on
any and all of the substrate faces in the camera assembly to improve stray light
performance and reduced optical crosstalk. In the example shown in Figure 3, filters
282 are formed on the bottom lens wafer 268 of the optics array. Light blocking
materials 280 may also be coated on the bottom lens wafer 268 of the optics array to
function as an optical isolator. A light blocking material 280 may also be coated on
the substrate 278 of the imager array to protect the sensor electronics from incident
radiation. Spacers 283 can also be placed between the bottom lens wafer 268 of the

optics array and the substrate 278 of the imager array, and between the lens wafers
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DETAI LED DESCRI PTI ON [ 0049] The current invention relates to novel optical
arrangenents for use in an array canera that captures inmages using a

di st ri butwo 2apmodzE6h using a plurality of inmagers of di PCEsSea12i0nmas Ng
characteristics. Each inmager of such a canera nmay be conbined with separate
optics with different filters and operate wth different operating
paraneters (e.g., exposure tinme). As will be described, these distinct
optical elenments may be fabricated using any suitable technique, including,
for exanple, injection nolding, glass nolding, polyner-on-glass wafer |evel
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may include any opaque material, such as, for example, a metal material like Ti and
Cr, or an oxide of these materials like black chromium (chrome and chrome oxide),
or dark silicon, or a black particle filled photoresist like a black matrix polymer
(PSK2000 from Brewer Science).

[0070] There are a number of advantages that can be realized by using smaller
lens elements with these array cameras. First, the smaller lens elements occupy
much less space compared to a single large lens covering the entire camera array
230. In addition, some of the natural consequences of using these smaller lens
elements include, improved optical properties by reduced aberrations, in particular
chromatic aberrations, reduced cost, reduced amount of materials needed, and the
reduction in the manufacturing steps. A full discussion of these advantages may be
found in U.S. Patent Publication No. US-2011-0080487-A1, the disclosure of which
is incorporated herein by reference.

[0071] Although the above-description provides an overview of a basic design for
an optical arrangement for use with an array camera, the current invention is
directed to novel arrangements capable of enhanced properties. In short, because
of the array approach itself, and the resultant relaxed total track length requirement
(since the array camera by its nature is much shorter than a comparable classical
objective), it is possible to adopt novel optical design approaches for the lens
channels of an array camera rather than just using arrays of regular optical designs.
These novel arrangements will be described in detail below, however, it should be
understood that other optical arrangements that incorporate the improvements set

forth herein may be used with the camera arrays described herein.
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[ 0053] A Il ens stack refers to an axial arrangenent of several optical
conponent s/l ens el enents. [0054] An optical channel refers to the

conbi nat iw 20f3/@3176éns st ack and an i nager. [0055] A | ensprarnsgoneisis to a

| at eral arrangement of individual |ens elenents. [0056] An optics or |ens
stack array refers to a lateral array of |ens stacks, or an axi al
arrangenent of nultiple lens arrays. [0057] A canera array refers to the
conbi nati on of an optics array and an i mager array, and can al so be defi ned
as an array of optical channels. [0058]1nmage characteristics of an imager

refer to apy,fheheEiRhesklLRS:Lv RPpagELers of the imager associated with

capturin teristics may include, anong others,
t he sizel@0972]he Tra@‘g@al welfer leyghopties Wk@) is a technology where polymer lenses

are molded on glass wafers, potentially on both sides, stacked with further such lens
wafers by spacer wafers, and diced into lens modules (this is called “polymer on
glass WLQ”) followed by packaging of the optics directly with the imager into a
monolithic integrated module. As will be described in greater detail below, the WLO
procedure may involve, among other procedures, using a wafer level mold to create
the polymer lens elements on a glass substrate. Usually this involves incorporating
apertures, and in particular the aperture stop by providing openings centered with
the later lens channels in an otherwise opaque layer onto the substrate before lens
molding.

[0073] In a first embodiment, a three-surface optical arrangement suitable for the
fabrication by wafer level optics technology, and, in particular, to be used for the
optics (as one of the multiple channels) of an array camera is described in reference
to Figure 4A. More specifically, in a standard two-element lens, as shown in Figures
2 and 3, there are typically four lens surfaces (front and back for the top and the
bottom lenses). In contrast, in this total-track-length-relaxed but MTF-performance
optimized design, the third surface (first side of second element) has very low
refractive power. As a result, it is possible to omit it from the design entirely. The
result is a three surface design, which leads to a less expensive lens, due to less
required process steps, and improved yield because of less contributors to the yield
multiplication. In addition, since only lenses that have shapes which appear close to
spherical- or parabolic profiles (monotonous profiles, no wings) are applied in a
specific axial arrangement, centered around the aperture stop, only weak ray
bending occurs at all the refractions on air-lens or lens-air interfaces. The result of
this arrangement is a relaxed sensitivity with respect to centering-, thickness-,
distance-, or lens shape form error tolerances. As shown in Figure 4A, the rays for
the different field heights more or less transmit perpendicularly, and are thus not
strongly refracted through the lens surfaces. However, in such an arrangement it is
very important to find an optimum position where the angle of incidence (AOI) on the

glass substrate is minimal so that the shift of the band edges due to the AOI is
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included in the imager, the shape of the inmager, filters associated with
the imager, the exposure tinme of the inager, aperture size of the optics
associ at edowntdnosite i nager, the configuration of the oprCctalS2@kement
associated with the inmager, gain of the imger, the resolution of the

i mger, and operational timng of the inmager. [0059] The characteristics of
the optics of a canera refer to at |least the field of view (FOV), F-nunber
(F/#), resolution (MIF), effective focal |length or nagnification, color or
waveband, distortion, and relative illumnation. Structure O Canmera Array

[ 0060] Fi QMFmﬁm}ed ?oraarRJ élféle‘(:'trﬁ;"‘hlﬁgra 4T g? 1oC f&rAIRE b é\T])r MickOR YpdiBalgrpgers 1A

t hrough NM shown,” an 1 mager the type shown Is fabricated to
i ncl ude @upﬁmtassw:tpmdhe lemgggéack. 1A through NM In turn, each of the inagers

1A throug ?%NY' RS 4 W{Pﬁgw% PA L{ﬁﬁlk;}rbe\{ sBfradd 66“t|c§| éﬁ?rg;em&t‘?’@ld frbghycel s) -

Al t hough e’i magers are arran or mat ‘as
i Il ustratfiest 400 &dyseeortd leins eﬂemerhtd AR, wvider eteoentamgmi s@dxwtuaiﬂyalbega ranged

| any SULAPLSGPRLE U Qb FBL L SHATRL S o LRl STRO R o e

i magers on- ueheEE N B
pattern, lensyzteygent pmyte]pnomllyscbat bes@ihtpdt wvith na {:@fﬁ‘sbbhdmgesumdrm of

this deS| more types.of heterogen S i e each

o cer 1 aPeltE o astfoq Mt R SceiE B Dlasf Ui HRER S oRIRHE S The

i rraggr s mmadm/eredfdéﬁm??enh admwnngped?mraemhiss(tvr\mﬁcshoM; thahahh \sehys totf her e
may be t e di rent types of imagers e e . sane type o

T s Sredenahe cantast i lans SeRas db e B qad Stlp By kR aMace SRRol mager
1A througha\MsBE3e PRILAsaas it eEnyitidioht SAIBWIgH idnlyeduitapid/ Mbtedil haglbeel ement
(e g., lens). Specifically, each of the inmagers 1A through NM or a group of

i magers ME§ILE 988 SETRAMRCH e SpEITACCT GrRMmada friafs 8t ¢/ \eRelNPEMEY t ai n
wavel engthygagh) do'l)gﬁﬁr Exanple filters include a traditional fil ter used in
the Bayer attern (RR G B), an IRcut filter, a near-IR filter,

pol ari zi A@0%3]| téﬁumla@ndo dhe sepgifatip tafithe densuplements hestseives, H}/H’@rﬂ@bect ral

| magi ng. 144k @gdlehi A9D, tr?é?@‘?s b UBARLSs fiB¥e ﬁ@g%fﬂ‘?urét'd' drfdtet On #d MW él@é?ﬁpt ion of

both the entire visible spectra and near- | I ncreases the 1 mager's
si gnal - t dhedrss eleragntoandraeonoadse surédcedd Hi pﬁatselcpncﬂ giametay opdhesetende as

tsngh”fn”g%'ide%f t‘hg‘%ﬁlﬁrée:‘r@nﬁ hﬁ@?@rg@&%@wﬁ@x te 89@1%]f|r£tt¥}6é 'isrﬁ?gé}’lﬂgrﬁ fgod that
ger arrays may F&d cl reui ry. e other circuitry
may i ncl uhh;netanoﬁ@eomwnd sidg ottnet firgt keos etethend! Inrthgisegond element 402,

there is a shallow or flat surface 412 on the first side of the second element, and a

convex surface 414 on the second side of the second element. Preferably, the

diameter of the first side of the second element is smaller than the diameter of the

second surface of the second element, and that the diameter of the second side of

the second element is intermediate between the diameters of the first and second

sides of the first element. In addition, the system aperture or stop (not shown) is

preferably disposed on the first side of the second element.

[0076] Although not shown in the diagram, a (thin) first spacing structure (not

shown) is placed in between the two lens elements, which can be either incorporated

into the respective lens surfaces (“stand-offs”), or can be an additional element.

Likewise, a (thick) second spacing structure connecting the second side of the

second lens element with the cover glass or package 416 of the image sensor 417

may also be provided. Both spacing structures are preferably opaque, or have

opaque surfaces, at least at the inner side-walls, and provide partial optical isolation

between adjacent optical channels. Figure 4B provides a lens table for an
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paranmeters and sensors to sense physical paraneters. The control circuitry
may control imaging paraneters such as exposure tines, gain, and bl ack

| evel of fwet2n13lee27sensor may i ncl ude dark pixels to estipeRitS2dankiocur r ent
at the operating tenperature. The dark current nay be neasured for
on-the-fly conpensation for any thermal creep that the substrate may suffer
from [0063] These canera arrays nay be designed as a drop-in replacenent
for existing canera i nage sensors used in cell phones and ot her nobile
devices. For this purpose the canera array may be designed to be

physi oal lokeRRIRAblbloBmlinkbr 420104 LRk GAREE SIS PLORRRIRENIH ol Y the

sane reso utlon the ac esolutionof the canera array my
exceed cdhﬁ/@merﬁmentlmge sensors in many photographic situations. Taking

; : ot d t
a1 ot SO/ 7], " ANBEL 35 BaE CAAS TR, of 88 (RS LR StadadfeRTROC TP7
i nmages c ceparited atmveoisbaylid dealndensiged $en otres featlitesranat stwustyes tiey 56 ze of

the pi Xellﬁcor;g'org |hm%rlgﬁr|§éle?r?en e%ug& |0%O£'a)c?{q%%l %Fsﬁléﬁﬁeﬁ fgﬁ'ctl%g\%gtgnt i onal

| mage sensor’s I'l'eac g co ere di ment ,
t he canerrclatingy i ncl udi ng the imagers replaces a conventional inmage sensor

O 0D el S A RS R et RS P SRS 5T %
glass substrates underneath the polymer lenses).

e Channel specific filters, such as, for example, organic color filter arrays “CFA”
and/or structured dielectric filters, such as, for example, IR cut-off, NIR-pass,
interference color filters. These filters may be arranged within the stack of the
first and the second lens element, preferably in a surface close to the system
aperture.

e Partial achromatization of the individual narrow-spectral-band-channels may
be accomplished by combining different Abbe-number materials for the
different lens surfaces, such as, for example, “crown-like” materials for the two
convex surfaces on the outsides of the optical arrangement, and “flint-like”
materials for the potentially two (concave) surfaces on the inner sides of the
two lens elements (as is further described in Embodiment 6, below).

e Optimization of different color channels to their specific narrow spectral band
may be accomplished by adapting (at least) one lens surface profile within the
optical arrangement to that color to correct for chromatic aberrations. (For a
full discussion see, e.g., U.S. Patent App. No. 13/050,429, the disclosure of
which is incorporated herein by reference.)

[0078] There are several features of this novel three-surface optical arrangement
that render it particularly suitable for use in array cameras. First, the optical
arrangement is designed in such a way that very high contrast at the image sensor’s
Nyquist spatial frequency is achieved, which at the same time (for gradual fall-off of
contrast with increasing spatial frequency) provides sufficient contrast at 1.5x or 2x
the sensor’s Nyquist frequency to allow the super-resolution image information
recovery to work effectively. Second, the optical arrangement is optimized for

allowing a small lateral distance between adjacent optical channels in order to
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has the same aspect ratio as the conventional inmage sensor being repl aced.
Optics Integration [0065] To provide | enses and ot her optical elenents for
t hese i newjorg13/mbEse types of canera arrays may enpl oy &0y/Useéizalpdoes opti ca
technol ogy. The follow ng discussion will provide a general overview of
conventional optical elenents for use in canera arrays. [0066]Figure 2 is a
perspective view of one such conventional array canera assenbly 200 that

i ncorporates such an optics array 210 with an imger array 230. As shown,
the optics array 210 generally includes a plurality of |ens stacks 220

(whi ch fléchH@rhEBﬂZF JXBIGItCORS 4R r&Ai- e%?a‘(@ré}ba axbRdd eﬁil;} Qﬂ@q?ﬁ@bﬁarﬁét%f@”t s).

each |l ens stac covering (in the shown exanp one of twenty-
i magers 3houldnbe Isenallmageshodldr the walrthickness @f 3hed8pFBRCTPEs$PUCU£S1 4

Third, optical channels within one array dedicated to imaging different “colors” (parts
of the overall wavelength spectrum to be captured) may differ with regard to the
particular surface profile of at least one lens surface. The differences in the surface
profiles of those lenses in one array can be minor, but are very effective in keeping
the back focal length (“BFL”) color-independent, and consequently allowing (almost)
equally sharp images for the different colors without the costly need for wide-
spectral-band achromatization. Moreover, after computational color-fusion a high-
resolution polychromatic image can be achieved. In particular, preferably the last
surface in the lens stack (here - second surface of second element) is specifically
optimized for the narrow spectral band of the respective color channel. Fourth, the
above design approaches result in a (partial — as far it can be the case for the given
non-symmetry between object- and image space) symmetry of the lens system
around the aperture stop, which helps to reduce certain types of aberrations,
including, distortion, coma and lateral color.

[0079] The benefits of this array-dedicated design of the single channels of the
array camera include:

e The ability to provide high resolution with as few as two elements, and with
only three surfaces of refractive power within the two elements,

e Increased simplicity of the lens shapes,

¢ Reduced fabrication tolerance sensitivity due to reduced ray bending.

e Low CRA, due to relaxed total track length requirement.

e Low color cross-talk, due to color filters differentiating the different optical
channels rather than having a Bayer pattern on the pixel level performing
this task.

e Low pixel cross-talk, due to the smaller pixel stack height.

e Reduced color inhomogeneity, due to the color filters being farther from
the image plane.

e Low inter-channel cross-talk, because of the long back focal length, which
allows a thick opaque second spacer compared to thin transparent

substrate.
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[0067]Figure 3 is a sectional view of a canera array assenbly 250. As
shown, in such a design the canera assenbly 250 woul d conprise an optics
array i ncwoaorsgoa7mop | ens wafer 262 and a bottom | ens waTars2@@8440ah0d an

i mager array including a substrate 278 with nultiple sensors and associ at ed
i ght sensing elements fornmed thereon. Spacers 258, 264 and 270 are al so

i ncluded to provide proper positioning to the various elenents. In this
enbodi ment the canmera array assenbly 250 is al so packaged within an
encapsul ation 254. Finally, an optional top spacer 258 nay be pl aced
between t he 600%%\}& %bﬂ@crﬁér%af’r{dabfer}‘an&ﬁg dEDS ?Janhhﬁ’ertéé@ger
array; however, I's not essenti al the cons |on o] e canefa
assenbly 250. VﬁmhamxtMenynﬁ@eseabwaypnsmGBMWﬂmaen$eme“%téﬁents 288 are
formed on the tqp |_ens er Ag t % g 5 hens 2 { nts 28& are
shown as bein§ id@Afq 88P°fﬁ %?”geusr‘é‘ only PEER 5P OBEMREdYSPE5 PRIV t hi n

t he sane carreraspectaat btanfdt;er@pttmgwpeﬁghenmsall aastgzlcrsbmp&c redoletloan®hites may be
used. Anot her set. of. el enent s forned on the bot ontJe s, waf er
266 The corbi ndbNGNZBE THE. PENSMBIZARR SregHoRENBog et BEVENE! bot ¢ om

