WD 2011/ 116203PCT/ US2011/ 028835 FABRI CATI ON PROCESS FOR MASTERI NG | MAG NG
LENS ARRAYS FI ELD OF THE | NVENTI ON [ 0001] The present invention relates to a
fabri catiwo2prioae®s for mastering |arge i magi ng | ens ar paygjs2ethiogds3zannot
be fabricated by |ithographic nmeans. BACKGROUND OF THE | NVENTI ON [ 0002] The
manuf acture of very small | enses has undergone enornous devel opnent since
the 17th century when Robert Hooke and Antoni e van Leeuwenhoek both

devel oped techniques to make small glass | enses for use with their

m croscopes. In these early techniques, Hooke painstakingly nelted snal

filanments of %Iass and allowed the surface tension in the nolten glass to
form t he snoot-ABRIGAFICNPROSRSSac@S MATUE RIS IMAGINGhEEBIS ARSMYS Hooke R,
Preface to M crographia, The Royal. Society of London (1665), the

di scl r i | S lncorporated herein by reference.) [0003] Advances in
techngﬁgbﬁ(ﬁgvgﬁéﬁg%hiﬁhﬂicrolenses to be designed and fabricated to cl ose
tol er by+a variety. of nethods. The tical . efficiency of diffracting
| ensed 0 enalfe Kerdhndsall "ERles 10G, Bl Ehn fige ke 107 i b dafte

shapeiﬁ%‘gg@geﬁ% sMRhRY, é%_\ﬁn%t5@?&@%&&@9%%9%9%%%&@6's, t he

structur an even be fabricated using technology devel oped for the
integrated circuit industry. This area is known as binary optics. (See,
e.g., BACKIERODNY BF TMEHWMENITION, Scientific American, Vol.. 266 No. 5 pp
50- 55, éNhy 1992), the disclosure of which is incorporated herein by

ref er é86@21) | Fherpmnubactere ofrdryisphall basysiee hasfundesgend emyesous devidspment f or

use in_large | arrays. These |ens arrays can be fornmed by ul di ng  or
enbosSiIHG %P%nf ﬁﬁnﬁ%f@rywh@na pgrt Hagkaiiang ?&ﬂtwef a%mi%%%w%ﬁwégsgoth

ini d RN f isel d.,l h | ed
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l\/arcel%g%é/ekel% | Eé@%ﬁ%ﬁ?ﬁ‘og@eg%_ahﬁékﬂgﬁz Rell&NS Ml FNSMRAL IFVHISES and

allowed the surface tension in the molten glass to form the smooth spherical surfaces
required for lenses. (See, Hooke R, Preface to Micrographia, The Royal Society of
London (1665), the disclosure of which is incorporated herein by reference.)

[0003] Advances in technology have enabled microlenses to be designed and
fabricated to close tolerances by a variety of methods. The optical efficiency of
diffracting lenses depends on the shape of the groove structure and, if the ideal shape
can be approximated by a series of steps or multilevels, the structures can even be
fabricated using technology developed for the integrated circuit industry. This area is
known as binary optics. (See, e.g., Veldkamp W B, McHugh T J., Scientific American,
Vol. 266 No. 5 pp 50-55, (May 1992], the disclosure of which is incorporated herein by
reference.] In most cases, multiple copies of these lenses are desired for use in large
lens arrays. These lens arrays can be formed by moulding or embossing from a master
lens array. The ability to fabricate arrays containing thousands or millions of precisely
spaced lenses has led to an increased number of applications. (See, e.g., Borrelli, N F.

Microoptics technology: fabrication and applications of lens arrays and devices, Marcel

Dekker, New York (1999).



WO 2011/ 116203PCT/ US2011/ 028835 [ 0004] I ndeed, nnicrol enses in recent

i magi ng chi ps have attained smaller and smaller sizes. The Canon EOS- 1Ds
Mark 111 wecks/@8203 mllion nnicrolenses onto its CMOS iPERJiSR@ 1088 one
per photosite, each just 6.4 microneter across. An announced Sony DSLR

24. 6P i mage sensor will have even snaller nnicrol enses. However, these
nni crol enses are fill factor enhancing | enses, which are very small (e.g.,
with a lateral scale of mcrons) and can be fabricated by standard

l'i thographic nmeans. It is not possible to use such techniques for

fabri h g | L.Rg J: h -0obj [ - [ ne
caner 4000 M0 FRRERE EDRERp¢S R o frhoind Wi EFL #REpRh FRAUGE AN
Magni tuela | Hf ik 801 T3RACHSors EDY-I DS ah MY I1NbehRS 218 BhillioANmidI8LeHd8TorfRb its
hundreds of mcrons. Accordingly, the only technique currently available to
f or m t0M88 inagarschip, de péapatdsitelrgricngust@it meiatdretdrarcgesar Aaysnotintdiese
imaging lenses are either fabricated by full wafer dianond turning, or by
t he séoallFR 2t RImaegesensechibhagyewn smpllec avicrgensient Howkever, dhews
across a wafer. [OﬁﬁS]As t he nunbers of individual. Ienf el enents requjred
has i FeicEal&Rges pte fllslaptar prbamciTd (aises whichsaneevasy speal (gl iviih adateral |
usi ng t hese, standand t echnigues. . Speci,ficall rin nuf acture of the
st o P! renpr e Eian i ariched ey bty Mo Ol EIER s Rulnbha

t ur ni | S r 1 i f&.erent h ore, ~ignh ntly
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wavefront errors and finally in a reduced inmage resolution. In addition, it
i s di fifeicgu$d theomagnnitde nf [Ensctagoesigrolicantly. leghet, lreg.r e dte vedgpl ddemenedof

| enses in the x-y plane) when perform ng such manufacturing across an,

ent i r @ aceInsof Af@idinglsibaoosly tesaniaegurrently pyailable o fayap yhegerleness is t o
manuf‘ﬁct re a master lens arry lthat is clo?e to ideal.., li .e., that. has
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arr ay yuplicheiedidetdkal leRBSE€8ecrdsh askafeg- of -the-art conputational . array
canmeras irregular lens WO 2011/116203PCT/ US2011/ 028835 arrays (meani ng

| ensed0083]hi nAertke arurayerdzavi itglivddddlelcantelsavehec eeguioéd Ihas)inareaseaqiti had,
for exanple, to correct chromatic aberrations of the different channels
sensi thiegemeo ddfi¢dlértenenswaer pwpspedialdy .contneé bt .thess séandardnigichotawesng

t echni ques. pgog de no al tfer nat i v% but to individually dianmond tu nheach of
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structure, even for the ideal. lens, can be done only by dianond turning.
SUMVARYIdGihaliEInl IVENTt€Nimage resolution. In addition, it is difficult to maintain pitch

control [i.e., the relative placement of lenses in the x-y plane] when performing such
manufacturing across an entire wafer of lens elements. The result is that it is very
difficult to manufacture a master lens array that is close to ideal, i.e., that has properly
shaped lenses [no shape deviation), and that are also properly positioned in relation to
the other lens elements (good pitch accuracy.

Moreover, while these standard techniques are designed to produce large arrays

of identical lenses, In state-of-the-art computational array cameras irregular lens



[ 0007] The current invention is directed to a nethod of fabricating a naster
| ens array conprising a plurality of individual. |enses. [0008]In one
enbodi nerw9 20h1e@Bhod i ncl udes fabricating a sub-arrayPofi/usensmgssshat i s
formed of a plurality of individual. |ens elenments, wherein the nunber of

i ndividual. lens elenents in the sub-array is a sub-set of the nunber of

I ndividual. lens elenents contained in the desired | arge naster |ens array,
and then duplicating the sub-array on a substrate a nunber of tines
sufficient to formthe waferscale nmaster |ens array. [0009]1n anot her

nmbodi , - | i_nel - | ' h
cub. ar e AT ot s i SRE AT R Bt n O er R Bl 2

and t hgr aBRiptat ic0RoFbeP cheRRati€ dbldPtdtlonsofStH: alifd¥nt YReAREL ! &dsttivier &
from shape deviations and with sufficient pitch accuracy is forned.

[ 0010]diffiersint IHarecotdpectratrbedebands. thersutbranuéyctusng acomeiqoés prplideald ty
of lenses having different surface profiles. [0011]In yet another _
enbodiattennativenbuints hobvidwellyudesndrabturcaeadigobitip uneuet énsfelﬁmméfr. Whigh,
ins, each master |en i n_being of different |en hape, and then WO
261?_/ @ggm3p@%p§5§@hqi)og@3@tylthgt non?lldealal master arraysS wslll b% formed, E.e., that

include one or more shape or pitch deviations.

[0006] Accordingly, a need exists for fabrication processes capable of efficiently and
accurately achieving highly precise large regular, but mainly irreqular lens arrays,
which have imaging lenses with such large sags that the very "original” or “initial”

master structure, even for the ideal lens, can be done only by diamond turning.

SUMMARY OF THE INVENTION

[0007] The current invention is directed to a method of fabricating a master lens
array comprising a plurality of individual lenses.

[0008] In one embodiment, the method includes fabricating a sub-array of lenses
that i1s formed of a plurality of individual lens elements, wherein the number of
individual lens elements in the sub-array is a sub-set of the number of individual lens
elements contained in the desired large master lens array, and then duplicating the
sub-array on a substrate a number of times sufficient to form the waferscale master
lens array.

[0009] In another embodiment, the method also includes a quality control step
wherein the sub-array is checked for shape deviations of the lenses and pitch accuracy
and the fabrication step repeated until a sub-array substantially free from shape
deviations and with sufficient pitch accuracy is formed.

[0010]  In still another embodiment, the sub-array is formed of a plurality of lenses
having different surface profiles.