I ens wafer for mdhhendignaigainaeksultded .@hsrmprdrnotfergrur@o&ratrbaoﬁgﬂahangherse types
of camera arrays, throu%h silicon vias 274 nag alsqﬂg¥OV|ded to aths for
transmitting si g’ﬁ%fF’Ctl'qrb OLRRSES ALY DPIef RNSes pAN EASORIE Y T e diRy ‘H%r
partially coate¢ww th Iight blocking materials 284 (e.g., chrom um
oxi di zed ("black") chrom um opaque photoresist) to bIock of light. In such
enbodi ment, t ke Hpgher ey &Urlﬂﬁe”ta@pfalcbtﬁg Racayse2 ¢re gimalles I@pt@chn%arr ay not
coated with the VE r 0 ich
light passes to tEﬂl Eot o ' engﬁegfﬁgéjggﬁan ee?n3§3$§é%$ﬁyﬂgﬂf%fough
only a single apbrinkage argl tha@hilityi to Ltshée@rmmlmrﬁphpatwlta@mqlogyﬁ gure 3, it
shoul d be understood that, in these types of canera arrays, additional
apertureqz—@d"pgn;prpwsg,rfggg mwgﬂyayers di sposed on any and all of the
substr at y to inprove stray |ight perfornmance
and redud@@BUpt ilc semopgserabwlment tehbveesuafasecontisaharrangemenirseitableffor t er s
282 are f; f. t i ht

bl ocki ng ﬁ%pﬁfpgpgtggwgﬂﬁﬁégﬁ é@@%ﬁ%gﬁﬁ%ﬂHvHéﬂb ohﬁﬁgﬁg&%g¥£bk%68 of
the opti optics ra@orteoofrthermultmte alsarmelsjpr aoairravsaahwtr@rs desclibgrhin nefeyeiéeng

mat er i al tﬁ%? u?@é/sﬁ\"té%Jb‘tvr&rB @%S.Tﬁ AT ﬂﬁ‘sé {r gﬁec?éd @hgﬁbggg grray to
protect t LEhSBT ‘et o oM N acers can

al so be pligkecedolhébmeeiernt Ileeelblem;/ob]rebmtsha\)arhgara ﬂ@ﬁrﬂeﬁemh@ edmtrerttsclaser &y and

the substrate 27 nd bet ween the 62 and
bag of ¢ S ifage et a0Gin P8 Slandhf - S0meREENE Ik i R RE e 07 oy
be i npl ergenitiead auerty;]mcalysbnrgleasrslu&beelzs fﬂ%%lhétldttahhu@htheotbprdridutabrmittedw in |
FlgureS man SucC canelra arr S al SO | nCl ude space et ween. e OptICa
channel IERLa” BAmeUs . dhothetly PEASOYERES 36 g4 Bpies Taialy ¢ ha
are sim |ré€§o|¢rt€bn f¥ay BherRNtigdaliy) tsdroGlculd BEES retiucBd rédarepiat @h sthall Shown
at the edge of the lens stack array. As is discussed further bel ow the

spacer s (E%ﬁ‘?"rﬂemc@ﬁét ?fut@?étpt'f:r@%tﬁﬁdmége SR8 @I AWINg JRYCTH [358K 3leaPeri al s
to isol atriddiReOBh i ha! sahannel Seﬁaﬁtdf@dbPYUsHbe B 81 quBM@Im Githi §ensordli t abl e
| i ght blocking materials may include any opaque material, such as, for
exanpl e, (quantdra|filmdesingdhe pHdidorgl aﬁh@f‘t@e oban isresspd dll GCteod geqHiing | al s

l'i ke bl acicehy, %%r&%(ﬁéﬁﬁrsé@ﬁq b‘i’r??rontQ{f tr‘i’é‘rn'feg% $drfsBPin & Pera bl ack
particle f|IIe phot or esi st a Ia matri1 x pol yrmer~ (PSK2000 from

Br ewer Scft)relh@er)ncrcpme]tcrrme@\eder@raatwmnbwer)ofFl@@Ikvarﬁ%@éslem%dwmh@\ee
realized i e & h S rr | rst,
t he smal ls@r&n#&‘ngﬁaﬁgﬁearlletgac&%gﬁt (?g@ﬂ'[el eééMsté s‘;’)"yg’@ @S%ar eggfgﬁga@e{t&g' e large
| ens coveamega tengthesitartee tremmecassary &y a230ray canserd] sinenihesoray qarnetraes nat ur al
CONSEqUENt & Q’Ior%?lth% é*&SFh?) féB‘ré l:r%%s.kaet”oso %eét.%% tc%n 8&' ‘tﬁ c'ontr ‘Fs opti cal
properties by reduced aber 4 I"ons, icual KFomali ¢ ons
reduced aesign fwe(hwcfedesaamjmﬁedofThmlaege arhrsbere@‘dmg,reesmﬂ‘ ftdreeiorrerd\uberﬁae- in the

U7 pat HiB B FBL G ey oo BHT 80 4045 1R Wi S ARF BeliP Yoot cn 1 &

i ncor porated herein by reference [ 0071] Al t hough t he above-descri ption
provi des an overvi ew of a basic design for an optical arrangenent for use
with an array canmera, the current invention is directed to novel
arrangenments capabl e of enhanced prop@tties. In short, because of the array
approach itself, and the resultant relaxed total track |ength requirenent
(since the array canmera by its nature is nmuch shorter than a conparabl e

cl assical objective), it is possible to adopt novel optical design
approaches for the Iens channels of an array camera rather than ]USt usi ng

o, —yr e



Enbodi nent 1: Three-Surface WLO Desidn [0072] Traditional wafer |evel
optics (WO is a technol ogy where polyner |enses are nol ded on gl ass

waf ers, pwoentym@bi7zg on both sides, stacked with further psmais2éienssonaf er s by
spacer wafers, and diced into I ens nodules (this is called "polyner on
glass W.O') followed by packaging of the optics directly with the inager
into a nonolithic integrated nodule. As will be described in greater detail
bel ow, the W.O procedure may involve, anong other procedures, using a wafer
| evel nold to create the polyner |ens elenments on a gl ass substrate.

Usual Iy thig dfrme e‘égvséﬂ%‘? RARAILs gscuﬁ@?én%%smes Pnbh LA AR

aperture st Op di ng openin centered wt ter

in an ot faweves aygaqln@gfatinerba@htf@eﬂ t@gﬁumgts/rb@tl@pbéoraﬁt@ntl ®ies theosrictrg!
[0073] I n i i - f sui tabl e
for the P%Bgloigﬁ?rggpg&é' év\?/aé%{évr/e ﬁ)é:%QPﬁ@hts#gsva %&ﬁ@agé@ I'n particul ar,

to be usd@081dr tAse sbp\tvncig Famrerté, oi‘n ohe ﬂmbodlpieet dharfivelgrfacé aptical r ay
camera i e Fi p a a
ot Andar o AROOETERER, | RalE LTS B g o, AR RyBR8s oo i1y
four | ensarrsangédisesue(rftlehr,naloagch Siaglk dpttmaltﬂﬁh 50pH. amhddttbbbmmtjemdoeinmms) I n
contrast, in th t ot al n r el xed F-per ptim zed
Gosi gn. | ToreBaistiiidRReReS aabriogs Beni Cams Ao R 5o e R R

refr ac][ i \ce_rlfﬁgwmfdmﬁu@dﬁﬁﬁyﬁmbstnate 6?6 p&lﬁd&kﬂm,trﬁav%wﬁrgm: éxagrﬁ;ﬂénolf fgealsdﬁSI gn
entire e is a three_surfac esi gn, iC eads to ess
expena vPPBL i oy ME e SRS Ao ISTE0s 18 PEHLON SREcRrRIPERER (PbT d

because @holAP that Wahr4emd & Sndchahiaglly tehribctaitid Rink Cadérmermts tbnead@idbthbon,
since only |lenses that have shapes which (?R;Peal‘ cl ose to spherical - or

par abol i @NFBHP (1 IMEsHBRNSAG (RAYPRIB? PPdRCcludRg (i Wg<IPnairectigpptaerghnany

speC| fic sﬁﬁétﬂé n?étér?él%% useRe H BHEEMBo@HRAL tHRGeRPEIH4EES, i ORe v@F&'nSé weak
ray bend |n?Woccurs at all the refractions on air-lens or |ens-air

i nt er f ac®stweiethesyiifeee Qf theHpas anqd Segenraanlyingsulsiraeag@dmaen P (WY- wi t h
respect tO?tl’%?H]taﬁ%bl%bl’e prﬁ{épess- di stance-, or |ens shape formerror

t ol erances own | gure 4A, the rays for the different field heights
nmore or |[8&82]t r drsming tcpéﬁo@mm‘trygumofytheéw glementsuigenmselves ribadrst lens r act ed
through tJ . y

| mpor i anC R Ty LR abEPmh S SIZURNFD B LEMRTRRhG 5 foReE® Mot on
t he gl assus‘acﬂ;ﬁﬂ&t lmwrsg ] aecmmld diametent Hm‘esa’mlyf tha)ﬁlarmmybaﬁdlh@@ge\seﬂue to

t he AO1 .0k i
cut - of 1) SuArers DEResPo i RolEE b bR SRk Porsdpnt iort iy as
shown Fi JineesetAnd tibres blem‘emﬂ m@fmea @phcaw smafercan@@ﬁmntthe Sirgtcsbae of thed by

first 40Q and econd enent s re arr anged quentially
bl ong a SeRUTLRGRTmp T 30d rger sddu bt 68 BhasPhid SRetaaRT RERoS
constr uctelleaﬁernurlpmSSec@m:tenls@m@htemﬁramyh@pbnm@édrsecbeh@esms‘,l giteed Wi th

a correspondi orting substrate 404 and 4Q6 de fr examl e of

1 aos ConRRe ArrelBR Bhh  eSEed 18 (B PRcalE spdsde,MRor | ARRARe NS Spacer
el ement s {gipéntBUAWIS & %hc%s@ﬁcé%ﬂ@omﬂ@ﬁ@t gidklof te® MIRClent Recrherits

el ements to each other and/or_to the inmage sensor may al so be i ncl uded in

t he constadc s8ePNdAPIERJUTHE 9y Bt ﬁa@ﬂl@”%tt%ﬁh%ﬁuﬁﬁt%éhﬁ}sﬁ?dveﬁ s Gife

embodi ”Enrtna% §eﬂ1ﬁi‘%o§é’rrfﬁﬁpeﬁy;ﬁéﬁlynﬁa@%lé%@@r %f (Hé\/con‘éévé B@Ffé‘ﬁ%' bhE whiapP! e)

pol ymer 75] Turning to the construction of | ens el ements thensel ves,
in the f||$"§t e'leéﬁﬂ@té‘f é’#@ﬁft thepothet giametars o4 %n@fe%beswffa&% oA dBe dirstaand r st

di aret er s%EorBJ‘%né'efe?ﬁerﬁé.de of the first elenment and a concave surface 410
of a second aneter on the second side of the first elenment. Preferably

t he di amd0@g3]of I trintsi efsarranogment 4 fishspadinsirudierednahshiawn)d$ dishesesecond
si de of t ta C t

shal | ow tg?% F é]shHﬁfggteggqﬁganh% PF(?SS?QSI?Q%’ egdfrﬁﬁ% s@%:%’»;{%é h%és'rgr%é\t and a
convex s$pheiog smuqiumw(rtd’a@hswobmhlsp@eddm betveseseiberatcene GBAANdRhe firdabl Y,
the dia f r I t he
di anet e?%to '% e&cgfrtl% E}P ace % %E eigég%ﬁ'dbeg Z%%C(Sg %?%Lgeﬁéo[ %@Rgi anet er
of the sem:tonhle ses;bectmfe fehe sedacmsd “sthrdvefis” in shictt thenfenkest theh ebmberglidue

di aneters of the first and second sides of the first elenent. In addition,
the system aperture or stop (not shown) is preferably disposed on the first
side of the second el enent. [0076]Although not shown in the diagram a
(thin) first spacing structure (not - 22 -



shown) is placed in between the two | ens el enments, which can be either

i ncorporated into the respective lens surfaces ("stand-offs"), or can be an
addi ti onawoebsmest76 Li kewi se, a (thick) second spaci ng fCTUSRURA4®BNNECt | NY
the second side of the second |l ens element with the cover glass or package
416 of the inmage sensor 417 may al so be provided. Both spacing structures
are preferably opaque, or have opaque surfaces, at |east at the inner
side-walls, and provide partial optical isolation between adjacent optical
channel s. Figure 4B provides a lens table for an exenplary enbodi nent of

the thr e%”r%t:‘t’ d{) @@?th@%t bFé’éhn %éﬁ%ﬂ&uﬂ@ﬁ%l eldn &R M 98&]&?}1 ‘Mo"tH"oFtH@sé:é';Sé

i nvention hou basi ¢ construction hr ee- si optica
arr angen@ﬁucﬁusew@@cprefﬁablabmaguei(or bavubpadue swthoest abtseashat thet (irrerf eat ur es
and stru r t i de

i t1 onglaes ST S Brob R b BREA opl Mo RBen SHREEM ik, BieRKLE

addi ti onmheamedtlamsasle\metrimatm|hej|$|cm$sdszoarm6ratmelypejpse dwltke iroage serfateass

Subst [ at ¢, ndFHNEAL LGOS WISEy) SRS mon BB EG e W Fig Suc

as, for exanple, organrc co ef "afra or'’s ured
di eI ectr umage Isepsar, orsumzigea@,nsblocomragmseby bRrampam‘nt arédll Ropdss,a local

interfer coI [ se fi arranged within the stack
o the 1 oBaE @ UieindiEh e aRE Cuing et b fudl 5P Shallt M oot
t he syst @ltmanneerwgm &gns;ﬁﬁérﬁtl(lmenﬁt@bragmtcmﬁdl alcm)vﬁf dt he i ng;)w dual .

narr ow s a an channel s e acc | sShe co |n|n | er ent
robe e BBTa4S, dn g, Pige A BRehSea Rao B e s S Ra g st

exanpl e, gpGEfVatrdrigieniRisposéd BnfHlargdi8ad Weld- Aatuer DAl & 26@SacthidkRgssut si des
of the optical arrangenent, and "flint-ljke" materials for the potentlally

two (cond®Fey SSOPPraEe¥e Wlatthe INrprRSHCWRIddBeTSt ISt AR dilnGaP hiweer fanted as i s
further dagendrsd (bn.@mfiﬂaﬁ@r& e sérRloPWhver g@ésl Fesb@&ﬂ.@wy)%ddhé Trﬁég%nt col or

channel s to their specific narrow spectral may be acconplished by
adapt i ng Season4stly frgAkof tha feld flettgner ip thsy iithéa'\ifP(t?Lrﬁ'ﬂﬂ elrectypoawrised Pfangerrent

to that Cﬁ?étoéod Qn&%l’:&ﬁ‘c} 569ﬁerﬁ‘é‘6%ﬂ?érﬂ§ iGRANT &SRR t(n}éoéor%afn%“éurfgb USS' on
see, e. S. Patent App. . 13/ 050, 429, the d| cl osure wni ¢

i ncor por @!@@ thdheisystein aw@r@me )orﬂ@@mjﬂm@tr@almw@wéﬁe@byﬂwamnw of this
novel thig gﬁéééér fRﬁ%x%yagr‘)ﬂen@rtéae%gggg%teh Qﬁfg trh%néj&r d ks REliliEH E.fglhksfe

sui tabl e use 1 n ar carmer as opt | Cal arrangenen
desi gnedW such a way that very high contrast at the inage sensor's

LTSt Ui AT LR R el IBL L e
contrast fige-slirfoce @ptiéal arrengeerend rshewhyiguFigurd 158due it attauédr) 6\gur¢1658
e AR R R T i B S e R R 2 e
bet ween adpathertull €ipidireidht ¢@ared and diagbdairfull 5OV of 56°). Figure 5C provides
a data graph showing that in a comparison of MTF vs. field there is virtually no loss
of performance with increasing field height. Figure 5D provides a data graph of the
polychromatic diffraction encircled energy, and demonstrates that most of the
focused light energy is within the Airy disk. Figure 5E provides a spot diagram
demonstrating that the lens almost appears to be isoplanatic where there is little
change of spot size and shape with field height. Figure 5F provides a data graph of
MTF vs. spatial frequency, and shows that for small and intermediate field heights
there is still 15-20% contrast even at 500LP/mm. Figure 5G provides data graphs
showing that the lens design demonstrates acceptable and monotonous distortion.
Finally, Figure 5H provides a relative illumination plot, demonstrating that the optical

arrangement shows the usual vignetting behavior.
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economcally exploit the die real-estate area, consequently the |lens

di aneters should be small, as should the wall-thickness of the (opaque)
spacer stwocebwm3276Thi rd, optical channels wi thin one arPcapsdadioemtied to
imaging different "colors" (parts of the overall wavel ength spectrumto be
captured) may differ with regard to the particular surface profile of at

| east one lens surface. The differences in the surface profiles of those

| enses in one array can be mnor, but are very effective in keeping the
back focal length ("BFL") col or-independent, and consequently all ow ng

(al most) [gméﬁ(ﬂ' ! yrh%Qérdété @&% sh8ly thQFfo‘?'tﬂE‘?fa?ﬁHula‘"rQJe%fg% WnIPOHﬁe tgheostly

need for spectral -band achromati zati on.” Moreover, conput at i onal
col or - f usitrong edegiresh of @sbiomatigatignol theter @rmerycllttlme‘oqueeloaemm@e I n

parti cul g:'{eerPEr‘?Jr%ﬁ rYed [éfnd'b?l?é s&é{{tr{aﬁclﬂ c}tﬂerIJO rds SRR ds%}f'sf’e%( '{]Ql?éaed “wgfcond

surface second el enen i's specifical rﬁze € narrow
spectral dchminajlfzed Her ﬂtesfnléonslble snek:hsumchémcedlngllyotl‘retrel is nbe malsb vieereéti gn

approach . t se_f e given
non- syne ry @&H'Z'hg &{ élr%ndeGI %agr{enaes f?c%llm%greth%ﬁ Jf’ﬁ( 8%'%@1@ system
ar ound tigeeapmnbur&xphmtpfulMsctﬂe hmltlpﬂzationrledmre mentising dsy pel, oé.,
aberratio ortiaon

t r. [10079] The
cberat] ol deludhng i stantion, comand hateral  SopLe, LOOK Jtt'sne array
caner a i pokside: to rébegraika Ithettwpmmuznmg)w ldes forgtherfel olsiblé @pestrunh, st deivg as two
el enent s, ?nﬂl?r with only th e % ces of refractive power within the two
ol enont 3.0 fhe e eareel Md G4 DaRos RePpatel oHll JEProveR TR LPY L | on
toler ancq)ei@m whiVist see@Utorh @hd ei@maolrywohenéhm SttePWrdtiAanddBRcifced €l axed
total track length requirenent. Low color cross-talk, due to color filters

di f f er ent"SEIYRJOBh Nt BFRGACEHEE Eﬁmqrd\aavemeﬂw&%w%%} c39usPI8NARGeLS Bayer

pattern opchRnHtcaiud. eMBleoR8F, tINE BrB8: BdtoPdsanlre simedmt & rrféFé’ﬁﬁerTafi' k, due
to the snmal'l er pixel stack height. Reduced col or | nhonpgeneit due to the

col or fi oplr slomuinaigs fthe PREChIaNRHCE blEr Peigexipl ealer. sincevihphttae -diffe
cr 0ss- L alyerwdfladias iOmdsip ré@&%&ﬁ%d&@%ce'o@%@mdgﬁwbr %cbpwﬁgﬁ’a ddhi ck

opaque second spacer npared to thin transparent substrate.
described above rather than different blur sizes. In short, the largest benefit of these

features is that all channels could be the same, simplifying the array mastering
considerably.