[0011] In yet another embodiment, the method includes fabricating a plurality of

master lens pins, each master lens pin being of a different lens shape, and then
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duplicating each of the master lens pins on a substrate a nunber of tines
sufficient to formthe waferscale nmaster lens array. In such an enbodi nent,
each of tWwe 20ugt16203] ens pins nmay be quality checked for pemaseoidmssas i on and
the fabrication step repeated until. a set of master lens pins is fornmed
havi ng accept abl e shape deviation. [0012]In still yet another enbodi nent,
the nmethod includes fabricating and duplicating a plurality of master |ens
pi ns, each master lens pin being of a different |ens shape, to forma
sub-array of |lenses and then duplicating the sub-array on a substrate a

ety B U Ay E 2 DE et shel LT ATy

qual i tryrraheekestct &al S ARG A ABHAYS 1h28EEHPEH InBEEHAEYdadNEf e master
fabrication step repeated until, a“set of master lens pins and a sub-array

are f aemedinshaby dkeegsiling thadkerl floy shape defiasibapmddiéni fabrioaisor( ategp rEpleated

m salignment). [0013]1n any of the above enbodi nents, the | ens elenents or
| ens pintié areey ohenaster lphapéais isyohedihpyiogasceplahte prapfe deysatidm such an
enbodi pent., the lens profiles of the lens elenments or lens pjns may differ
in acégﬁhélncelnt Sk YebadhotbRE SPbaRFmRIL rtgi deeBpdciic & deBreptiRb M ¢
coefficents,. [0014]1l.n of the abaove_enbaodinents,.the |l ens gl.enents of
Che. scPIEtne ARl ReBtmelesitaRs BRS Br SN  airl A nngP 3R Ridhe
enbodi S . ' i B
p|aceé@ﬁP&b¥’%ﬁﬁg§EPE%&ﬁ?ﬁOQEMFEQEﬂEEP?QEQPﬁﬁﬂﬂﬁ%gg%$§a§§?55§”§§§2?§9&
nmodul & n(RBEG]dfntimBY RfffitiBet aboyien afbodifeadite rhhstestiens Qirraluplh cathng may

be perforned by a step and repeat tool.
embodiment, both the master lens pins and the sub-array may be quality checked for
shape deviations (and pitch accuracy] and the fabrication step repeated until a set of
master lens pins and a sub-array are formed that are substantially free of shape
deviations (and pitch misalignment].
[0013] In any of the above embodiments, the lens elements or lens pins may have a
plurality of different lens profiles. In such an embodiment, the lens profiles of the lens
elements or lens pins may differ in accordance to at least one of either radius of
curvature and aspheric coefficents.
[0014] In any of the above embodiments, the lens elements of the sub-array may
have a single lens profile.
[0015]  In any of the above embodiments, the sub-array may be designed to have the
same number and placement of lens elements as is required for a desired array
camera module.
[0016] In any of the above embodiments, the step of duplicating may be performed
by a step and repeat tool.
[0017]  In any of the above embodiment, each of the individual lens elements and/or

lens pins of the sub-array may be fabricated by diamond turning.



[0017] I n any of the above enbodi nent, each of the individual. |ens elenents
and/or lens pins of the sub-array nmay be fabricated by dianond turning. WO
2011/ 116206RaN/10sd611/ 028835 BRI EF DESCRI PTI ON OF THE DRAWUN331[/00€338] These
and ot her features and advantages of the present invention will be better
understood by reference to the follow ng detail ed description when
considered in conjunction with the acconpanyi ng draw ngs, wherein:
[0019]FIG 1 is a schematic of an exenplary waferscale | ens array;
[0020]FIG 2 is a schematic of a first exenplary enbodi nent of a |lens array

nmast erg f i ' [ i ccordance with the current invention;
AR ERCRBION drePhE iy INGS

[ 0021] second exenpl ary enbodi nent of a |l ens
array [0018] These and other features and advantages of the present invention will be

better understood by reference to the following detailed description when considered in
conjunction with the accompanying drawings, wherein:

[0019]  FIG. 1is a schematic of an exemplary waferscale lens array;

[0020] FIG. 2 is a schematic of a first exemplary embodiment of a lens array
mastering fabrication technique in accordance with the current invention;

[0021] FIG. 3 is a schematic of a second exemplary embodiment of a lens array
mastering fabrication technique in accordance with the current invention; and

[0022] FIG. 4 is a schematic of a third exemplary embodiment of a lens array

mastering fabrication technique in accordance with the current invention.

DETAILED DESCRIPTION OF THE INVENTION

[0023] The present invention relates to a process and method for fabricating a
master imaging lens array for use Iin the manufacture of duplicate lens arrays for
Imaging lenses in which standard lithographic techniques are not usable, e.g., because
the magnitude of lens sag is too great for such lithographic techniques. The master
lens array is critical because it is the template that is used to fabricate a tool (or in
some instances used itself as the tool] for subsequent replications of the final large
lens arrays. The final goal of this invention is to make a high quality waferscale master
that can be used in the fabrication of final computational array cameras.