[0087] Although the above discussion has focused on an embodiment of a five-
surface optical arrangement with no air gap between the field flattener and the
imager, it should be understood that alternative embodiments incorporating air gaps
may be made in accordance with this invention. These embodiments are
advantageous because they may be combined with regular image sensors which
can have fill factor enhancing microlenses and a limited maximum CRA of around
30°. For Example, Figures 511 and J1 provide diagrams of two such embodiments,
which will be described below.

[0088] The embodiment shown in Figure 511 is a five-surface optical arrangement
that allows for an air gap 526 between the sensor cover glass 510 (on which the field
flattener 528 is positioned) and the image sensor 524. This is usually required when
fill factor enhancing ulenses are applied on top of the image sensor 524. As a result
of the presence of the air gap, the chief ray angle needs to be reduced over the
embodiment shown in Figure 5A1. Although there are no constraints made on lens

vertex heights and minimum glass thicknesses, lens TTL increases and image
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Fewer nonochromatic aberrations, as a result of the smaller |enses, because
many of these aberrations scale with lens size "2 - Separate color

channel s wbhabi3mBy6need to be optim zed for their respe®CIus26ipRAet0n4a]

bands, resulting in higher overall polychromatic resolution while

m ni m zing the achromati zation requirenments within the individual channels,
again resulting in sinpler overall aberration balancing or correction
processes and sinpler |enses, and/or better MIF, and/or lower F/#  Hi gher
yi el d during manufacture, because the snaller |enses nean smaller sag

(1 e VoRiBimifotbduet e LeReSoahbhbnd 805 feaubapsmakiinkagraand the

ability to use Iess conplex replication technol ogy I ment

Fi ve- Sur froever.gapesslettationgOsdicate that exemdn dhisribedimentatifel C&Asaf thece

opti cal r r.|eye cs

t echmol Ogﬁ\{eﬂggeg%ﬁﬂéalsé#%npgh%n ﬂ{eettg]gecfﬁg} éde‘fgb} Qpﬁaﬁca‘ﬁ%@ |n(t§}sé éorggtpét

mul ti pl e nedgitndé ©f 26f284nn air).ayn eaerpplanyi tendéataimasedclahedmﬂet’rmdeslgrm isFi gur es
5A to 5J. rM?&edlﬁ é:d[F I ly, this enbodinent is directed to a five-surface
hi gh- rescg)l ution 5I evel |ens/objective having a field-flattening

el ement ¢0@893 t digure bSitageovidemna. sohgaiatic ofnaa eshlamnﬂmedt o évewseridcd ens, as

h in Fi d 3,.th | 1 fa f d
back 1 or PHE AP GRS H A B o et e8P OR g R R St gTRer 1T O™ "

ar r angemneis £nsyoglirment-thel ¢erls dags ars Qiebnaabe@,harfdeleﬁé utat@nnal pidray baseredyacs

| deal | y, uced reguir nt on snal | of the
opt 1 o5’ by 2heSt ot S8 sl SR HBR R Rara® ARdreddet [LBpdame on the
same), fQhdestsgd that Byr dehQICESH RFpdteaNbHER ﬂéHs”bI%ﬂﬂaﬁ@rrﬁa)( apadHamngd | m

havi ng the addi ti onal advantage of an increased f factor not requiring

ni cr ol en@880CIHRA Withor KR RPRABIINGLRHPPEMtRE %ibﬁtr§t§p53%&fﬁ3§nt533f& Phe Masye

sensor i fropk Q%mél@roftq;&swhﬁérﬁ)\Aﬁi’b‘h@tﬁetﬁélﬂé?%ﬁ?@sur@ide%%d%sﬁqw& mdy nal 'y,
regul ar | ens desi ave stronger smal total track rg‘ reqU| rerrents
(0]

whi ch wobedoreedietn agition, spagar 8 (NASGOWNS HIGH £ sevano masbasigaly for an
array Ca%hﬁecﬁh@%é Q@m%'hf@bb ééér%ﬁaer Sng1F o SO Th&de %Qﬁ’ébr% gRerEb! €

cl assical objective by concept. In contrast, in thi's design %Pve surfaces
are used lnCNﬂ?dllarﬂ@feCCmﬂﬁl‘béﬁiomf degrees of freedomin the five-surface desi gn

allows Tq 6?@223@&%%‘ g[ﬁ C atérﬁ aJe‘Hu'reI; VA4 Ee%aﬁ&ﬁﬁﬁé (oPaQr‘Hbé&Eeo‘”} her

band of in so th nnel fic es are
necessar ibeywearqtwo ethssHahstrates é«’i/?elandrﬁﬁiﬁghntdn@erb@cﬁectream theengcd!ssnay be

k f
o ooy Mkt RE i en A BligBhe ook 1 MABIRERIRREL, ¢ sa
i n one emboddaet betwden thaléelsluﬂéttemer Ogris saifage 5aagartkithe iimagete packaged by

first 500 cond 502, and t s elenents arra uentially

Ll ong 5 SFEs B Pk e’ a5 oRvet 5 g hE TR sEh iR AR i Aol
construct5|462 pUhQagesn eembplltejﬁssoﬁoeumggwmagSRmt B@Eahéykgble}easmm@reld vvi]Eh
a correspon ort strate 5 5 & 51 e ro e e o0

ol ass.  uph ot cvobRae A4 aRd e eAce, Sqs0E SOVaT0IRg: HAY MAVDS SEPEO spacer
el ement s ghpQleaSsHAIMY rdtiatwHiéh ams\/@uﬁueueﬁeﬂh@miegglfbryb@tapn@dv%r ighess! &ns

el enent s to each other and/or to the Ima(%g sensor maY al so be included in

t he constefgeq &1, thalimeeagMaxra)se GrtRIBYidedmi el Plathesr plameenis gay thendife

enbodi et nidheed %b%ﬂé‘oat%géthek b§-a sdlt*éﬁleVé’dH&ﬁ/eQﬁ}r erﬁaﬁdfﬁctﬁﬁérfﬂgﬁno‘c the
| ens and the under| strate, are made froma (UV-or therma

curabl e) Im)ém?mboohroe@tzqheu@ﬁﬁn@e@@ (912 eosPTIBROivaBens e therardel Bfrent s
thensel V‘?ﬁaqrﬁtt]@e ok Q?t28'°¢rﬁ‘§|r | &R %acgaqglﬁw% t%bl%%‘é@&a%‘d%ﬁ?ﬁué&gsugﬂé ng a

first dia a concave sur 14 having a second di anet

Pr eferabIDyO\itl(Iil\Féj lﬂl"_agtﬁﬁéFJZOf the convex surface |s greater than the di aneter
of the copgsqe ] %ﬁ 'n%{?i‘? 502
has a coﬁcav s%’ygggﬁé@éb%%é%ﬂhﬁﬂﬁt@%s ﬂv Clg?ll ﬁ% enment, and

a convex deacrileceal®mng, ibishold t@ammteowmambthdnéememm@tmmes may kehi s
G st er TR BT b0, HeCTET Antertd So SRENFR' qRfioR or P Rafie Iefiendtphe” 9"

el enment HMerbasescaredo e §An)‘aum1cﬁrﬂj3 on the first side of the third | ens
el emrent, and a second planar side 522 that is adjoined to the substrate
that serves as the i mage sensor cover 510. Typically, the dianeter of the

concave surface of the third lens elenent is |arger than the dianmeters of
any of the surfaces of the first and-é2cond | ens el enents.



[0083]In terns of arrangenent, a first spacing structure (not shown) is

di sposed in between the first 500 and the second 502 | ens el enents.

Li kew se,wa Bawsay6spaci ng structure (not shown) is di sposas2em/obeineen the
second 502 and the third 504 lens elenents. Either of these spacers may be
either incorporated (also split) into the respective |lens surfaces
("stand-offs" in which the I enses then can be glued directly together), or
can be an additional elenent. In addition, both of these spacing structures
are preferably opaque (or have opaque surfaces, at |east at the (inner)
side-walls), an r QW rii i o 1 j: t

opti cal channgl i%ﬁébﬁﬁ%@%@b@e n@@%@%ﬁf@ﬁg@ﬁ%@%@%@?§Q| y

cl ose to the i ndle fistiefearant 524, oraordtheherespomding side adfthe respedliviedglagms
element s pref arablyoconaaesediilh Lhen kAL AENSAE8" TRYS AENSPT cover
gl ass by a transparent’ areal "bond or a 1ocal” bond (e.g. - Tanda/ or

thermal | y curi ndpehddrrsiwee Ihinmer gasnsabstratesofathaye dpacistgcatrediadtbran wi t h
transparent openi ngs as descrit ed above. [608@| n zurrgar%, i ur.e 5A1,

di scussed above, 2PGEHENEPA ¥ 1O £NORC SITer 40T SG% AY9SPe An g EhBHET diS posed
on a | arge-sag fanddadiirhént; ttheelensss af riaguélamehhivadune dse irepligategienaothicover
glass. In particul atrr‘ there is no air gap between the field flattener 504
(or its substrat®eye $3EWEhsor cover gl ass, respectively) and the imge

sensor 524. |9 fAOBkcOdseingodvietlothdr!imiplediditatiohst SrethiC hEiddral BEsIGH ey
obj ective conprised of first 500 and second 502 lens elenents, ideally

contai ning two ¢@MeABesAR AlaEER oF PARIE ATcdarketypen Eif ke lenslemenedly | ess
symetrical |y SuniaHadpdidinbith SHRIGX (0P UEASES hohfloPYPIARY Mfdbel @Sl abl e
associated with this design is provided in Figure 5A2. [0085]Fi gures 5B-H
present some chd4ctichs dasignealfossitaineptical d@reagemenio apeeate wib-regylamce
optical arrange i ki ; j CL EL QU rovi des
a data graph of W@Ege gt%ﬁr:‘e > Eg%:(lhgdgs”ﬁ(}\ﬁmgénegv%l aﬂtmatf dé&ltﬁerﬁ%n?@bgmcforlgﬁe?bn
limted over theanfduiniageisehsbréwiithlsonyedtional GRAndHoNexgolib résults iFovgef 56) .

Fi gure 5C provi [ | ' i son pf VS.
fiold there 1o vi ik o PyB o8 BBt bokibalbd B PES RS Jioul By

hei ght. Fi gure 5i3qossad desgap. d&t pagicalph the CRA mesdgctor lmematdderate fWhexct | on
encircled energ and denonstrat.es that nost of.the fgocused light epergy is
within the Airy UREE SRR SRS T Bosessbap pnardsy J'a B REtPathg ¢ hat

t he | ens al nost tetppeésraalt refldtion s phea mddrfaceviiedween ther lbgher refrbttive ind@nge of
spot size and s with field i ght, Figure 5F provides a data graph of
Ve ve. “epari al BREATn el s A thebet P o mRroh i Sane: RUAPHE 1 ol d
hei ghts there i Sustardb tHdis#0kg ebbiratasis cever i.al, ra0hBy Befarriegse rdttepr ovi des
data graphs sho 'nr? that the | ens design denonstrates acceptabl e and

nonot onous di st 6_? ©5Yses- nal | y, Figure 5H provides a relative illum nation
pl ot, denonst g atddvard BaditibRs apBke8ImA 418086 HiposSd AMRInttRE stdek8ndY irgnet ti ng
behavi or. WO 2013/ 003276PCT/ US2012/ 044014 [ 008 lThese data results show
that for this paericiaran desplpss fsahpirstes gndetngathhibespalyner igaseewhere
achromati zation,g Ei W is very little performance | oss using the green
channel for red zg d blue spectra. In other words, the systemis already

wel | achr omat pzdehanoel spesificufiliersy imsiybdlso Spertangad wihgothei sigthy of theefiret | s not
much benefit wh opti.m zi reen I i fi rat her
t han just usi ngq‘{bﬁe%grtgbé%eg%ne& E@%nﬁ%l%rﬂ%ﬂl ﬁr%%:ré?l@ﬁ@%os%trf?g?%gts ?L’g(?ldﬂ%és/ very
prom sing as weldystem apertune. Suth éitescesy ibeludecior tkeemplbaongahis i fiittequi r ed.
Furthernore, fraom.th ,qesults it is ppssible to recogn ze, that timzing
2l ens for the AT Grey raltssiubbie SBRET koo ael SEnk Faet g Y L

bl ue bands separpakeintettérehce sgooiierqer f or mance even beyond what is seen
fromthe visible-polychromatic MIF, Strehl-ratio and Encircl ed energy
plots. This i8 lf’@é%s%c"fr‘ér\ﬂépzqm{?e@feﬂtﬁ iRl A TRV SReFt@hBRNEENINehannel ' s

pol ychromatic blgy bdceemBlishednby combRfig BieRIFE AbBBIRINY thiteRABtfof he nmore
| at eral col or dom'nates the poIrP/chromatl Cc blur over axial color, since then
g

the difference Bt WiEeRiolenp sSUTgChHstipiaraly egioan-ile” anaferialerwodd ks
mRgni {1 cat i on ortacl RS RoR%eISstHldRCh BROWEITAINEY oA disifigrent bl ur

. 0 .
sizes. In short, argest benefit of these features Is that a channel s
could be the sanme, sinplifying the array nmastering considerably.

[ 0087] Al t hough t he above di scussion hgés focused on an enbodi nent of a five-



surface optical arrangenent with no air gap between the field flattener and
the imager, it should be understood that alternative enbodi nents

i ncor por aworg13aios27gaps my be nmade in accordance wi th trC3/USamentdioon. These
enbodi ments are advant ageous because they may be conbined with regul ar

i mage sensors which can have fill factor enhancing m crol enses and a

| imted maxi nrum CRA of around 30 For Exanple, Figures 511 and J1 provide

di agrams of two such enbodi nents, which will be described bel ow. [0088] The
enbodi nent shown in Figure 511 is a five-surface optical arrangenent that
allows for an aldiofahs 4f hﬁmmsnrﬁga@r $ 1O heC AYFolbARSspiRek Ofh WY ch the
field flattener 528 is positioned) he I mage sensor 524. This iIs

usual Iy requi r ednngisitlesidf thef tawst fisst Iemmelﬁmangs (Seerfsvhodiment®pl i ed on top of
the i mage sengor %Zati%%doqtﬁeeaﬁ#IeFen?f E)P(?h ?setgctﬁelplglpec%r?érémg%%ctréhe chi ef
ray angle neeﬁls be reduced over rrent S I'n Al.

Al t hough there dmadmay @t balau:emp’asimdohy Iaelaetln@at dﬁeshenghersss aodacd ni mnum
gl ass thi cknesses L increases and of manc duces due to
Phe-requi renont 9 B be R A RReRM A0 aRer [OMR for SVERE:
indicate that ewberratioisi s(FerbsdulredidcussienCife,0é.gt,hel.$.nPatent vepmpNocal
arrangenment neet gul ar, s or specifications (in the order of gni tude
of 57558 1 ar vy A st SR o R B fhish &S nBRerdied nethin B iprsntedi gn | o
provi ded [0@92? guherd hre seN8%EiLEsE 6f thid npid iveasirfacs obesatdrangbmant

enbodi rrent a five-surface optical arrangenent ogtl m zed for best

possi bl e hRin{ANGEE it RBFtCHYY  suitablsafari ¥sa &t arra,g,{ t#Perasnh SShehe eRtsal ens
sags ar e Jfepremshdis qaihrleans diRheS Wal tRABRY rﬁ;ﬁﬁeorhtaaéﬁeﬁ t@asecﬁﬁrﬂaof;é% 538
and 542 having suitable thicknesses are provi It should be understood
that for S€BsRtS Nrquigenstielferaency Ecachieves, whisheditthenggmeptime Afar pradsel

associ at eg.yfr th c%nﬁegtrmpmééa%%gs%gaer trbfiderity F%&aﬁae% SFciénOSMirasPal & 543
made from exanpl e of glass, upon yner |l ens surfaces and base

| ayers neEyo%er thed sensorsd dlyauish fregpemyr tcelaéwmhg sunsr-resiviion imrae can
serve to t el S to the
i mage senﬁe@ﬁémn g%éo% @(?ﬁ@ r&dgge(%tﬁgl?he %ﬁ@?r&&%%ﬁ%gl %Bﬁég??rﬂaﬁi{ I tion,

t he syst @twtlmwﬂtfor ell®4i0g iassrsalhidrehdigtafoe bebvasadathalcent betwséehamnms gl ass
substrat 3 Lad N er, to,decr e 0

t hi cknesgﬁ%% f%ge%ga?’ﬁg%"r'% exg%ogt gbér fdé%erga’s@%tgl ??ean Soerfsﬁgéé(rg&bgﬁ'e?g%e 543 is
pr ovi ded disrheteenandheéhd ivelldhickaddseofefopbqoes) smacba(seru&dldesamdaytbreredmgdr

D e Wb B el TR VBRI R PR R TR T
5J1, the Thei ekses Sorbikisvsethat e graxasitys obdlis ddre Stacantd thbeimageog®ensensor

| h |
SO 1 LBt oa TR, Rend B et e PRl uRauiivgR ¢aPerMEOR s may

al so be pseaddiegthcAistafte boRRenah@ tRs) Sn Rderttb eslaPehid reTRIrE@EnBhe ff@flﬂded
t oget her by a suitabl e adhesive dur| nggmanuf acture. Again, in this

enbodi rrerﬁl?%/?'PPé ERAEERIIENGdRNY igtPleraer '%Bé’k?f‘frpt?él?'i‘%‘r%{”'('??{”? M&@Yorldis  of

magni t udeeQfits2d aZ%ctdhgwarr)rathéﬂ tr@heamUedrwoétPnﬁt (qumseler% S0Gh&. edhWd tHe thi s
design is provided in Figure 5J2 0091] Al basi ¢ construction of
the fivel&is ol @ﬁt"? callarger @F@@'nﬁﬁ*tenﬁ@nd@'%@ it @dCQiB%r\?e( iinage cifngohe
under st O%Q{&HQF fhsdy ERATING %ult?;ﬂg 18hd @.Gﬁfﬁée%swﬁw &ee bHQP&cP%&% ifGtdto the
| ens el ements to rOV|de addi ti onal or enhanced functionalit ref erences
are to |:|r’@.m+’eclgse1)togeth@n indx-#@nd thus allowing an overall smaller pitch between the

channels. Third, optical channels within one array dedicated to imaging different

“colors” (parts of the overall wavelength spectrum to be captured) may differ in the
particular surface profile of at least one lens surface. The differences in the surface
profiles of those lenses in one array can be minor, but are very effective in order to
keep the back focal length (“BFL”) color-independent, and consequently allow

(almost) equally sharp images for the different colors without the costly need for
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The system aperture (Stop) may be di sposed either on the second side of the
first el ement 500, or on the corresponding side of the respective gl ass
substrat evoaniawbdded within the first | ens el ement 500CTaISgo128atvdi ched
bet ween two thinner glass substrates that have been structured with an
aperture array on the inner side, then glued together). In such an

enbodi nent, the | enses of the elenent would be replicated on this aperture
sandwi ch. As di scussed above, other inplenentations of this general design
may have either no air gap or a thin air gap between the third | ens el ement
504 and thge. %%%%5% ta'cHr% LhAGE (hﬁ’éreb\%re'eftéf:@oﬁrﬁ@lra%ﬁ’al Qlortfd§oh o€
sensor 524. esig oms this optical arrangenent to operate with
regul ar |hrﬂig@sgblhgrmpel,ycerpértatlf:umagqe yan stk be wichieved.| Hereygrreferaih hecliraly

m crol en ' S e results
"1 ongertiAte andnErrs: BAGCAEMeR! WoukP BERiedaty SR oY dhe, delch FhoLe

t he d|scwgeddﬂ@hndgawwrbap$®wecomraMamtme CRA needs to be noderate mhen

there is t h i .

(par 1 y) [0 " hRHarts b s B OBopl e B e bl SBR BB Bt
refracti \aerayrdercra mchudel ens elenent 504 and the alr gap, or such a strong
refraction out t hat tro rations occur, j.e., may be fanned
but rather than Beisbanon E50a7 aiaudith Brgrs sbisal-u6 mad AR A sposed
within the stackmag@dyudlity Rambysndig" ovéinthehgeldl a5 sietl pddsaate diftadesmeat h
the pol yner Ienses mhere applicapble. Channel specific filters may al so be

arranged wit hi n lifligddesermaice; e flosesto iserianaigae second 502 |ens el enent,
preferably ingsa StqasgTel ose to the system aperture. Such filters may

i ncl ude, for exanple organic color filter array "CFA" and/or structured
dielectric fibkt eﬁr@duserd:fabasathrRoteanefa‘enerqu @w@gedmwrﬁerbendlegcol or

filters. Pargi a I IVI .

narr ow spect ral %ango@ﬁ ({)]]eb f%nfg%l shed hemgo%?rﬁn %t'n(ﬂ rnreer ent

Abbe nunber mat aliffeabrst dmrcat dsrmmhefsf retrmntthdarehavregnaf Bam pateat en did pixel
"crown-1|ike" naﬁerlals woul d be used for the tmo convex surfaces on the
out si des of the'§ “% first lens elenents and "flint-like" materials for the

two concave surflaoesixdtrédictalknoes tesriigtier @ixel Sack Woighi)f&id | ens el ements (See
Enbodi ment 6). Optim zation of the different color channels to their

speci fic narr&wRgseEed &P'%é’ﬁﬁprﬂ%@ﬁnﬁl%odtlﬁetoaﬁ’@o@ﬁi@ﬁ Hltpsel beindal@a o éneat | east

one | ens surfac%ﬂg?g idng. Wi thin the optical arrangenment to that color to

correct for chromatic aberratlons (For a full discussion see, e.g., US.

Pat ent AfP094lo. Firmligsof margculaneotgiig dhissigsignds thinfash thad th@@@p@r@tw@qr her ei n

Dy 1 &1 er Shafindis ARSRLRNG 0 G Enae Rf Hoif REBULRS Pookdllmnley Shid ks ur f ace

optical arrangenent that re It particula bl e use I n array

caner as. Hir sverall hbighpt i pallyclapmatige nesaiutios, dwbrlegnemlmmmrcﬂﬂea neeg tfomt very

hi gh cont I r S

nchi eved it zaiof pdedion TR B BN il RRb Ry BERENG T,

i ncr easi raprlrgptu rrmlerheletqsumrpte])ovpratﬂ\/atIMsatrenrfobiancmrgtorcmrcerchsm pedceds,sandor  2x

t he sens ui st fre uency t super resolut

i or mat {RACIUE BT SRR St de (8B P cebRE bl L B TR errent

is opti mapdtricwerd/#owi ng a small | ateral distance between adjacent optical

channel s in order to economically exploit the die real-estate area,

conseque . ) 3 h e of (opaque) spacer

struct ures—ne =—teutcet v < Ttattening structure

itself tr[oma]s sTma;etelmrmMrderﬁttr p[dvtously ainﬁmuesai déla& witas temskor ntakdesin s t hat

t he proxi 3 surface he i mage, sens re urr

avi o' a FtiEtes Wi REVEIGAR BRoRagRP IR e RigkRd SEFEfentl o by

]Elhe di St&Upﬁealbatra\rggﬂmédledérvwzjde_siglnlsousiﬁg éOmbﬁd)IﬂDﬁctlfehs We;muprriecrmt atehe field
attener c e desi.gned . and. i nted in a non-rotational-symetric

way.  Thi STOG%H 1 1 PAEUIRGAR Arfsat SPOOAMGEH atHeRp G IaRS-ragksa win HEngE ¢ hi s

| ens surfsapstratdiby usBh foRMmgperdrdioRl Mtekic@Rste al extension al ong the

corners (= inage sensor diagonal), thereby allow ng multiple |ens surfaces

Wi thin one array to be situated much closer together in x-y and thus

allowi ng an overall smaller pitch between the channels. Third, optical

channels within one array dedicated to inmaging different "colors" (parts of

the overall wavel ength spectrumto be _captured) may differ in the

particular surface profile of at | east®one lens surface. The differences in

the surface profiles of those lenses in one array can be mnor, but are

very effective in order to keep the back focal Iength ("BFL")

col or-independent, and consequently allow (al nost) equally sharp images for

the different colors without the costly need for




w de- spectral -band achromati zati on. Moreover, after conputationa

col or-fusion a high-resolution polychromatic image can still be achieved.
Here, prevenratsop3ihe first surface of the first | ens el ecerus2ewohaibe
specifically optimzed for the narrow spectral band of the respective col or
channel . [0093] The benefits of this array-dedi cated design of the single
channel s of the array canera include: Extrenely high image quality, both
in ternms of resolution and contrast, and inage quality honbgeneity over the
field of view (close to diffraction limted performance and close to

| sopl anap Al y)F;i%uré‘ EWQHS\}?Q t%TEurrJﬁ‘ did e(qefefi‘ 61* ﬁ%ﬁblﬂﬂlctlgr:wf%?sgéﬁls

senS|t|V|ty ue t reduced ray OW co Cross-t K, ue to col or
filters hbaesiess tbefsameecmncapliUﬁbammgam isftakemas tﬁmr’ea@ng ofestioeimolded her

than havidg..a ﬁ%lrg%tch%g?ig%?)% tt@% gpdté%lf tﬁeeéﬂ'of m&rﬁ’(‘lﬂtrﬁb t&ls Wiesntd) k. due

to small er pixel sta duced col or onogeneity, due to
t he col orerfsebtare Salridatey bara vatemschke. | hegee ppdinated [|O0R4] GFOChalreI ytacleffd

particul %thngtkgr prvHUsﬁ/ pe%ﬂ:él@d I<§n§ Cb%féré‘ tf c}nlf'e%ntt Q%ol%%?a{h%t Sanccf\)/va{ is
diced, and the lens cubes are packaged into an opaque housing 602 with the image
sensor 604, which contains the aperture stop 606 at the front as shown in Figure 6A.
This very much limits the degrees of freedom available for the optical design of the
objective. In addition, it makes it difficult to accurately replicate and align the lenses
with respect to each other, particularly as it is difficult to determine precisely the
placement of the aperture stop. Moreover, from the standpoint of optical design it is
very desirable to have the aperture stop between the two lens elements, not in front
of the first lens element as shown in Figure 6A. Currently, as shown in Figure 6B,
the only method for forming apertures of this type on monolithic lenses is to use a
highly imprecise screen-printing method in which apertures 608 in opaque resins are
printed onto the flat portions of the lens interfaces. The lateral accuracy of those
apertures is unsuitable for their use as a system stop, which must be precisely
aligned with the lenses.
[0097] In short, although monolithic lens WLO is potentially an attractive means to
manufacture cheap miniaturized optics for array cameras, the current monolithic
systems are directly adapted from the methods used to form lenses by injection
molding. As a result, many of the techniques used in conventional polymer-on-glass
WLO to ensure proper alignment are not applied, leading to alignment accuracy
problems as well as to a limited lens design space. The current embodiment is
directed to a novel method of forming monolithic lenses that combines the monolithic
WLO lenses with substrates that hold apertures and additional structures in precise
alignment, thereby reducing the limitations of conventional monolithic lens WLO.
[0098] An exemplary embodiment of the method of monolithic lenses formed in
accordance with the invention is shown in Figure 6C. As shown, in this embodiment,
monolithic lenses 612 & 614, fabricated by an independent replication process, are
stacked with a substrate or sheet 616 that holds apertures 618 & 620. (As discussed

previously, it will be understood that the monolithic lenses may be formed of glass or
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channel s only need to be optim zed for their respective spectral bands.
This results in overall higher polychromatic resolution, while m nim zing

t he need wonosmdhsaat i zati on correction within the indi ecaaskochanel s.
This in turn leads to the ability to inplenent sinpler overall aberration
bal anci ng or correction process, and therefore have sinpler |enses and | ens
manuf acturing processes, and/or better MIF, and/or |ower F/#. Enbodi nent 3:
Monolithic Lens Design Wth Enbedded Substrate [0095] The enbodi nents
previously discussed dealt with | enses made in accordance with a pol ynmer on

gl ass \/\L‘Boﬂ)’n%g%ecab?? :tlﬂs'l? gb?rltlhr@g“\x%% RPN BT th%pédb%ﬂé’gg{vrtlﬁ‘ﬁ%gp Rifh% and

designs usi'ng a nonol it ens process are provi articular, in
a first enewsldomeittisapassiptd ite rdlign|tbaselsmantsewith sufiqigrdnateraluprecisinetd f or use

in form nertunes i rs,i CLj P

2013/ 0033%%%435%13‘?%%5%fiéfoé%éfdﬂﬁéﬁ’r é'lt@mgh%é\fs%toﬁv@ 0L 06 D% of the
art of nmeolrathiof thee akgreyastt emsuciMar gystam lig gwradsed dyneoaperatizptalighmappr oach
is taken j i i.npectd on- i r C i In the
srato of Akt arfOEH QbR e bR s R R R eh S BRI o'
waf er scahe apétese areitriucaten tb qredde G0Quide dorsthacihredisiont dligotteat opthevi ousl y
replicated | ens wafers of different topalo he sandwi ch is diced, and
Lhe | ons RAESETd oEllan g PTiITai BIRReSHEt S s AEo™ A tarere elRe
sensor 6G4rfavdy, Ctherasdivaisnsfotrhed afemt he slapmerfi®6ofit at hambeonbf aspteAbwn i n
Figure 6A. This very nmuch limts the degrees of freedom available for the
opti cal AEENGATER(S; AUTERESCPHss WaUH Bademeshin Telating KR SaPR YEHTFT SUTACE: ¢ o
accur at elpachegtl the alignmpst atk@wbilg e bssserativienwitte aReasligninenearik ohher
particularly as it 1s difficult to determ ne precisely the placenent of the

aper t ur e 28{a5ENt WHIEE SPERCE SHemthd ViR AegRsralvebr alignedclae gBMgAt Markss very

desirabl gdupy RReeid iR FNEIL Whe ShRRNBPEIGRAeAtNEr tHa0Idn8NSurRIcBEBRAINS tha1ot i N
front of the first lens elenment as shown in Figure 6A. Currently, as shown

i N Fi gur €OBBSPANNGARSiUies: heaing dheseorlignApnhpiarkuiesylivi a vey highlteal
onol i t h'aﬂgﬁrﬁameﬁccmc%qoﬁa% GrdBE 8N4 Youh DY) RGPS CtB%%Orn?rthé‘%Pé‘r%rﬁ%ft&Pd In
whi ch apertures 608 1 h opaque resins are’printed onto the at portions of
t he | ens in heeexterpalhousing, whichirgsulisde anasourety phesverald€rdQunes i s unsuitabl e

for thein a e i IS ¢S .@align ] t he

| enses. [[8%@] I ?\n %1@@ gq t gﬁ‘drﬁ)\éhhgﬁ%l it hmpﬁeetﬁss&\c}ézdﬁjio}g'd%lgt gnﬁgoasl\ﬂ‘?;éqan
attract i embesldad irtto mmenolthacleoses whedps aibasatota weidh apy nosbeoof differant

camer as, re i thi te i rectly. he

et hods’ duaEufeS PERRdFERB by TR T BEE B e MR 1o SRR Gt ¢ ne
t echni quesdesired apticalofowetitnatityal A pampee of tesglpassibINi€y te smsur & Pigapeer

al i gnnent, are not applied, |eadin o alignment accuracy proble as wel |
s Lo 160 (et Matlle,nfers MY . 2onRieR ron e Ao Rt &4 PR To o
novel metsopstraté thatrare nige saMel siiehicD 1) @n sierédtalizesqBDRn aghdr@anmafitlonahi ¢ W.O
| enses wi Esubstrates that hpold apertures %gf gditio al structures in
pr 6ci se ARCERASHNG, (TEPeBy PeBRIEPAG e T SHILSE s TOR GHy Bn LIEUHHTC
nmonol i t hiigteterRdcdNeOatind) 09 Bbpiee¥® BRh& ¥ne BPBEiINNEBéS of tHdheusriaho (bd);
monolithic | enses formed in _ , S ,

where an additional color filter array material coating is applied to the substrate

(6D4); where the sheet or substrate contains an adaptive refractive optical element

allowing for the adjustment of the optical power of the element by changing an

applied voltage, which can allow for the focusing of the whole lens stack, accounting

for fabrication tolerances (such as BFL variations)(6D5); or where the sheet or

substrate is made from an opaque material (6D6).