[0024] In operation, the waferscale master formed in accordance with the current
invention would be used to duplicate waferscale lens arrays. These duplicate lens
arrays are then stacked with spacers to form a multi-layer structure of lens arrays.
This multilayer structure is then singulated or sub-divided into sub-arrays of a desired
size via a known technique, such as, dicing, etc. to form the final lens modules. This
final lens module may also be combined with an image sensor array to form the final

computational camera module. The methods of the instant invention are capable of
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mastering fabrication technique in accordance with the current invention;
and [0022]FIG 4 is a schematic of a third exenplary enbodi nent of a | ens
array maswenrongiibmbri cati on techni que in accordance w t IRCTRES2@/02880%
i nvention. DETAILED DESCRI PTI ON OF THE | NVENTI ON [ 0023] The present
invention relates to a process and nethod for fabricating a nmaster imaging
| ens array for use in the manufacture of duplicate |ens arrays for imaging
| enses in which standard |ithographic techniques are not usable, e.g.,
because the magnitude of lens sag is too great for such |ithographic
t echni -_-The, kel r LS itical. cause |t i e | ate
that | TCRLH I FaBb Ry, B IhEhAsep lefe, birgFin, AETEHERD arkf cbrC PR P
tool . JmbHerS UOSEINBNIVHER MY 5GRELPBS tRdt (ERSed bdikferd A JRPLERPe 36 baYSund e
final. goal. of thi's invention is to nake a high quality waferscal e naster
that cha dreays@rely radudiadprineapriopagafiod iofiadrrocoipuhatwaieascalarieay camer as.
[0024] I n operation, the waferscale master forned in accordance with the
cur r efermeg gatngdhewoastdr blensuwedy-t o dupl i cate waferscal e | ens arrays. These
dupliziﬁé%lenf arrays are then stacked with spacers to forma nulti-|ayer
lof e

structtre of h@dﬁﬁ"é?@.th?rﬁ?cﬁﬁzjloﬂ(ith%y’éﬁrf%ﬁtr'@g‘f@w‘é‘ki'k'%H%‘%P%’?F‘_Fbg&‘?éitré or
- t - 1 ,
as, aiiREs=bfiRe FARBI IRy A FaR MRATLLT BB BrR AR B

Comput a0t gra e, e [TRER SeReRe ke By Pl Ml i okers o
capablignfeldiBer31 1The 62 0SRCEd4EREL A9 883 2 rramged il Bgb-tahrayguid@) | Wiichf atere
master lens array in an efficient and cost effective nanner, especially
when ithemselvegubreddtdfad plersits obindiviliial ems akapeds 48l Tbe bedikcuat léns t he
array, thereby reducing the propagation of errors in the waferscale |ens
ar r ay eleyjnaats Afsihege Mastamtansraraysmay haye thoeameta rintgdrrefitasd of kachiensess
of t h%lgr%EaF]’Fmayi g]é/%wnatriu Qctiurt’eci ﬁaaﬁged?f?grre tts(l)JrFaiccraSptrofiles (4 to 6). For example,
each of the lenses in the master array may be designed with different focal lengths or to
allow for different corrections of chromatic aberrations of the different channels
sensitive to different narrow spectral wavebands, such as by altering the radius of
curvature and aspheric coefficents.
[0026] During a conventional mastering process, each of the individual lens
elements of the master lens array i1s manufactured separately using a fabrication
process such as diamond turning of the underlying substrate wafer. As discussed in the
background, each time an individual lens is manufactured anew and not duplicated from
a master, there is a risk of a shape or pitch deviation being introduced in the master
array, either in the shaping of the lens or in the placement of that lens in relation to the
other lenses on the array. For arrays of identical lenses, current manufacturing
techniques use a step & repeat process, in which a master lens pin is manufactured
once by diamond turning and then duplicated many times to form a waferscale array,
but traditional methods of manufacturing non-reqular arrays of lenses, I.e., arrays of

lenses having different surface profiles, rely on fabricating each of the lens elements in

the master array individually. Obviously, to form a large array of lenses this process



understand the nature of the lens arrays contenpl ated by the application.
As shown in FIG 1, a waferscale lens array (1) can be defined as any
groupi ng W 2bawvge2oaunbers of | ens el enments. These | ens eCEmsSna1g/028895 be
arranged in sub-arrays (2), which are thenselves forned of a plurality of
individual. lens elenents (3). The individual. lens elenents of these
master |ens arrays may have the sane surface profiles, or each | ens el enent
may be manufactured having different surface profiles (4 to 6). For
exanpl e, each of the lenses in the nmaster array may be designed with
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aspheric coefficents. [OOZG]EUrlng a conventional. mastering process, each

of t helefexds bethgeduplicats] i@l RitevtSetfarviyg madte érorh énst raastay..i s manuf act ured
separately using a fabrication process such as dianond turning of the
under I[9021é sublse catreniahentioasprdivetsssmethads tondfabaickign® anthasteaclkensiareayan
i ndividual. lens is nanufa ured anew and not dupllcated froma master,
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ster lens pin Is manufactured o di anond turning a
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of manufacturing non-regular arrays of | enses, i.e., arrays of | enses
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elements in the master array individually., Obviously, to forma Iarge array
of | erfewsed Hingl Pradcalse wtdbe1nurnbeoIPERSUSP0 store28BBE et Menyfagese ed
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[ 0027] The "current I'nvention provides ricat’ing a nmas