[00100] Other alternative designs that may be incorporated into the substrates

and monolithic lenses of the instant invention, but that are not shown in the figures

may include:
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accordance with the invention is shown in Figure 6C. As shown, in this
enbodi nent, nonolithic | enses 612 & 614, fabricated by an i ndependent
replicatiwo 2pr3gwexs, are stacked with a substrate or sheetr/iBr@2nats hol ds
apertures 618 & 620. (As discussed previously, it will be understood that
the nonolithic |l enses may be fornmed of glass or polyner.) Because the
apertures can be forned on the substrate with |ithographic precision, it is
possible to align the elenents with sufficient lateral precision to
function as the aperture stop. In addition, although not shown in Figure
6, Lhe accur goia Glpdiafe Mok WAL ot B AMERatnsVS 1RHK b doB6AAs AP or
cooperative alignnent are di spose e opaque |l ayer(s)
where the transwmned)plénadgaéeq%mncqahleghpertures are structured, to provide

a guide for the [EClSi align he l.en s, nd,aper

particular, i f A iR TREE Brai el i SiaaRH e pE:

t hensel ves f or mgass filtem fohextehdotesdler caimera mododss; of optical arrangenents,
bl T onmens s s DUt el b En o
adj acent waf er siésfoared musthetdhabt;Wwhen cooperatively aligned the alignment
marks would aide in the lateral and rotational alignment of the I|ens
surfaces withet He teior difgssvriilons apeliacdiiedhe wriage t(%efs‘é tin gHbetrte Nyt ks
results in a very,Rhghh | R4 %'dd%h&”fﬁ?rﬂ%; ofifnfet! Bgdr, (&“algﬁeq%gﬁgﬁ é;o“th@ few

pm conpared to aV| ng the aperture stop I'n the’externa whi ch
resul ts in an actfireeliye Yfuckeedntal thelaspmionf @091 backsids of the swostiptat ur es,

t he current net ij ?95 Vﬁéé)'ﬁh%g’%%ngg%w ate enbedded i nto nonol |th|_c Ienses

provi des a base on £ di fferent structur es, coatings,
ki nds of subs#r &tersdadis shepe@@nganutter&spmlegealtednntmr ther moaolitbici lewsesairdesi r ed
optical function I i té A nunb r olf t hes Eos.si bldgl ties ar rt]town in Figure
6D, these inclu r rf‘ueer ee{‘&oﬂﬁ%é ? uPe8"%6h ttohgrqv ean‘iﬁ’”t?&Ek of

the substrate thakitaniegtbeeveampederes oty and tik tswemrﬁpeswzswn (ebR)i where
an additional | cotatgng uch asi‘ 83 honogenous IR cut-off filter made by
a dielectric i nt9PPLRBACES E i% applied on either one or both sides

of the sybsto1at e (ﬁl@%)ughvmgraboa@ rad b biseaden epé@tc Eutbétl%lte atfru@Mra¥edrey i al
coating is applied he SUbStrateui@raee where the sheet or substrate
|

cont ai ns agﬁ't'ﬁﬂélp‘t’lf?t{?@' Pl?l"‘?eé’ttﬁ it tBpts eneedded monPkigicrlsrseshel §f ust ment

of the opidigal inPeWRInsO&ar! hﬁboﬁio@éﬁ%n'ﬁt QYOLQ@EH&JUH&@@O@DHHH %r&oérba&ﬁer whi ch
can allow for the focusing of whol e | ens stack, accountin

f abri cat ifemures W%ﬂ:@s”’@s%he%dwsvaﬁsdtf thadvests)-; For %@P% tuﬁek%heet or
subst r at @ hgerlTRAS! 6&%@&1 §%§9W@Wt@fé §ub4tr%'§@ or it%%isor%g Mgﬁjfﬂ& ibRiyative

desi gns that ma e 1ncorporated Into substrates and nonolithic | enses

of the inditlait al?&wmmamn dpianses diereers ttrrfoembﬁ@ﬁml sybstratestar gheets ofriie
i ncl ude: mstffﬁdﬁp(%rtt foAt &%B@tt in m{Tﬁﬂ'ﬁ’pég soft (0B SEH fvel %ﬁt.3§ StahbSek' sifd

absorptive or co |ne ectric coat A structured
di el ect r iteere RERocmedl tonepticade tgnsas stnrhhetruréel adiesbisctheiroettiaRsas stabilitt er f or

ot e ShEL S B ALTE Elfaret BB Bl R
replicated monolithic lenses can themselves serve to stabilize the glass substrate.
Moreover, this holds true even for a singlet lens construct (i.e., one monolithic lens
and one thin substrate).
[00102] Finally, while individual modifications to the basic embedded substrate
monolithic lens optical array are described above, it should be understood that all or
some of these features may be applied in various combinations to the substrates to

obtain the desired functionality of the optical arrangement.
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Athin diffractive lens applied to the surface of the thin substrate by
replication of an additional thin polynmer |ayer, or also by etching the

di ffractiwe28tyasz7dare i nto the gl ass, front and/ or backecuasedi2onmis
substrate surface (See Enbodi ment 9); and/or Standoffs or spacing
structures integrated into the nonolithic lenses in addition to the actual
| ens surfaces in order to provide the correct positioning between the |ens
surfaces and the system aperture on the thin substrate (See Enbodi nent 8).
[ 00101] Al t hough the above has focused on specific substrate structures and

addi ti On%m&%MﬁM V] @ gpnolithic |enses
of the i pe under st ood t hat

there ar éOQ)tQ%r f e’éhlare@;tqunﬁweofttbe tlmr@némm@e@e%misamwsalt@rnatlwe for

i nventio e I I %?W@f-re
substr at %gegl?'res ﬁarrm < pl?&%{h ﬁ'bl g{nelt ?é}% {égty@ng I@ﬁb\?v @29‘ Ication of

| enses t meoredithic telmeeenW@dMnbenbabom whdesmécb £nfodimenti Histharturientzent i on
can be t i i t d there i s no
o to Pillpi 800 TA GBE hanRdR] Thod R 186F | SteRL AERH AR Bl oy ang
stress amﬂepedderﬁlytr’eﬁh(mmmoablﬁhlcslemmv\/amns |oB<saJthe slandwmhtarmismacktage the

i ndependent | cated nmonolithic, |ense ap serve |

Shan 11 et hnesHalod Blad B o sl EnigB oA e R SEPAEAT T i ngl et

| ens Consp*artlmtthe( fromt of teearrapnThistrhétboli@ogy Bnids tmseddgneés osftfhsddoat @) the
[ 00102] Fi

i e individual nodifications enbed d
L obet st OPle Sesti o g ReIaste s el payaing BekPrelaRienl do SPETERBlI o pe
under st oeflgh b leAdds With ERPFBCtad ofﬂ%sé?)efrt@%stbﬁs may be applied in various
conbi nations to the substrates to obtain the desired functlonallt ~of the

optical APPHMenenEmbediBd mohtheanvaion daskiiced @ ReIYmes op Alage (M ded
Aper t ur e |OBtack& 1Bl ditistraREDRAT B Sla@imdiicofl By&itréLBNAT Mierslesny@bt anot her
alternative for aperture and filter placenent within the | ens stack of

pol yner &migdisentypfahgoinveition @ sistale. siehdss eleshbebadrd @eelitehandepect to
Embodi metfierd, inbforCHT EigPbscd BliRio8h JoBr gfés}fc Pech%%'oPtﬂuc%ﬂ%éth* | ens
optical arrays I1s to stack t |ndepen I cated nonolithic |l ens

waf ers, diorel ppitcas aidROemenhdroadasagadition de@r@e&gbé@eﬁ@mofcmnth@pmtwl housi ng
whi ch co e I r.a nt t he
arr ay. - TOPRORs hadnPREsES e 38R FeBBoh Lree ekl didfireh D, T,

desi gn oﬁn\telmeormhpsn’foiedm thass embbdlinment meedg apertwes meddiltgrsdiifettyc withinteo

accur at el i r-esp t t

[00104] EARIFERIENS 5pE FdR ey oi AP B b o Blprk MeP R Moy gees

nonol it hlorﬁ frieedsms‘bnattiee@btmatdiesgmgmmlatresmfammg Iaehlg;ﬂ akhegmphloqfrealplentfurr es and
filters odi nrent of the invention, a substrate, such as gl ass,
havi ng aﬁfé&;l[aue}rg %ﬁﬁ[j 6t p‘PFW@?E t hereon is di sposed bet ween separately

f abri cat §00105)0! i t A cdib@sses. wilhi espesteto (ErhbG@Mearsr ange e ntithpigeaphtte s
addi tion degrees of freedom f or t he Pptfgcal desi d mcreasegj t he
lateral FEGEWISTObPTOIHENY GRET ‘é{ﬁéraﬂ“ﬂroé 19T @rendiat ”Q‘H% ATRPORG SR HBEr i bed

in this Wmdb@néplﬁfmﬁ@ﬁot@Ws&Uéﬁ@os@ndesfmebt@rl’eésdhlfd@lgmé/chrrbmdhdﬁn ly
nmonolithic | ens (See Fi gures 7A to 7G, providing even nore and dlfferent

degr ees @FrUFﬁué@dBF}?thas héevsin Hﬁ?XR?§§¢@ﬁ eXRAREE —RReNdingi ¢y WaeHIgg R
l'i t hogr aplkgivebetbsatRR JHitorksist ksaisthal aRBSHwHyechaREBRbtoresist itself is

the opaque layer the apertures are structured in, or the (CFA) filter; or the

photoresist is a protective layer for a previously applied metal or dielectric coating,
which prevents the etching away of that material at the desired areas when the wafer
is placed into an etchant. However, for a monolithic lens typically the monolithic
lenses are replicated as double-sided lenses. As a result of the unusual topography,
these WLO techniques cannot be applied since a plano surface is needed for

lithography.
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[ 00105] As di scussed with respect to Enbodinents 1 to 3, |ithographic
procedures for producing apertures and/or filters are well known for

pol ymer oNOghwa®3MhO, e.g., spin on photoresist, exposePdEdiSe@d/ oatodas

t hrough a correspondingly structured photomask, devel op unexposed or
exposed - dependi ng on whether a positive or negative photoresist is used -
areas away; either the photoresist itself is the opaque |ayer the apertures
are structured in, or the (CFA) filter; or the photoresist is a protective
| ayer for a previously applied netal or dielectric coating, whi ch prevents

t he et chirpgh hd BtedTRiVRht | ac}lreE{é% td 'Jp%QaI W@ﬁf‘aﬁcrﬁry%@%fr i's

placed i toa etc ant. wever, m)n0|th|c typl ca
nmonol i t hifer Ipeettisngasech erpom@mledeaseajcwm@ of crither emzixe”ser A5 glaseswith of the

unusual t r.aph chi qu i i:nc i ano

ort aee (OMRGER Pherk A Bl e NG SREARASE B0 AR Bsla7 (3 e

[ 00106] Tlehematicatly in higeret TAnAB shdwngottieid embodimerpt firsthedhickafrgerside otind

process f r e r 0 i.the r or

0l ss i (he oIAATREBH B B Bhb by 8 et e e P e ¥ ent | on

i's shown tmrfezrmsmealstamp nwﬁloguetsomold_é\sthshtams prafiletshi adétivpaty neentaind i r st

D anor corUalBeh] Bnls, @ gbafinedmme e EntEne 8 Shafin MGt RS T LE ol 0

tge | ens qgﬁnegfn&érwacta:dtﬂ ét'ﬁp@ai élyeﬂﬂmbﬁirﬁas@bh@mm'fof mdfuooaelmmf ¢ tdoed

above in oal n that are urther u e ot her manu cturin

Sbove Lot BustelloPlieal srranpeaony i Sptakhe ta DecksidpaAtiesioma: b AR ndle Side

overal | opdy b&kindly anﬂ@rr%h At arﬁe&augm fpbﬁ*s%@lcﬂ‘{étbdﬁ‘o prtisH latepali dlighinest 1 ni ti al
|

step may be sinply a flat and or highly polished plate, no preC| se
| at er al %W%%tawpst'%e%ds?r&)‘rﬁ@dg% °freg G‘Pﬁ“@ﬂ”saé'ﬁr‘ POWERS Beragrrect

conpensalhigkheds N&lds l%sbé NhsGRIA. €theb 8 rRlARE SehaRMSertd diBpIRpSHisEfitiallhese
nodest requirenents sinplify this initial process step considerably.

[ 00107] ORERCEshStan ¢osidesrtdy-el ement of the arrangement is conpl ete,
apertur eioaﬂﬁ]a”d (f)h&é ﬁ{esflrgplzené‘re?erﬁé’ﬁ'df‘?ﬁ’e %F}aﬁ thqg%o%%fe 5ér8§tu7&4 of

this | ens el efrent t hese apertures nust %@‘gm sel
pref er abl786iandt fiiers YQBﬁIGsG@éledfontﬂhé ﬂlmb@qkeﬁmﬂw of tiﬁfblﬁna rmgnth A | gnment

feat ures ﬁ&%t%@;@y@ muBale gﬂ%eﬁggeésfrg ?Oltl SrePaY fr%d HhA-dide aﬁtﬁbﬁéné n

positioning t apertures s by aligning
al i gnnenteleregrkss i pmovitied phﬁbtajmagienbﬁeatlhresa(pe’r Blows) thJad,Cam h‘el Ut*mlk dumrtg t he

wni oh ey eatoistl 2BEh: HRieSRighiohe sbPBubhibeSREA e Ten by FRIFRG men
hi gher | ateralignalehgmmaks ac ther abtptopfiask pﬁ)theoapmnm@ls tamdlaavfiltegs t foe tregper t ur e
stop in the xternal housi

whi ch has._.a ical teral ,alignment
ot eci o1 orfogPTR R a1 G heriou Tt it 9B &k, AleBERt et W 707 are
pos:c ti oneﬁb8pbe tdﬂ%nlbawlﬁalslgdiﬁs@ﬁ pedvide ehef bdérﬁkﬁﬁtg)e@g%\imgfr?aﬁwhhtgper geerand | ens
Surrt ace IS re | cat on .t he | an aCKsS e 0 t he 1 r ns
U f ace. FHEMON] UG DY SRR f BAVES A PRRAeGHOMAT N6SReEh ¢ he
al i gnnenthohgagumah hésbh@pléalﬂéiérdl Q@rﬁérﬂmetﬁl&eoﬁé&er&ﬁomw on al i gnment
features within the aperture oul d be understood that

al i gni ng [P¢W08&8 econdnpete %QPFW&R%‘C"E%S 7%(7@? éFﬁ p%’?'%‘e@fort e backside difs

surface io$ iy Bkeehedushdts end %oﬂﬂ%ﬁssé&fécbs@@)i@%h@ﬂea %ntme IB%tanfacﬁ-ue to
reduced errozﬁfro pagati on when referring his initial surface.

2013/ 00331sPI. 5520 e Aratalens surfeca G9P Al Thﬂwgﬁom RNSeSUrIRCE N @%@hgrﬂed
enmbodi MeRfinof hasest iRAakFiterk FEBRYS in the first lens front-side 702, or based on

alignment features within the aperture layer. However, it should be understood that
aligning the second lens surface to the front-side of the first lens surface is preferred
since the precision is expected to be better due to reduced error propagation when

referring to this initial surface.
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w th an enbedded aperture in accordance with the current invention, a
nunber of nodifications or additional elenments nmay be incorporated into the
i nvent i orwORor3/@szapl e, multiple filters 712, even havi rgTdiskdienetv4

physi cal natures, can be stacked on each other as shown in Figure 7B. It
shoul d be understood that any desired filter nmay be applied in this manner,
i ncluding, for exanple, a CFA filter or a structured IRCF filter. [00110]In
addition, although the materials used in formng the first 714 and second

|l ens 716 surfaces have not been specified, it should be understood that the
differen cat 0 nby t t hat

t he mat e:I Amﬂﬁjgw L%f@\rﬁrgg?ﬁgrgp@ I caf?gﬁts&?ageéﬁg%dﬁegﬁgﬁre 70
or two d|wm1eare|efnh¢dti@d ieakdureals agsowiance Wihgtheecurent inventiere & anmbeent

mat eri al f n 0 Si | ens
surface 371(?({ carj'lldﬁﬁg Oioarddhggal(éléa%P% %agg[?eoﬂ%o&fb?%tgﬁﬁé {&B |}1E o Eﬁe | i ght
and t hus eyxanmblederwlhrme fikéns AdRi everahaviny ddfecant phisical natures, ein tmwtaéke&is nel

reflecti e (o fferent
at er ol S0 L oSO B ok Koo Be BT R R AR B e

opti cal amayabgeappiddin thigpmanadl, yndwdin@dbr exarhplzat i CFA ditter eca |s¢mc1|ufed he Abbe
nunber s ch% EB two materials are different (See Enbodi nent 6).

[ 00111] Al Ff S‘ﬁ 'only a single lens elenment of a single | ens channel of a
poéI enti al[gmmy calmieacajumjlrn mﬁenglgralth@mege,mrs ubé&d ahwvlming the;shryul7d4b@1d

under st ood t no ithic |lenses r or ass r [
heCor dan oY MBI SurPEr heYR BPLTGR BTG happyd e Rt e e 1 o
form t he gateié@l rbpica@bnd #AG betfomksd fﬂ@ﬁ—idﬁ@r dunbbleheatafisladn® &e tHb matdial hat t he
nmonolithic | enses may be conbined with other |lens el enents to reallze an

opti cal a?ﬁ‘yaﬁﬁethﬁrﬁarmﬁa\ﬁrngotf‘H@F’Efé’é'PP%da%ﬁQP‘é(Et'@r'l‘_'QWGCEC) P6rtwe xdtigreat

Fi gures fhatefralgtas &&mm FRuRLPBITRfiIt6e dhRETIBRS ma®rid ARl iddd for Pt
arrangenments suitable for array canera architectures. Figures 7E and 7F

show t wo G@ﬁfspé@@iﬂeﬂ'@i@lnb theuI@SI@%@@ﬁ@ﬁa@%p@wllymmﬁ@a:@rggﬁhér PIAShBiE a
triplet desigiie tthRe ﬂ%}f’itoé’r‘ﬁt B %ﬁ%ﬁcﬂoﬁdérfaaéo%s mg‘?é‘fr esldled
system aperture or een | sposed between t nolrthicl enses
on one offresngl pfiestion mse%)eeldowevetrh@amgdhettwodemI@ﬁg@@s fromowo2gifferesummar y,
while th n tiyac for
TNt act TS S a P RGET ot CRBA et i ERRork iy enYBEnAd hECoMMALT O
adapt ed dzrrraegeﬂngmtrsr eaw&cmillyrfoqaemomedati‘oorcqrmcm ifdhe rmlbdewnhtmse)tih% a
resul t, f I ass WLO are not used, leading to
al i gnrrent ﬁag%%éggg%éﬁ%eﬂ (é)e% é(MF d’ ?@ limted | ens design degrees of
freedom [00rE 1c}onb|AIatourgh orfily rmrsudgiet Itnrrs tlenwas ofra singteh tasaptimrmet ©f lenol ogi es
descri bed n t e cur factur {eci se

f
Crert ur cdoldhublt At ERaE BFatodhe i shite i Shdl Be SR RoRinB
al i gnmentthd ondriugithie neriset MpOthwns@Sglagﬁ)l formied ihusdtorddricovwitth ahe gfuaaher

flexibility i.n the ch the z- 5|t aperture s and fjlters,

| ox bas edeatiB I Kl Gaoy e oo ranE sl e ER T hhieRs Slaks Asishar o Lo
convent i agedhesares cadmiata, @hg that e@r @bedithibtionddsembgne buisihed withnethehe pi ano
i nternedi ate surface of the nonolithic |Iens allows application of

| i t hogr apffiScelEBERIFoIOIGREZS £BOPEER! TEANIPRENE ARviagdhe QP%EGqu@CtﬁWW?al ni ng

t he benefdgy %x@ﬁpleh%gé}?@@'mt I~ &nd @néroo‘dgrscheﬁlaﬂé)|dYaf@ém§'For9ﬂn6ﬁ§htM§%ns

Enbodi nent 5: Three-El enment Mnolithic Lens Design [00113] This enbodi nent
of the i Af@RgeBANSrwitpbledonaTaasRInerararahitasiias-i TOUFes 7 ae t/lir 04V i | t er

bl acementyifr b Rohdftnib SRBoRE dekighd, BRlY FRurOTCObASE YiRbRPRBLIGhNI fhd enses.
As described above with respect nbodi'ments 3 and 4, the cuUrrent state
of the araroisrinpghediagrargs i te MM‘mef,e e eshedope systam awtur@ OfoStQI_D alds t he

| ndependgabh i d £RbY BRAGELIBRIMbA G GRS SRS 616 or Hedfatdiu RARAIGE fhe and
package the |e cubes 1 nto an opaque u5|ng contains the aperture
st op as amonotithigleasepart at the front of the array Thi s net hodol ogy limts
t he degr freed ical d f etk

ki ng 1 SO0 errer ) oo ARk aGng ERpP T ot e G e Bl pect
to the ap#radive fatrapnufacturing optics for cheap miniaturized cameras, current methods
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[00114] As described in both Enbodinent 3 and 4, a mmjor problemof the
nonolithic lens process is that there is no suitable nethod to provide a
preci se syetemmpreture (array) as well as (col or- or | RCEatS2@b44014i1ters
within the lens stack of W.O nonolithic | enses. The current enbodi nent
provi des another alternative to bring a lithographically fabricated
aperture (stop), as well as filters into a polyner or glass W.O nonolithic
| ens stack. In particular, this enbodiment builds on the design introduced
i n Enbodi nent 4, in which one elenment of the lens design is forced to have
a piano I odaphiLAl |
st Irouct ur?ﬁé%ﬂgﬁgescr?&#ﬁ&g%\%ﬁl&#% Lzél;é? %ghﬁgﬁén d@@lédﬁ%@ ?\aﬁé(;mssﬁg’e gf t he
ei t her pisarerat denefits opf ppb/mermrai@sﬁe Vel @neviet nefaruse@, imwgaéo sAligsmenat e f or
the subseguent, pdrw%%aé’é%e%t&?t T'Prﬁteﬁulrpﬁrﬁesgﬁoa% Qtof RYfes. frh
three- el SIWENE DRt &l art angenent nment  nonol i thic

desi gn. [c00mirEliAs @‘hmmolﬁblheleaseszahblyhthcr:grﬁplgurtecmmogleﬁa deasiibtedt hir 8- el enent
desi gn of t i teri f ol | ow

or oper | culrefeiBb@Hent 3R B he e Riiel & 1635 Bala o RRel 111t
surface 8fActasester Pnoaslltalcpém amelotbeld aBgrdnetﬂ@dtrcearmloyblnlglcﬂdsmsesy%csrnraper ture

St op as I ul I’ tures Pr ef irst, el enent
PP e fignpliiy PYgrdater Mt S e Crordste thp PSSOl Y eSS sle Aid o Tan
éog ecgnd fitorse mcgeaseﬁv@mrdl %IOSurebyB ErthiedIBﬂ@—etpl@&tUrd@IBgnmeém m\@ne:ofn%wéd gl \qu face
ent to rads the o ct si.de an a conve nsurc 1, ere
the comtconvantions Simsatiat oo’ ISyary amg e et MOHSE0s %o | s
very cl osgefrfedifte BLASR (cFemRNoriiHicaens 0ok tabsnd‘at.bﬁtoﬁlnfm%mph&po
Again, preferably this lens elenment is made froma first ow |sperS|on

| ow r ef r RENNPEOGETIEX) STusiringathe iRpriuies Whits t@Rtaining éh%rt@lf@f'tﬁe@l

enbodi mephenditc RHE bagehe pefyie? opfgiddaiwLehal | ow concave surface 808 close
to the system aperture stop 804 is the one optim zed/ adapted to the
specific narr of th dlfferent col or channel s of an array
camera. SRR QUiNIcgeNSIPeSIAhas a concave first surface

813 and gogpPrayex Sﬂﬁi@%b’iﬂéjfrﬁ@fﬁeof&ﬂié m@hﬁbn Bealiddsoyar shotihdiealARE fot de.

This lens is preferably a strong ?1/ bent concave-convex |ens that is nade
from a s@peHdre ANGHIilersplasamen, WH ightheedensc elagk ofhgelyner fs lpg L& . Thi s
third | ensofitielinsts HNsSRASAPe@Ibare WithrBspdi® tb ERUSMHRESRT3 §RY Y il ass
816, which itself is placed in above the inmage sensor 817. [00116]Th|s

desi gn ha&srenostetegaf thecamtforapredreing esondlithie iensgopicaharraguissior steek the
interfac r f 4 4 ) ed in

t he Iens?ns(%égléﬁdeusrtﬁl rEBﬁifaée%cgm%nol @F rl%r%.g\ﬁ?%% er#d%ctgt?%ﬁgmgﬁr Hﬁ%édggggg%cused to
apply a H\e@httqb&eontorm epqwﬁbhouﬂnq whmmqontamxmet@erwge stoibeasaait é)tegrper t ur e
Stop DY RRALAhd BB GRRY ardl! SnisTmAnGRbRLy (RS MeSTERbed B AABPPTAS Lhe
current tate e-ar Teen prl 48 A CeNtering tol erance of
around Zmpm;almscgm ofsihé rm;e‘chvez,lamWell as rinlghg |trmgem¢u/adilfftcyltam Laguragiyer as. I n
addi tion co\k)%}rI r(s tih [ or dle@ectricfilters(lRCF) or ot her
structureeé SHS‘?%eVé'H‘ 1 B? q e%esr{urr%F "can be applied to this planer
surface. [0@112013/ 0AS AE6EMDEAUB20AtR/ BAd0dident 3 and 4, a major problem of the

monolithic lens process is that there is no suitable method to provide a precise

system aperture (array) as well as (color- or IR cut-off-) filters within the lens stack of
WLO monolithic lenses. The current embodiment provides another alternative to
bring a lithographically fabricated aperture (stop), as well as filters into a polymer or
glass WLO monolithic lens stack. In particular, this embodiment builds on the design
introduced in Embodiment 4, in which one element of the lens design is forced to
have a plano surface where the aperture and filters can be lithographically
structured. As described above, in such an embodiment the plane side of the either

plano-convex or plano-concave element can be used as substrate for the
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[ 00117] Second, the design provides a surface which is very close to the
aperture stop (first surface of the second el enent) whose surface profile
can be opvomaldop3mdapted to the specific narrow spect r alPCivarsdoiof44one
different color channels of an array canera, as will be described in
greater detail belowwth reference to the data-plots in Figures 8E to 8J,
bel ow. [00118] Al t hough one specific enbodi nent of the three-el enent
nmonolithic |l ens design is shown in Figure 8A, it should be understood that
there are many different inplenentations of the above general design

princi pl [ g I

parti cul gybéﬁ%ﬂf\g’(@%&gﬁgﬁ&g brr% 'Tcprcrgﬂgtl %ﬁﬁg |§1%nE lg(g}g?ecsbgptwéga Iargrepgangement
i n whi ch optieal @rengemeet ugingithifedadrelenfent ﬁ@ngbtb@rdﬁsmrface 820 of the second

el omont 00 ol 5" EndinsCBp BRAR 12 Fiflre M e HEHE iReHoh il A, LS e

benefi t @Ifthsel matanhfgnb@dlrnantjlemhemmZadtblyéhesfoéiewmgsmomrtleme edge of t he

first surface of hrdee C oOWs a no tio f the
basi ¢ opt | cal *art GBI RP S e erme P R F e oL SR G and ¢ he
third el ement 813 well a$ aqoase gendesid@ges ichirgikgthe Systbmaamsx@etopmver

requires an increase in th te S firs rfa 2 of the third
CFeent 815, P JElcon SRS SOt RTasnt | DRTESPON RIS At SepeTidaimade
arrangenent in \ikingh fitdiglolvi disgersib®MBWtreB&ive snddx) RASMaABEkIt he third el enent
812 is thicker, and where the curvature of the surface at the edge 818 of

the second suPf &M PNEIHE-GAYBRJCR SHmentsdd datchas acRantwe WPbpe
tovards the edggfrgesmeds! heriBivarciomenobiddlistic 8k Bodiex BeoReREhide Of
decreasing the steepness of the first surface of the third el ement 812.
[00119] I n anot he¥ OaWh@'ientQ?lqsbéC@@bﬁb'éi sefacetd98tis vary $hellaw@Enddhistaonaaye of t he
arrangenents de d

pol ymer - ongl ass%&a gl \Z@:\%FBF%%&;@} n@%@%ge%?ﬁ@%( poI gtﬁgg%gﬁeﬁrg@%m%@%m ithic
| ens. This woul cBOﬂearAgairat prefferaklywihig derse elenierdnipamadevisdm ahflr@k)(logl ass
substrate where r I ul t. Iy
applied to the Oﬁécb%nﬁg Ié"é} " Héétglgf'ﬁg&aéérh%%a?lr}rggt Irfgﬁgt'éﬂl]jrp 03 be
replicated on t kaentfadnrsentsthéesurfﬁbe$)rdfhgfbf ihib $heatlstv cmuh‘da smréicetm)&ctlesﬁked with
t he second and tth'th s el emsntsé b& | V\RU d botP { by a
nonolithic | ens ?)r 3e§y§ %qulnHae[I \/0@ t'Re"EeWBnPIEHE d be a
hybrid | ens i n wpecific tneropospcrveal bams ofStITd diffesentvaolod dhenm@plafmtmb;on bot h
sides of a thinner Iass substrate. However, the third | ens el enment woul d
al ways be nonol iPAI%¥due to the nenisc-nature of this lens. There are

several advantagemirf méhibscHardiémant S mfat h%h%h@eﬂ&eeﬁrst SafREY813 driwe first
|l ens is a conparatively thick elenent wt | ane backsi de and a shal | ow

front |ens surf&enNveyseeand iriage I86§{bqtﬁﬁém t@WQTqSythﬁﬁ’bJeﬁE@Fj?l hGisterRs gl ass

substrate. The jusgerefaniya §Fb¢1§hf BL& cEHrf&‘él/éi%@n\?éJ(dFe%QHét' is made from a
robust ness/stability/planarity during the application of the aperture and

filters due to tS5§eond él%fm@esn@rswmémgm d@fﬁa@'MBsJW%N)éenS maderidlt i Ons thikge fir st
lens surface qualid ¥Jeﬁ%ﬂt RE i PRIV & agéfﬁt Qnd hﬁa%e%@ #%rgzlo@érs pudbghpate it

is replicated on. here is less (e peC|a l'y Iat therna expansi on
than with a purevhichitsedlis pliced ircaloveithe enageesansock1gl ass substrate with

overall RIS ack ir cbrl it S siBioaRChd R Rsr IRE, SRIAR, CBtur o 10
[ 00120] Fiinfarface-iE, sorfék @Eroyvsutcddid iplFidwe SAYE ingodutedopthelehs gtaogerti es

of This plane, substrate-interface-like-surface can be used to apply a highly accurate
(sub- or few-micron centering tolerance) aperture stop by photolithography. This is a
major improvement in precision as the current state-of-the-art (screen printing)) has
a centering tolerance of around 20um, which is insufficient for high image quality
array cameras. In addition, color filters (CFA) and/or dielectric filters (IRCF) or other

structures, which need a planar substrate, can be applied to this planer surface.
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t hese novel three-elenent nonolithic optical arrangenents. In particular,

Figures 8E to 8H, provide plots of MIF vs field (8E), Strehl ratio vs.

field (8Ryp2dixmwsz7si on and field curvature (8G as wel | Pas/ustH2wg4018pat i al

frequency (8H) of the |lens design shown in Figure 8A for a green channel.

Meanwhi |l e, Figures 81 & 8J provide plots of MIF vs field (81) and Strehl

ratio vs. field plots (8J) of the correspondi ng blue channel of the design

shown in Figure 8A. It should be noted that only the surface profile of the

first surface 808 of the second el enent 806 needs to be altered to optim ze

the optiGghsranoamiMy, iR dos & 59 Placs NanBRlis ViSy GRIseP® greN from

this dat ; tm t hr ee- el enent n@nop c optu?%gf; arrar{sgement preow es high

i mage quabettyre( See, (fiest gurfare girtes ssaomd) e@r)entbwpasalsugace profie ceh ke desi gn

u5| ng af f e C 2
P P e e g Tl

t he cur r ehandesiy paniera,i as \chbhe dﬂmeb@mnt@cba@r tetail ioetayf with neferanse g the

nonol i t h| I ex conventional nulti-el enent optical

arrangene {%'%%QWQE %9 i erl al sequence (i.e., in the above

enbodi mef00tig8yh Abhlthaughiome, splecngb eAttlodinmentioéthe thoae- élbbmnhmmbelntmlcﬂms t he

positive,, posi.tive ativ ele fficient wa

Dohr ot (428N ¢ SHapn B ERM far 1 SPERU BeElier 168 Bl Thep & Merd s e®eRbod men

6). For axpRrpientations of ftios abeewbemerdl Seutgrs pancipiel as isabwn tdne ddsegbehannel
performa e se t he exenpl ar, t i S much bhetter an can be

obt ai ned Q}Fe? BEJP%D @@gqvgn? éU'amggure rIgsg?]"roé!‘ég g, g R/\?rbﬂ?\fé even
t hough f @ptigdirmanganenhem WFREM tedhanigtureat ¥d 8818)oﬂ0tﬂéfs@whdvvguﬂfa6e082(ﬁ
conparatively narrow spectral band, this achromatization still increases

the per f & Mihercondrleas glsrment 886 cand ?bihev%ﬂﬂ@ﬁe&?&t@f ety sufeeaRe/dMe Mytchs at
the si de%r@elém@an@aagbwgeb@& Rlvardethe s slged. eSuda eSS has ‘Ehé maged

shar ply. Enbodi nent ferent Lens Material Sequences For Channel s That

Vor kW t hepefitrefallawing et darresan is teouaerjeas ah Sirghdaeanef the bt serBeRIPfrent s
have focysethineISRent, fFlgur%oé(t%ﬁbwérarﬁﬂ&%ﬁ%sof thé b‘é%l:' pP@alng%ggéh%Hfj that

the current I nvention i al so directed to novel S an erials for
modi f yi ndh whighdpe fficsilelgmmen SPPiie thinter end theathirduglemenisd 1 ig e persegtiendtese