array driddifrRedce shB%rFé)SNO(Pfof $hEtdaBr &rnspél@maé (PN-is k&rrR&d firsUdd thdrhe
current invention recognizes that to mnimze the risk of shape and pitch
devi atthensub-artdyeisnagpleraté @ rgrass e ehtirs snbsessamaféro(12) ot forimetheufiber of
uni que lens elenents created during the master array fabrication process.
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|l ens elements (11) in a sub-array (10), in this case an array of 5x5
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requirement for xy-precision is shifted to that of a Step & Repéat tool .

whi ch redusgekcilhi additign, dess goetbef-osf tndatid galr pesigonihhestepgakifedadedfovar a
positioning error is reduced. In addition, the nunber of individual.

posi t iteFhmgue thaisensires thetao | s ndiadyalbhpdsifien eackt lensglemest.t he tool . to

i ndividually position each lens elenment. WO 2011/ 116203PCT/ US2011/ 028835

[ 0029] As di scussed above, the lens elements in the sub-array may have

i denti cal



surface profiles, or, as shown in this enbodinent, may each have different
surface profiles. In addition, although a 5x5 naster sub-array is used as
t he tenplwbeoimiisive exanpl e provided, it shoul d be understramsdoiiioats3nny si ze
of sub-array suitable for the specific canera application in question may
be used in the nethod of the current invention. However, because the sane

manuf acturing constraints exist in formation of the sub-array, i.e., that
each time a new lens elenent is formed the |ikelihood of a defect, either
in shaping or positioning, is increased, it is still advantageous to limt
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FIG 3, individual. nmaster lens pins are forned.” The | ens pins can be

ei t hemprsfilegl elnl dditieh eatetdugyh( 2Bx5 raaster rawi-agradiié ueeends ther featiglaty 0f tHees,

or small arrays of lens pins (21 to 23) having the sane surface profiles.

( St ep expmphemyovided, $sbonll be emdersiend thasaey sizengf pimsreaayesuitahbafedihe used

to manufacture the desired lLens profile at the right posjtion Bn t he wafer

(i .e. SPRATICheARBFa @ppPliedingr dusstian gaey ikaurged |'Bt1Ee TstRed cArthgysurrente
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array '( 24) {‘e.ﬁﬂ;., 161 PEHEEmDS PR (A WERA UM RO OREE 1P SEReh _é‘tﬂST-‘% Y on

the wafieroup-bitep Lae RANHHLIDS FOANGRY AL IE8AHed EhS UNCTnUBYIA Pe

used to reproduce all the [enses of the secong ens profile, and so on.

[ 0031]dEhect agivivet iagsha@ing Bt fosiEbhRd, isSinchadsedl It i$ efiflesivhntagReed té Gntiethe

identical. are identical. since they cone fromthe sane master pin.

Mor eoveimbdrhofselpmentathddemgebbe tupiqledye keunechdIn addiabedthensmbdedirarendy

turning manuf acturing process until. one having perfect optical. properties
&

i s prdBeeasier dis teirBeekeathaefdhrdenhalemets doamanktasjupnadefests. st eps

requi This m ght create,placenent (pitch). devi.atians, .particularly as
ot wed 1030 { clenrsitand SOpSuMeN ot chnaguiseTtsin dobh d: EMVHURb B aach
time t t 1N Is el v . 1

e DS BRGS0 16 GRS D S St iBlery SR & hopey
the i W@éﬁén@@&mw?r&ngﬁnaﬁ isg@ Ll YartdysFbOlerd pfRTiNes AnehiMy aRpraaches
set forth above to forma hybrid technique that takes advantage of quality
cont r glurfaaspectilesofiStept 1] fier, e aearcbhéstdmbhéatiastertlesdipirguee. repeatedly
Specifically, in a first step of this process each of the different |ens
pr of i lused (taomanufariuradbediaseretddiens papkle 4t the. rigvypetiiaemed tharwifeg)i.asini ns
once aBd i ndependent|y from.another. In a second ﬁtep, tggﬁe pi ns (30 to
32) wilf gopectiseantel 9lor PREICHRL SirRFa[Ely HEaY n UHE et dipIlanspsedbedirient
set forth in Fig. 2.  For, ex le...in the schematy rovided in Fig. 4