I - [ h
nvent | o keSS R B ah MR BF R firocarf npldeRb ML ARG R B 1 1e
conbi nat ifigstssurfaee &@R)offtbe third eneart 8dal origefeadi elhows| D okriFlcators kbvre i n
Figures 9Avic (g)t%ﬁpg?rgngéfﬁéﬂgmc\ﬁﬂiéﬁ“%é g’ ¢l8meflY 8@8 é%%hn%f] ANNEhe Wi fific

col or-focusSi'n canerd so far |ng a | east
one surf&dmner(tlmé is tHidker sandf\alm@repm@tudvem@bf thecsutfacaadbfmeredlga@ldslocﬂme‘ or |ens
900 or lens 9 for ecific ectl n pf the bac |- 1 ength
(BRL) " 1 onoagih puriasio BB, R et ey cBande oo veliis s ent

el ement s edfje tilvendoethsredhaAgaih sthissdesigvlyss theeepafittof desazRigdRakteepabsd he
color the_consi dered channel is su ed to work for. It should be noted

t hat theoéﬁ]'ﬁ' LF%F%HE&GSEFQEQW“¥ﬁg? ens arrays in Figures 9A and 9B is
that in Ifoomlrg@ 9B nhhgnshePatdrhftdesémbeditient efat tdan 8 Bppliddstoopagee tind goi ng
through the full |ength of a channel. (For reference the sp eC|f|c col or

channel raéré’”gﬁnemﬁr(@éﬁ”b@ abgye, feistlens plementirrmbe dasy Etsh%p@ ¥EEPM n t he

schemat i “g‘ﬁasl%r\ﬁé(fbﬂﬂe) IeH@VIﬁé’tSéd o‘f\'%' épglyh{”é‘?r(ﬁ Fafd) WI@“IIIC BRkervRs svoMd h high
refracti ve i ndex, which are beneficial in achievi nsa strong refractive power

with shalmean thahtheps wpvlldé@ a {qesaraiivedt thigky 9iass avipsiraie w@e%ﬂs‘w ameifHrespect r al
di sper si Qfy érﬁb Riedrs '\Mhicﬁbe nfh)sera%lc'awy E& ela% tRe SBEURE .9@&%@& ?h@lfhe

refractive |n ex and |sperS|0n materi a

("flint-IfirKéens S@fmelvmuld ée rr@@tcatﬁ@ ¢rh %Iratrﬁ!d% dhis Abyidlenseroyld dhen
di sper si Q) mBlAnNLiH f (se%ﬁ’éf"ﬁpb H%ﬂ?d bns bRAGSHs g{f%h {bBRS0th B@'fé{tS‘F’Fcfa%ec} he

above connection 1's arvays va di'spersion ’al ways I ncreases Wt
i ncreasi y aesmcvr@djthic/éensnmrezessl f Althinaitipdly.stheaseacodriens iemmestt cobkl bwca

materi al h%ﬁ(ﬁ’%rnts'iﬁ%h}’(@ﬁhggglym? lens surfaces would be replicated on both sides of a

thinner glass substrate. However, the third lens element would always be monolithic
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case, froman optical design standpoint the choice would usually be nmade to
use a high index material (so that the surface of the | ens can be shall ow,
whi |l e stiwbD 2ne/00826Ni Nng strong optical power) with | ow #CTasesRomoiso t hat
the difference in refractive power for different wavel engths woul d be

smal ). However, as stated above, such polyner materials are not avail able,
so one has to choose if the priority is on either one of the two
properties. [00124]While using a flint-like nmaterial can be acceptable for
the green and red channels, it can irrpact t he bl ue spectral band

di Spr oporgopakel %erﬂ&?ﬁé’tﬁf‘e & SART RheN he eel ol QRvbi [ ahBRBg S Ohis
refractive i ndex wth wavel engt usual is change 1s”stronger in the
bl ue spe@pﬁ‘dﬂlnaﬁlan@fte|¢hn0|09le§h@rg$|ben and red ones. In short, while green
and red channel f ter| al ,

t he bl ue channelsrhw%tge'g%%vé {:%r%és)rg}r\5 thi% agineﬁ Ehg gérrra]lﬁcgg% gﬁto t he
rel ated | arge disbpkovsfront ledfisudane; satittend dudit feectionalydy inshramg topeglads t he
array nature of tp . SGAITer a to allow the use of a different nmateri al
sequence in t he HPEE €hannel (as shown in Figure 9C), which nay be |ess

optimal with &egaedudeOof Bbramsirie pradigs daditioffNoBusHEs/dtabisty FRaeiinal
di spersion. Using such a nethod nakes it possjble to adapt one or m)re | ens

profiles to optidiipe he BpRIKARN ?fothPtaQGFte@p%@tfi'\%s dyeia ﬁhﬁlpr%%ﬁ?&e AP t

optim ze the matfddsadubSQaALENA @AURBH, thB st leMeLE @ fARaUM iy Lan mtrexvéoal
sequence for the bl ue channel. [00125] It shoul d be undérstood that the

ability to modi f%ettﬁg‘%{a@ﬁlgéﬁsss%’@%ﬂ@ét 'ﬁée%'ﬁ?ﬁeﬁ% it for a specific color
channel may bg uspd | |§ éé%' Eeagloﬂgt%%g h%ﬂﬁ eﬁ%s%ﬂog‘gs Sho'agHDFel)QC) or

with a specific typeo I'enses hown™i n Fi gures
9D and 9E) (whemeondithi¢ ens srmteém tdmclq glash smtreed\mtmab@tﬁawm eof theIGAds pri or

Lo, e [Pl 1 Cat d Slin s SOLP oY LeFaldi And: ofle! Qlerdiplopeotiy than

with the vvafer S I Spense i njection noldi
process a "cr O\A/rprdJ\rldaheg trm)dnwmty mfahemea:hammallmltegetyg be PI\/I\/A Zeonex (COP)

and Topa , " | woul be carbo PC
ond poradodfal  BRuds; i 1 59 A e TRl ol sHhg D€ SRl SRERERG Be L0,
nor e broaldége, ndvieethined- ellehmlnt sequkthiceoptivyl aifemgebEntmdnfpaetd:uian Bibaes 8! ded

| enses a erture. u

[ 5025¢) ada B! biavidBTe T Rrelis (a0 (9 sirhaelS ReTd (R Yol AR ¢

oloti CSI @UE@ggter(raey 8s ?Metl atwrlm\hLF be slp@d@rﬂﬁqﬂeflcyl (88f) of b lebis d@ﬂgn 'slwvemri oln i's
al SO 1 r e 0. nove nme 0 erlals | n |ca

L ooort ] EIOE o airRtChaIEL MSGRERIS FigurnB0E Slovarih itats A7

ar r angenmgigias(8|) shddS§& 9ah ewiélcﬁﬁr@ed(lsoﬁaftthetdaﬂesmng melcﬁamélewﬁﬁ to a
novel arrangenment that could be used in in which

e aper BPBREPBYNITS Fis e Bacd AR Lprpaliat S0iibs BugaGerpToNe oAfHe EBhei ng
bet ween IgRE&S soé QP bésorahQumeRCEGSTRELERL] Ye lalelddAH htikfiA tHeoftREl
conventi onal polynmer on
arrangement for a different color channel. As can be seen from this data, the three-
element monolithic optical arrangement provides high image quality (See, e.g.,
Figures 8E to 8H) comparable to that of a design using a field-flattening element
(such as e.g. applied in Embodiment 2 above). Moreover, because only three lens
elements need to be stacked in the current design it is much more suitable for
manufacture using a monolithic method compared to complex conventional multi-
element optical arrangements.
[00121] The lens material sequence (i.e., in the above embodiment high Abbe
number, high Abbe number, low Abbe number) for the positive, positive, negative
elements provides an efficient way of achromatization for each considered channel’s

spectral band (See Embodiment 6). For example, even for regular dispersion
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gl ass W.O, apertures 1000, and in particular the aperture stop, is
structured on the supporting glass substrate 1002, and then the | enses 1004
and 1006 wpeorgpbi’eat ed above the aperture. I n the currect/tSaboni4vent , an
additional layer 1010 is introduced between the | ens substrates 1012 and
1014, upon which the aperture stop 1016 is disposed. In such an enbodi nent,
the apertures nay be made using any suitable technique, such as, for

exanpl e, transparent openings in an opaque |ayer (e.g. netal, nmetal oxide
or opaque photoresist) on a thin (glass) substrate, be (nmetal) etch mask,
etc. POS'rﬁétQE‘élQ%é BiSie BRERAI PRrbinddte &leh |ﬁ%§xé?ﬁ;lﬁll‘éﬁﬁé}n%) EADRGRUGS an
addi tional diaphragm or as an aperture on very t asgs sheet, rather
t han f or dietigr ithant gamdeoablainedsighsegdee desiges (Ere. pd- yﬁ@ure%ﬁb awe&as a
nunber | rgs

constr ai ngf%egg&eﬁ% ggﬁ Ifér?a rkph &Ess? %%%ﬁasrﬁ% Bﬂl‘g%qg pehpgﬁg\%qlvarl ety of
| ens deswgm:smpedijwels( pamrdwr spattral hand; 1% acteomatizationl btilf iirdrédasesnmbwdi ment
8: Pon i P i 0 gain,
ai t nough PPREMEGe e, Bi s et Bl Bh G e, PR RS BF e pde b

ar r angemgimd ased $pestrol bdrel afnde considated bhanrdieeareimaged sharpBnt i on is al so
directed to novel nethods of manufacturing the various |ens el enents of

these nowsh, QANLARL. BifAISTER Biarch B 3obilIdSHNETRAN FROE wobAGybTivent | on
is direc for use

in caner d):ﬁerea&Sgeaﬁra#\Bandis stand-of fs and nechani cal self-alignnment features
d,in_the manuf act he | enses

f of 0
Lonveart g2 7 | AfatRRce!"adVe BRBSHRTY hafh oBfeadS PR oStiestifodicel " a
ca?/ijty ffm{rrapgaﬂ?nﬁsrggﬁmﬁe Iﬁl@d‘astabdtjﬂ%ﬁt(tl’ﬁdaPtemMebﬁ@klr?%IﬁfdlrecﬁechdeEd The
no cavli | | e W a Sul.la e m Su a
o pol Joaneinnds @nﬂomatﬁsuaifnéq PSR GRE ron ﬁ?ﬁaf%ﬁrt&ﬁepﬁﬁ%wr'ous Tns
" | ow Tg- @érnes " ofs Ufdeafowl JoptiRaBléfraBgemeSE8 frur oxa6pI6] o Plfasssuad di ng.

Then for conventional .canera . assenbl | i gnment arrel s are used in which
t he nol d&MROSHBRY. A& inventigr ds aff\r&cbﬂduéuq?eo S8 Yy di Prr?”éﬁe%sr Fﬁﬁer@i%é%l this

et hod degmbiitioRs Heréls) v biffiefdrBblopbhaiHERNt preci sion. The current
i nvention &ro oses a nmethod in which nechanical alignment features are

provi ded [P%123he | efs ShRwa.In Figusehan. ABrans duwsing comenyenginaray optiset i on- or
pr eci si O%h@hﬁé%p@?l‘fl@'d&ﬂ)r-@é&%ﬁﬁsm APbraRl it sheas i faked ?o'saéjﬁ@tlrfgegi i cated

into the array, nor even optical alignment marks, but al so small "nmechani cal
f eat ur es legss oNersHEace.rft-@. theesyrasatnrofips ob fiert- Padies b@ﬁk$¢féfcél|@1‘ﬁe9ﬁ050r whi ch

al | ow meqhanies) o?eérfan%l%ig%gﬁ %avg%@om el @&&%cé\rlé h (Bel fﬁ%Fes cones

exanple conplenentary ri eri cal segnents, ns an
and pyr argolis. wHoweyenpthe neatesiay S@aaneomremoddw@tyelsmp@dpf dasvilenses on

the. oPPOYOEL HB0Lys L0 LR TICRUSATRIH RIS o okl LR e 114

and 11B. For éexa ure 1
structur esslpad)serddtooﬁ/cbrk faaom shpeldi becmidddhzitrthé rmjn@cduffenennmlbdtw&ynpthedm of the

lens array 1102.. For | 1 0j i in such an
erbodt medt ey Rt FiohEs & e Tp i Bt P B e Suddortrt AR B Frd e
lor ovi de ad bmqtml arzﬁgoln@thrbu%rsg@rfuu IentgthEef aielsaarrmhl eFdrhaferetrh;e tﬂel:édé'cm’n;] t he
ens materjal is co nsat e Q] ,,sa at| t he sane
t echni qué® I?éyd'@émﬁlsg%ﬁ% |W§SBZ ﬁ)ru? abri' af’ 'ﬁa@ﬂa 3ért %r'e Xof é s ri x
struct ur@&he&m@t.@@k‘ommeﬁbwbwmm whfle Sthewn dra &éveudle mbidpiahd w.opanq:f')l
e | enses

cavity arr 1104 is u u porting .structure _into which
1106 are r?fg%q ive afdex Eﬁﬁgd?rﬁe £n IDeBFUSENGYSUIONAt 19TEGEYEe BOPEF é’t’ﬁh ve

Phase El @RBIN lens profiles, these materlals usually also show high spectral dispersion. In
particular, typically one has a choice between high refractive index and low Abbe
number (high dispersion) materials (“flint-like“), and low refractive index and high
Abbe number (low dispersion) materials (“‘crown-like®). Indeed, for (lens-) polymers
the above connection is always valid, dispersion always increases with increasing

refractive index. If this physical connection of the two material properties was not the

-39 -



[00131]In yet another enbodiment, the invention is directed to a wavepl ate
or nultilevel diffractive phase el enent ("kinofornt) for channelw se
correcti omoab13gisiat i ¢ aberrations in an array canera, pamdSan2iosenati ve
fabrication process tol erance conpensation. [00132]Currently one of the
three or four lens surfaces in the objective is channel-wi sely optimzed in
order to correct for chromatic aberrations of the specific channel (see,
e.g., U S Pat. Pub. No. US-2011-0069189-Al1, the disclosure of which is

i ncor por at ed herei n by reference). For this a special mastering regine for

the array, rhsan bf GehicH ﬁd&éuhtgﬂ%'dﬁo@efvf/&ﬂ& ts.ué@néé; Aged Use e

fabri cate one array e overal | ens propert e consi dered as
the sum @ﬁgft meav@aéegel ($oeqluﬁtrt49@ strégee, otartma fens canlibe dorllovs ovile still

t t )
i ch addl N Sfpod Apba; Bou Ul T aRes @l GONETRE SrchendRL "0
U. S. Pat reffagive mnweISfbf)SﬁTMerg wah@ermgtbs Ivasild deosmal)i c hiomevencasr paiteat ed
herein b [ t could b
benet | ci $P0F SERERNe SIS R rOES A SERF B Yo SRl T Bl fec® € P
channel - sspeneftmermptofd&i twaopvepertiebi ch is then rel at ed to the color

correcti The current enbodi nt i irected to ical arr

RGN 0 D T Tt R B R R et g e R ot e
surface tchabndlfit litodanesmpadty tre rolmor sputraf remd d@‘pmmﬂormvelpf bexagdd y the
si ze needed to dlStI ish the channel.s from each other s t th are
S f oot PREEBE (AN The AR R e RHE: MROvEIRER B0 st aar | on
requi r ed thiglchbhg&is sirongBi Biathé bluNsgdagasaier thah .romeygr’éewehalremneé engths. As
aresult, this surface can either be a ver.\)(’ shall ow refracti ve surface

("wavepl sherty while gresfy andegderiapneldi waud erafy doneing ysaehchraighdpdexadi al

Symet ri Gnaghil H%Vﬁbe Qﬂhfaﬁrﬁé’r%dd(@ SHB\QS@O hBAE xial 0BloR abBFHidN did1es &hd S NO
d erent | enses ( di anond

| onger a nee to machi ne sli ght by
turni ng) relpipd @rge dispersians W%ef%é@tvﬁmmdﬁm@ﬂtetaé@ﬁaaﬂveaega HetheqRr&dY. I n
addi ti on,n éfo*?rtﬁé“caFn%Fé‘EB)bﬁ’cQ/b B 688 o'P% dﬂﬁ@r@nf H{atérlé? s@&TéHc%%'tHé‘ tie @1 rays

of such channel specific surfaces, 1ncluding, "classica ogr aphi c
m cr oopt icognmelhas skawom Ele@nerﬂﬁ)oyheb rsayche lessioptmel Wik regard ta ifffactifeay scal e

|1 thogr aphy,, & PEAGNS! rﬁ?ﬁg e%B][)%)ecthéI”& yer%.bhhogé.ﬁg%ﬁp%mtﬁ@a RONEE it t hese

t echni ques afe nore sul manu urin erences in the
sur f aces poesiplei toealaph onlae)ranorzeylenss rpeoyﬁlemtneommmhem genel &t g3 adspects si on

t han mec I i t ro i ckness
or eci o1 onogrrd beRfy A T LA IE I mater sHeresUeelon B afrd ciod B T
p055|bIermmemmeequauadbwmeamyaduﬂges to conpensate for the effects of
systemat i rication errors on i ual. i A.flow chart of this

ranuf act (001 et 11048 B S0P aBiR PR B, b mea b B FEBHA S o

t heI 08“ Q@Epﬁﬂﬁﬁ@ﬁﬁﬂo;&‘ aGpetife c];albr ﬁlyam@nrma:y by @seddsiijedidn mMolded &nsthiss ti mrs]

i ncl udes e _norm. na e t he at e or racti ve phase
ol orront WHPER LB PG witaA el St GoVEeEPR e W leobfoiann b

I n a secendwhtirFiglres FD ad e swheebite ieps fradterigiak edlsghsad Shlisepllatedr®ans
(as described above). Then in step three, the systematic deviation of the

| ens pr edANGs Préﬁ’fstofﬂf‘%ﬁ?lfd'égi'f{:ih(ee& dé’c?cﬁf‘? 6’%'%@&“’(‘?&"8% iRk dethothee@nsur f ace
et r ol og¥yithtRBWRIeMEalcAR ol SikPECRS.- FBASKHERHENhardhRction molding process

a “crown-like“ polymer material would, e.g., be PMMA, Zeonex (COP) and Topas
(COC), and a “flint-like* material would be Polycarbonate (PC) and Polystyrene (PS).
Finally, as described in reference to the invention more broadly, the material

sequence may also be modified in glass molded lenses as well.