Chr ee (17 FF e Heahad e 1 SRS IR 30 Do by BarelF ohse Briisdim By

di ano rpi LS. i t t
Form Sheh b The [ereaar of> ehat TYBE WBETohell (e P FolliPEeIdBegeEna'e
this casend |&xopidr walld F@lusblao @apdduceBslt e bdrsa¥ dAhprepeaedend ptdfie,
techni que discussed in relation to Fig. 3. This final. sub-array (33) can
t hen B@dgwadn.ty checked, and, when judged to be good enough for further
proce ségﬂ, is then itself used in a Step & Repeat process to popul ate the

full nmasheadyatpaasf dhispostird 15 thad abk kansearyteadsd dp kentdeatiseluased
withr fqrence to Fig. 2.f%00 3] The advqntaﬂg f the a roachesbset ; rth
'n Fi geentisal sinck they Ehaie hmutiFesane HeTiar BMor VTR P IhoRAE ARG of
t he syh-ar e - = - i [ eV I | anmond
turned o Ed dfer R hP SRR nEnAd RS AR HotBSLAYL BHE ol
repeatpet-Ret IR Wrepeitida pdpebdiecddne Grb-dddR¥ntiel |s teatethas bhe rHigs) red
and sufficient lens profile and pitch accuracy (or predeterm ned

( sub- plax@mentvatepatrequired. The midahjrebef plaeegeinbdpitah) tdeeiativeb, partieutdrie
consum ng and t hus expensive process of populating a full wafer master with
t he masthgiveen shiferenblenshiypssisingerriic dﬁwateq*fs@@lﬁ%eamtr@dgﬁ@d seelp tignREPeat
process. Accordin Eé, it is nucn gﬁée Iikelg that the final. lens array
will ﬁa@%ehpgwérexg msa%@@b%}&ﬁeeg,e viHa step farePqat REOES8S can be produced
with significant cost savings. [0034] Al t hough the above di scussi on has
focused on a fabrication process that
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utilizes dianond turning, it should be understood that the fabrication
schenes of the WO 2011/ 116203PCT/ US2011/ 028835 current invention may be
used w t hwargligus10abl e | ens manuf act uri ng techni que. | nraddiSteian2ssahi | e 5x5
arrays of lens elenments have been described, any size sub-array suitable
for the particular canera application may be used. |In making the
sub-arrays, it is desirable, but not essential, that the sub-arrays have

t he sane nunber and placenment of lens elenents as will be used in the later
canera nodul e. For exanple, if the later canera nodule is to be forned of
array | en I n ' 4x4 - 0 I es - ricatin
sub-aﬁ9§§§ of?®§§%ﬂ§n§ éﬂgw@% g(ﬁnﬂﬁ%'ﬁﬁﬁﬂgﬁ g?ﬁ%Wféﬁﬁgngﬂﬁﬁﬁg'#i?ﬁ%t%% in

lens @LAMIALS tNOWWE JRFHSENdNEet FBHIOWBERALS tbAmPA tHBriacieehARYiet that thksul t
fromthe application of the current invention. Finally, although the above

enbodiageatiagbayie qgoekty exmirai medestst bf betfreragnide torlanl fabirla@en utkichurjueens
types, it should be understood that any nunber of unique |ens ty@gs nay be
i ncor Speatfied!ly nnoa finet $tepsofahraprocess wadhyf thadliffertent dend profiesdcd o 82 t he
current invention. TRI NE OF EQUI VALENTS [ 0035] Those skilled in the art
wil o dpptddisafabriseded dhe. P8rEgBINg BRI & BING dRst PPt NERRE N et

preferred emhodi nents of the present . ntion are nmerely illustrati of
Phe | APBM or N o ARt ep: Rae Pl yater i e pB Bl Patma B T Pk cent
i nventj.o; y it ARE co Avient L an,
examp g T T T be: Lot Y B e -t ltrdg e 2hehs, Bainhe ofnEe Lkt
cont r YJrovidb@RSFIEY, Dk MiffERBDIER t?pesl Bmﬁah?%i@g‘ (30hte fBFé frtd NodeaBeS S
may be rearranged in ways that would not affect the inprovenents provided
by t helidrabnd ¢aitriiogn phesepmsafretthen cised emt Stap énRepeatnooceenttefortheach of
fabrication process unsuitable for its intended purpose. Accordingly, the
pr esenbe ilenssast olothat dypfotbutionily & @ subtasrapexd+ it tRipFear e PXs ati@yc hpb

3505 Sobbredh S o el SRR SPPSRHEY GIATT

mast ergj [ | e i i I [ [irsing:

Fabri QR S e by o 2y P ERa g Rt T g {9 Bsroqeteteith
| ens ebeRMe probessh ,ig?@emug&%s@& il 8ty dud ea}t%ﬁ@ce%lsﬁtﬁ%ﬂbﬁlait@tﬁé‘ﬂjll_

sub-array is a sub-se t he nunber of individual. |ens elenents contained

i n t hevafef ersstal B4) aaprapssad in the exemplary embodiment discussed with reference
to Fig. 2.
[0033] The advantage of the approaches set forth in Figs. 2 and 4 is that by several
trials of directly diamond turning of the sub-array, or by Step & Repeat of the sub-array
with previously diamond turned individual lens pins for the various different profiles,
one can repeat the procedure of producing the sub-array until one has the desired and
sufficient lens profile and pitch accuracy (or predetermined (sub-pixel) variation of the
pitch) before going to the much more time consuming and thus expensive process of
populating a full wafer master with the multiple copies of the sub-arrays of lenses in a
second Step & Repeat process. Accordingly, it is much more likely that the final lens
array will have higher quality optics, and that final lens array can be produced with
significant cost savings.