Embodiment 7: Polymer On Glass WL QO Novel Aperture Stop

[00126] Again, although the above embodiments have focused on specific

optical arrangements, it will be understood that the current invention is also directed
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perfornmed, as well as the systematic deviation of optical performance from
desi gn expectation are experinentally determ ned. The nodule is then

redesi gnewlo(28t3gP3f7our ) by adapti ng the above aberrati onPcoruseaiomyisur f aces
in order to conpensate for all determ ned systematic errors el sewhere in
the stack (profile, xy-position, thickness, etc.). In step six the array

| ens nodule is re-fabricated. And finally, the back focal length is used as
a |last conmpensator for all remaining systematic deviations (Step Seven).
The advantage of this method is that there are nore degrees of freedom

rat her Uﬂ@’iﬁlob matr@eg%]fdomg ReroP i @ﬁg%e'dﬁcﬂua | pr‘a %bﬁesfbﬁ‘r thé vhhsuLase in
conventional system s to bet overal ormance, potentially
wi t hout ilensagieinegtsoytthess n@:\ﬁ:@;@pflctai@trraogemwsEFM@ &msd BERAENDNgiment,

[00135] F'tﬁ@Hv)éntlérf .s"\ﬂ. e é%ewuﬁ?% SLRRMHGERRN At %BHéﬂdOJe %&;% @Pégwfpoqgmﬂ' ment s,

mul tiple 1dentica varledversi ons o rangement s

may be caoinl gasst ‘éld()nm(meb tbaahermmrheatop i daspaseday.a Q'ebrmratarauasiraia imthet he

optical ar an optical array is related to e.g. one of the
HrRRRRL b,

foll owi ng mance paraneters of the considered channel: "color”
(i dentif Joore7 he nas sbows sefdmaticabpirdFighes t@hsindies ednveptipeal| potmaerred | s

supposed to i e of the ral |. spectral, band . the whal e, system shal |
Tege s WEES aliRR APYGT A i GRGHE g AR 0 SUBIEHINT Wit ect
di st ance,suppertind/isstsypsieate 10921 h@d thenf tae eerideat 1004 dnat 1O0d drbaeplidateadl or s,

but different FOVs, [or exanpl e, | d al om1for di fere gﬂhflcatlons
while di PPAYRANEFARRIURUI i %%‘”F%‘ ApeUMERL ditiopp %’?r 108 torth.
DOCTRI NE igfodachbll VWakERStHeO RS edubbirdtes P bi snd ao1 cerﬁwhl Whith th@berture

applications of the present invention have been illustrated and described

herein, iS{oA %OTQ)'SH@SWQr Jb svah PRAMPYEMERY dift PBPITYTES MY P§ MAdEHSNY t he

preci se %Q%thlﬁlb' @Bhrﬂaﬁb Cé%féﬂoéhe%rseﬂérﬁﬁlboﬁﬁﬁsdb@érﬂ' ébe%ﬂfbstlhaén \'Séédu%ls
nodi fi cati ons, chan variations may be made in the arraFag%nent

operat i orayesfer ddBesd gh @etﬁ* oeqdé QfePRaES paﬁ@r%ﬁhpat%@és(gdﬁssb Rebg
i nventi onma dﬂ?%ﬁ nfRRAEL] eft.%ﬁmgtth@ aéghlﬁﬂetm %ﬂa.ﬁee&d’e tSHtwteBR tHennéﬁE'éé 0” as

it is define n the appen
t hr ee- su@ﬁaatbadfb&qr@hmaa rregngem@ﬁtanfaﬂertare am rvalgy tb@nﬁgfe@%@hﬁﬂt,l r@theg than

a first I vl f r d rst
concave d‘?@&gl rBaePaQ:g% \Hﬁg}r%endr{d%&hgﬁ%n@ﬁ%@%%ytgﬁ} afst:ﬁﬁrﬁ onvex ur face is
| ar ger t lh@nefithen threnseatf dd Thopetforenanicestin comtcast,ecopatrdiamg;the apertures to the

substrate surfaces for a large variety of lens designs reduces performance by 5-10%

over the full field.

Embodiment 8: Polymer Injection- or Precision Glass Molded Lens Arrays

[00128] Again, although the above embodiments have focused on specific
optical arrangements, it will be understood that the current invention is also directed
to novel methods of manufacturing the various lens elements of these novel optical
arrangements. In a third such embodiment, the invention is directed to a novel
method of manufacturing optical arrangements for use in camera arrays in which
stand-offs and mechanical self-alignment features for assembly are included in the
manufacture of the lenses.

[00129] In conventional polymer injection- or precision glass  molding
techniques, a cavity for producing one lens array (front and back side) is provided.
The mold cavity is filled with a suitable material, such as, for example, PMMA or
polycarbonate for polymer injection molding or preferably “low-Tg-glasses” such as

e.g. P-BK7 or P-SF8 for precision glass molding. Then for conventional camera
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a second |l ens elenent having a substantially flat second proxi mal surface
and a second convex distal surface, wherein the dianeter of the flat second
proxi mal worhso®3i’s small er than the di aneter of the seeomaSecanwesnisurface,
and wherein the dianeter of the second convex surface is internedi ate

bet ween the dianeters of the first convex surface and the first concave

surface; and wherein the first and second |l ens el enents are
arranged sequentially in optical alignnent with an i mager positioned at the
di stal end thereof. 2. The three-surface optical arrangenent of

claiml, ‘é’@@rﬁ@l‘y"?@HHeﬁ Eérr&fso%ré‘t‘%ﬁéﬂ rlﬁt\Nfﬁ(g\eﬂFnhoﬁire@ Iéﬁ%r%eﬁa%daarf d rst

substrat e sur aces e secon ment are separated by a second
subst r at @lued togetheg. InEmeartayr easneratiia cretioge deed natprevidgesfficientfalighment 2,

wher ei n :ﬁ)'r"&uébﬁt ﬁg%ﬁﬂg{ﬂpl %ﬁt@ﬁlgéé&é&ﬁrﬂe@@hmiﬂ}e ?mé&%‘?gﬂm%HP?”ate-

4. The ree-surface ene rirsing an
aperture featonpesdare rp)m\edjecbln thédenisl raolds de oftebr praosts, reiring dinef ao,lgmer |nJection5 The

h f ' I

one. aper CUPLGHEL GRS AT HRARE BB ERLPOShrC RS Da Hour oo

6. The t larmeg; sar feaere apptalcalgnmenammhanbutoélsclsama‘m m,eclhamd:ehe‘eamoermerem ng an
t t d f d d | t

abra aperomedt bl Bette R EhpRrsRGS of Hecelbimepls Mk S mebbaTP B havi ng

at | east atigemapewittutiee ddjap@ﬁem‘retyheua@as for example, cOhldrhgragrysiigsagrel opt i cal
arrangerre% of claiml, wherein the first and secon%sl ens el e ntsdand t he

second | SRESHA 3AMERFdPIRANdRRIRS: Gongs SopAVaarasyy ?)%[E%'F’E‘e” 8. The

t hr ee- surchasSpsHAiighAshHREHRIBREN BE opbasiAy dlentdHtt her conprising a filter
di sposed on at |east one of the first or second substrates.

WO
2013/ 003198138t us2bye/syghogmbodiments are shown in Figures 11A and 11B. For
example, Figure 11A shows an example in which spacing structures/stand-offs 1100

are included in injection molding process of the lens array 1102. For polymer
injection molding it is desirable in such an embodiment that the material combination
choice and spacer thickness provide athermalization. In short, it is desirable that the
dn/dT of the lens material is compensated by the CTE of spacer. Alternatively, the
same technique may be used in independently fabricated spacer or hole matrix
structures. In such an embodiment, as shown in Figure 11B an (opaque) cavity
array 1104 is used as the supporting structure into which the lenses 1106 are

replicated.

Embodiment 9: Waveplate Or Multilevel Diffractive Phase Elements

[00131] In yet another embodiment, the invention is directed to a waveplate or
multilevel diffractive phase element (“kinoform”) for channelwise correction of
chromatic aberrations in an array camera, and an iterative fabrication process
tolerance compensation.

[00132] Currently one of the three or four lens surfaces in the objective is
channel-wisely optimized in order to correct for chromatic aberrations of the specific
channel (see, e.g., U.S Pat. Pub. No. US-2011-0069189-A1, the disclosure of which
is incorporated herein by reference). For this a special mastering regime for the
array tool is required since slightly different lenses need to be fabricated within one

array. The overall lens property can be considered as the sum of the average
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9. The three-surface optical arrangenent of claim1l1, wherein at |east two
of the surfaces of the lens elenents are forned frommaterials having

di f f er entwolzbss/a08avber s. 10. The three-surface oprcralS2@aeznatgenent of
claim8, wherein the convex surfaces are formed fromcrown-1like materials
and the concave surfaces are fornmed fromflint-like material s. 11.
An array conprising a plurality of the three-surface optical arrangenents
of claiml1, wherein the array is designed to i mage a sel ected
wavel engt h band, and wherein the profile of at |east one of the |lens

surfaces uith h ICak: BOIS Sy @ [ L ppge only
a narr owr%%%%'d&oh%? ?b%&gwetcl ﬁgv@g ect eg%\?\%\(/:g?néngta ﬁbg%hg{és@%ﬁu pﬁgét Maé'nr851

combi nat ibenmpirmented dlyi mgclomingr whish erddatdffigilvhion digreortt fuaping magieringe
entirety té’({hn$c£]%s.se(ls%%t 83;.,‘"@?’&??' ﬁélgkﬁ%.bﬁ[}?’m/_osoAzg, e diéblfaéd’rgio?%ﬁi@??s opti cal
arrangenen r'an artay ‘caiméra conpri sing: atirst Tens

el ement lroorpgyatdffierain by gefeesncer)oxi mal surface and a first concave distal

surface, in the djan I r C u N t han
The. ar amibBR; ", h0sYETE BlndlindrlE shbliaba®RéRs ' bERGRL To sBRHEL

el ement Hisey chmannel-aesraged optivahpewer foom rthed clsannielspecifitcodicslqmoved, wickiésx di st al
surface, wherei.n,the diameter of the second concave.pr.oxinmpl surface is
sl | or | (' IHED I DRORT SO PP SHboH D RURRICR Y prected to an 6piRaP ' Pr
| ens el eremhgb@ehngabaddohiptisitanbvehapheixvigalcosestforassirang chardel-spegificanar

di stal surface, E\#herei n the dianeter of h_he th'#ogd gonc?ve p;mi'émal, surface
i s |argeSUIAHh BdleNTPIReaSe PEIVOR AR afa' 8”5!9? PAUOR,{OT { §1@CHY ¥ %fd second
| ens el eneBlsd t@r@lstinc?uish the chan¥s @iom tdaehf othslt soSBepnskyanee theirfeds | ens

el enents are arranged sequentially iin optical alignnment with an imger

posi t i onédareditndhely wdiyjdughwayekandofThe waveirony defoffpation rpguiseqt fA s &pt i cal

arrangemgyically & #dTbAkfer oMBAELBVETHI Wataengthst N Bi feslilt, ehRMBIHacRr &n
separated by a first substrat'e, and the surfaces of the second el enent are

separ at e®ith9r ke deeBNhalongeiragtive surface ("waxeplatee). pi'lpu. fsgaueace dirartv

A T Ay L R o R i U

t he i magéesidtawre is no longer a need to machine slightly different lenses (e.g. by diamond
turning), but all the lens surfaces within one array could be equal. In addition,
different technologies can be used for the origination of arrays of such channel
specific surfaces, including, “classical” lithographic microoptics fabrication
technologies such as laser beam writing, gray scale lithography, E-beam lithography,
binary lithography, etc. Moreover, these techniques are more suitable for
manufacturing slight differences in the surfaces comprised in the array, they have
much higher lateral precision than mechanical origination means, and they provide
much higher thickness precision (i.e., phase accuracy of the surface).
[00134] In addition, it is possible to use the above advantages to compensate
for the effects of systematic fabrication errors on image quality. A flow chart of this
manufacturing method is provided in Figure 12. As shown, in a first step the optical
channels of the array camera are designed. This at this time includes the nominal
shape of the waveplate or multilevel diffractive phase element which is used for
channel-wise color aberration correction only., In a second step the array lens
module is fabricated by a suitable means (as described above). Then in step three,
the systematic deviation of the lens prescriptions from design expectations are

determined by lens surface metrology, centering- and distances-measurements are
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WD 2013/ 003276PCT/ US2012/ 044014 15. The five-surface optical
arrangenent of claim 12, further conprising an aperture stop di sposed on
the firstwoansawa27di st al surface. 16. The fi ve- secfraseoiopyiocal
arrangenment of claim 13, further conprising an aperture stop disposed on
the first substrate adjacent to the first concave distal surface.

17. The five-surface optical arrangenent of claim 12, further conprising at
| east one aperture disposed within the first |lens el enent. 18. The
five-surface optical arrangenent of claim 12, further conprising an

aperture rp%%Hﬁéd{ra% HLFReSAE s??ﬂeﬂ%%@ O%R/‘altisﬁt%tf SE‘(‘E’a erfdAth&ndP RSMEIEITRNT S,

|
said aperture structure conprising at |eas e aperture substrate having
at | east exspectafier alg expfirspaidally deferneioed. The module.is Then fedesignedf(&tep opt i cal

arr angerr%r&r)ogy géé’dti%ltﬁe a%% %b@rréﬁb‘:h éérFe%ttinaggrfaces in order to compensate

for all determined systematic errors elsewhere in the stack (profile, xy-position,
thickness, etc.). In step six the array lens module is re-fabricated. And finally, the
back focal length is used as a last compensator for all remaining systematic
deviations (Step Seven). The advantage of this method is that there are more
degrees of freedom, rather then being able to change back focal length only, as is
the case in conventional system. This leads to better overall performance,

potentially without impacting optical magnification.

GENERAL CONSIDERATIONS

[00135] Finally, it will be understood that in any of the above embodiments,
multiple identical or slightly varied versions of such optical arrangements may be
collocated next to each other in an array. The variation of the optical arrangements
within an optical array is related to e.g. one of the following optical performance
parameters of the considered channel: “color” (identifying the narrow spectral band
the considered optical channel is supposed to image of the overall spectral band the
whole system shall image), e.g. RGB (and NIR), field of view (FOV), F/#, resolution,
object distance, etc. Most typical is the differentiation into different colors, but
different FOVs, for example, would allow for different magnifications while different

F/#s would allow for different sensitivities and so forth.

DOCTRINE OF EQUIVALENTS

[00136] While particular embodiments and applications of the present invention
have been illustrated and described herein, it is to be understood that the invention is
not limited to the precise construction and components disclosed herein and that
various modifications, changes, and variations may be made in the arrangement,
operation, and details of the methods and apparatuses of the present invention
without departing from the spirit and scope of the invention as it is defined in the

appended claims.
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CLAIMS:

1. A five-surface optical arrangement for an array camera comprising:
a first lens element having a first convex proximal surface and a first concave distal surface,
wherein the diameter of the first convex surface is larger than the diameter of the first concave

surface;
a second lens element having a second concave proximal surface and a second convex distal

surface, wherein the diameter of the second concave proximal surface is smaller than the diameter of

the second convex surface;
a third lens element having a third concave proximal surface and a third planar distal surface,

wherein the diameter of the third concave proximal surface is larger than the diameters of any of the

surfaces of the first and second lens elements; and
wherein the first, second and thirds lens elements are arranged sequentially in optical

alignment with an imager positioned at the distal end thereof.

2, The five-surface optical arrangement of claim 1, wherein surfaces of the first element are
separated by a first substrate, and the surfaces of the second element are separated by a second

substrate.

3 The five-surface optical arrangement of claim 2, further comprising an aperture stop disposed

on the first substrate adjacent to the first concave distal surface.

4, The five-surface optical arrangement of claim 1, wherein the third planar distal surface is in
contact with one of either the image sensor or a cover glass disposed over the image sensor.

5, The five-surface optical arrangement of claim 1, further comprising an aperture stop disposed

on the first concave distal surface.

6. The five-surface optical arrangement of claim 1, further comprising at least one aperture

disposed within the first lens element,

7. The five-surface optical arrangement of claim 1, further comprising an aperture structure
disposed between at least two of said lens elements, said aperture structure comprising at least one
aperture substrate having at least one aperture disposed thereon.

8. The five-surface optical arrangement of clalm 1, wherein the first and second lens elements,

and the second and thirds lens elements are separated by spacers.
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9. The five-surface optical arrangement of claim 1, further comprising a filter disposed within at

least one of the first and second lens elements.

10. The five-surface optical arrangement of claim 1, wherein at least two of the surfaces of the

lens elements are formed from materials having different Abbe-numbers.

11. The five-surface optical arrangement of claim 10, wherein the convex surfaces are formed
from crown-like materials and the concave surfaces are formed from flint-like materials.

12. The five-surface optical arrangement of claim 1, further comprising an air-gap between the

third lens element and the image sensor.

13. The five-surface optical arrangement of claim 1, further comprising at least one substrate,
said at least one substrate disposed between the surfaces of at least one of the lens elements.

14, The five-surface optical arrangement of claim 13, further comprising a substrate disposed

between the third lens element and the imager.

15. The five-surface optical arrangement of claim 13, further comprising at least one aperture
disposed on at least one substrate within the lens elements.

16. The five-surface optical arrangement of claim 15, wherein the at least one aperture is

embedded within the first lens element.

17. An array comprising a plurality of the five-surface optical arrangements of claim 1, wherein
the array is designed to image a selected wavelength band, and wherein the profile of at least one of
the lens surfaces within each optical arrangement is adapted to optimally image only a narrow-band
portion of the selected wavelength such that in combination the plurality of arrangements within the
array image the entirety of the selected wavelength band.
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