[0034]  Although the above discussion has focused on a fabrication process that

utilizes diamond turning, it should be understood that the fabrication schemes of the



checking the sub-array for shape deviations and pitch accuracy and
repeating the fabricating step until. a final, sub-array is forned, said
final, swoantiapeiwei ng substantially free of shape and pCcrais2dewessss ons;
and duplicating said final, sub-array on a substrate a nunber
of times sufficient to formthe master waferscale |ens array. 2.
The nmethod of claim1l, wherein the |lens elenents of the sub-array have a
plurality of different |lens profiles. 3. The method of claim 2,
wherein the lens profiles of the |lens elements of the sub- array differ in

accor qapg e{?]t |ﬂvajit|4ne?ﬁa£lly BE M u W.t‘hh&é)f sﬂﬂbb‘ﬁe gefns a‘ﬁ%tfér{.ft qeé‘ﬁﬂ?@ﬁ%' €|

coefficen erein | ens eneﬂ}s of

the suldadraYwviIBY 6x3 a$Hd)8! 6 1eRaSe Bt Srave been desir.bElae aﬁ?tsh&ds% drta m
wherein the sub-array has the same nunber and pl acenent of "| ens el enents as

i s reguitabte foorth@ pdetsdul @dcamnery applitaitianmadybe used. In making theeubeirrags, of
claim1, wherein the step of duplicating is perforned by a step and repeat
t ool . .Is desirable,7butThwtnesdandiadf thdtatim Isubahenags nhavechhefsarhe mtumber

| ens el ements of t he sub-array. |s fabricated by di anond turning
2011/ Plermernileps e erovusss W'él beaushst 'ﬁ‘dg g?teﬁééﬂkﬁf? Agod \‘R/afFé’F%a'lT‘é’l‘? ﬁfag. ng

lﬁggtse?f; z%t (r:oca reﬁé:rﬁgd%l]‘ealgrtla é)rrghet% &%&g}’ﬁfﬂ ané MBS h%\r}l%gpllxﬂsdr g)?éCh
geometrles, then fabricating sub-arrays of 5x5 lens elements would not be practical.
Such a mismatch in lens elements would reduce the improvements in pitch accuracy
that result from the application of the current invention. Finally, although the above
embodiments have been explained with reference to only three unique lens types, it

should be understood that any number of unique lens types may be incorporated into

the lens arrays formed by the fabrication process of the current invention.

DOCTRINE OF EQUIVALENTS

[0035] Those skilled in the art will appreciate that the foregoing examples and
descriptions of various preferred embodiments of the present invention are merely
illustrative of the invention as a whole, and that variations in the process of the present
invention may be made within the spirit and scope of the invention. For example, it will
be clear to one skilled in the art that other quality control steps may be implemented or
the steps of the fabrication process may be rearranged in ways that would not affect the
improvements provided by the fabrication process of the current invention nor render
the fabrication process unsuitable for its intended purpose. Accordingly, the present
invention i1s not limited to the specific embodiments described herein but, rather, is

defined by the scope of the appended claims.
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checki ng each of said master lens pins for shape deviations and repeating
the fabricating step until, a set of final, naster lens pins are forned,
sai d finawp2eaf116f03mast er | ens pins bei ng substantial | yPCTAS2@f/0283ape

devi ations; and duplicating each of said naster |ens pins on
a substrate as a lens elenent a nunber of tinmes sufficient to formthe
mast er waferscale | ens array. 9. The nethod of claim8, wherein the
|l ens profiles of the lens pins differ in accordance to at |east one of

ei ther radius of curvature and aspheric coefficents. 10. The met hod
of cl a{qn%,shangER ghe | ens array has the same nunber and placement of

| ens elenen%s as I's required for a desired canera nodul e. 11. The
met hod of claim@8, wherein the step of duplicating is performed by a step
and repeat It ool A method of masteriy sreplsacale 18129iN8 BN\ HEWSGHINRABAI0f t he

i ndi vi dual , | ins.is f [ by di d ing. . 13.. A hod of
st ering & el SPRCHG Hagh 5 PeiaeBrrayoBBRsF S B Ag el Prinf el Pehe
pl uraldi _eﬁfs_, TR theurRb&S fiﬂERA‘HJHﬂ%& el ﬁ%t?'iﬁ‘tt@eeé@&aﬁ)ifaﬁs%' dfeeent
| ens profile; c%ec I ng eac OF sald master |ens pins tor

shape ofieivé ati®Rs oRMHliVieRAakho e driéntsaintfiaéd Nothet WRfeWEddlé lerds eby,0f final.
master lens pins are forned, said final. set of nmaster |ens pins being

substanti al | y f rebeckihgsttepeutieatiray i fonsshape deviations andiyptichcatéurgcgaanid of
said nmaster |lens pins on a substrate a nunber of tinmes sufficient to forma
sub- areBsattg thadekriedmer pedduntl a fmalralb-ayrayfisi ieameddsald finahsubyapray
2011/ %?nzgoglfbs ér%%lsazlpylf%{ag(z)ﬁgﬁgpe and pitch deviations; and

duplicating said final sub-array on a substrate a number of times

sufficient to form the master waferscale lens array.

2. The method of claim 1, wherein the lens elements of the sub-array have a

plurality of different lens profiles.

3. The method of claim 2, wherein the lens profiles of the lens elements of
the sub-array differ in accordance to at least one of either radius of curvature and

aspheric coefficents.

4, The method of claim 1, wherein the lens elements of the sub-array have a

single lens profile.

b. The method of claim 1, wherein the sub-array has the same number and

placement of lens elements as is required for a desired array camera module.

6. The method of claim 1, wherein the step of duplicating is performed by a

step and repeat tool.

7. The method of claim 1, wherein each of the individual lens elements of the

sub-array is fabricated by diamond turning.
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el ements, wherein the nunber of individual. lens elenents in the sub-array
is a sub-set of the nunber of individual. lens elenents contained in the
waf er scalwol2ensiieaosay; checki ng t he sub- aPcayustan/opssss h
accuracy and repeating the fabricating step until. a final, sub-array is
fornmed, said final, sub-array being substantially free of pitch deviation;
and duplicating said final, sub-array on a substrate a nunber
of times sufficient to formthe naster waferscale | ens array. 14.
The met hod of claim 13, wherein the |lens elenments of the sub-array have a

plurality of di ff gl bERS SRRl 4 Gferscale imaginy lehB&ir &qupl%in laim 14,
0|q P Ferents t ray

wherein the'|l ens pr €s 0 ens el ene e sub-ar iffer in

accordance to atfam@aitne)go@gl&fau@i&fh%streacdéhsspmfs BHENY Alddk& RAD pis BBRIGI 6F a
coefficents. 16. The method of claim 13, wherein the | ens €l enents

of t heliffedenatarayprfodike a single |ens profile. 17. The net hod of
claim 13, wherein the sub-array has the same nunber and pl acement of |ens
el enents as is rchgakingcakcbrof satkmiastar lans aynsclamshapedduviabons and repedtg The
met hod of claim 13, wherein the step of duplicating the sub-array is

per f orthg dabrjcating é&?pawat'lr@&@&to?tfw@f.master'T'ens P, arfniermathed' bfingl afhh s,

wherein_each of .the indivyidual. lens elenents.of the sub-array is
Fabr | CAPER By Angrnd g oy P o R Rlensh St of "l i m 13, wher i n
each of the indigh#ding LEAToPLAF rhSsth ARIHSGHREAn Ys HsARED s tUERE R ment

a number of times sufficient to form the master waferscale lens array.

9. The method of claim 8, wherein the lens profiles of the lens pins differ in

accordance to at least one of either radius of curvature and aspheric coefficents.

10.  The method of claim 8, wherein the lens array has the same number and

placement of lens elements as is required for a desired camera module.

11.  The method of claim 8, wherein the step of duplicating is performed by a

step and repeat tool.

12.  The method of claim 8, wherein each of the individual lens pins is

fabricated by diamond turning.

13. A method of mastering a waferscale imaging lens array comprising:
fabricating a plurality of master lens pins, each master lens pin being of a
different lens profile;
checking each of said master lens pins for shape deviations and repeating
the fabricating step until a set of final master lens pins are formed, said final set of
master lens pins being substantially free of shape deviations;
duplicating each of said master lens pins on a substrate a number of

times sufficient to form a sub-array of lenses comprised of a plurality of individual lens
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elements, wherein the number of individual lens elements in the sub-array Is a sub-set
of the number of individual lens elements contained in the waferscale lens array;
checking the sub-array for pitch accuracy and repeating the fabricating
step until a final sub-array is formed, said final sub-array being substantially free of
pitch deviation; and
duplicating said final sub-array on a substrate a number of times

sufficient to form the master waferscale lens array.

14.  The method of claim 13, wherein the lens elements of the sub-array have

a plurality of different lens profiles.

15.  The method of claim 14, wherein the lens profiles of the lens elements of
the sub-array differ in accordance to at least one of either radius of curvature and

aspheric coefficents.

16.  The method of claim 13, wherein the lens elements of the sub-array have

a single lens profile.

17.  The method of claim 13, wherein the sub-array has the same number and

placement of lens elements as is required for a desired array camera module.

18.  The method of claim 13, wherein the step of duplicating the sub-array is

performed by a step and repeat tool.

19. The method of claim 13, wherein each of the individual lens elements of

the sub-array is fabricated by diamond turning.

20.  The method of claim 13, wherein each of the individual lens pins is

fabricated by diamond turning.
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