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

i nvention I a fabrication process for mastering_large

i magi ng | eﬂg’ zgi‘@@’i‘? whi ch cannot be fabricated by I|it hgﬁTfHBﬂFHmm
means. BACKGROUND OF THE | NVENTI ON [ 0002] The manufacture of very
smal | | enses has undergone enornous devel opnent since the 17th
century when Robert Hooke and Antoni e van Leeuwenhoek both devel oped

techni ques to make small glass |lenses for use with their m croscopes.
In these early techni ques, Hooke painstakingly nmelted small filanents

of glass and alhgesdation SROEECS FORNANITERING IFAGRIG EENG AgEs0 form
d for (See, oke R,

the snooth spherical surfaces require enses.

Preface to M crographia, The Royal Society of London (1665), the

di scl ostlEEDEIF Wit ¢HVENTION or por at ed herein by reference.)

[ 0003] ﬁdva]rifes in technal ogy, have enabl ed m crol enses to be designed
and fadPPRht edThed PEPTNE ibviTBIoaNnbatepytoga Jahri@tipnoprogeshfrfsmastasing large

optical. efficiency of diffracti | enses . depends on the shape of the
¥ oove AR GRE Sirae. Fhich et B e B RN 4P Sisardr od by a
series of steps or nultilevels, the structures can even be fabricated

usi ng teedwokooxieyeHenrRYENITON he integrated circuit industry. This
area is known as binary optics. (See, e.g., Veldkanp WB, MHugh T

J., Scilendzlf i cThemranaéactundadf.veR6€6mbld lefsgqathasQurfifergdridianctaR), detrbl@pment
di scl osure of which is incaorporated herein by reference.) In nost
cases, T4 ithe el dbprerdusf whess &oberis slooke eantbdinterief van Useuimenheglgdoth

I . iy f d.b l.di ng.or .enbossi
{1 om & VUECEP] [ERIAITS)S ke Sbrdsea BrPan rL4re Wil B mufearaerg I

t housanggs Oreallly! dARRRE, MIRRE SBIiNERAGEA MARRES & 8 glass and
g a ( e.g., Borrelli, .

i ncreased nunbér o plications. (See,
M cr oopilicegdt the vuelaegtendiabin et inditeA el fobatl thetsndth IspAsried| sy faces

and devi ces, Marcel Dekker, New York (1999).

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,
Yol. 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, m crotenses in recent

i magi ng chi ps have attained snmaller and smaller sizes. The Canon

EOS- 1Ds Magk ks 21.1 mllion mcrotenses onto it i i ng

chi p, one pefktﬁgggéite, each just 6.4 mcroneter acrosg?gagﬁ%ndga%s

announced Sony DSLR 24. 6MP i mage sensor will have even snaller

m crol enses. However, these mcrolenses are fill factor enhancing

| enses, which are very small (e.g., with a lateral scale of mcrons)

and can be fabricated by standard |ithographic neans. It is not

possiblﬁ Eghuse such techni ques for fabricating imagi ng | enses (such
d000¢he  Bisiesd: imiseolehsasoi IrecyoiBa@naestipg haxi aticiard Feslkerarnd

ot ani 11 90T Sebgnare e EBRCHA sk hdh T Rh it Buion: MigraEaRes onto it
Accor di (bg irdaBfgaeiy, ctrf%%?&ﬁ%?o&t‘éf Egcﬂyi.%} 9.\4%'c@?%gglegroa&?%#é&sﬁgﬁﬁounced

| enses is by diarond turning. Currentl arge arra

i magi nehdrerER A4 &MH frhage Ealor callddvbyvénkmaliet enicFilangyid Hewdidihese
or by the so-called step & repeat technol ogy of duplicating identical
| enses rarelssses aed EH. fafoEBhABCInH demmasbwhechodre vty \simhlhle.g.ensth a lateral

I t ired has i 1t b i ffi tt ,
or oper A Pl Y BT G ALGr e MBS ot AT PR HANeaIaEh csgent dale ot
duri .
st at o dTRe apit Bhell SBCRINEL o Bhel BB Rl Fehetuph 355 51 the

wi th didbjedtiens ofhapkita phose chRleedd! @hidtBRY eBkdril drddrerdthagftd&@larger,
properties even when the | enses were intended to be identical. This
shape dw¢hasd tre meomivdeeof ldeakay ensigpifiodnthehighenyletes, omthwasreler ohhundreds
errors ?nd.final y in a reduced image resolution. In addition, it is
di f i cATtMICEHai ARringl¥% e erlyiteeinigye eurrently ayailabls (efosmthesetenst is
| enses N -ane) etfaorm ng such manufacturi,ng across.an
entire H%apta?ﬁ%@if %{Lé%SE | e%e\ﬂﬁh%g.tlﬁ’r?iaerg?eir g’t’s‘ i tege aging \}8'??%?5 are either

di ffi cybbritNeMBPAIRGLIEIAmIRE L @il £BF bR ihdYo-Lhatd & |
i.e., thariI hgs gr operly slhaped |g}159§s (go sh%tpe devtl%i fdi‘gn ,attg%dollﬂtgﬁdgymc

are al suppraipey idgnposilenorsectross @ @bédrion to the other lens el enents
(good gi tch accuracy. Moreover, while these standard techniques
are dedPBPRld t4s phodusbarargandividusk e elamente aequisers des ingreased, it has

t at e- of -t he- art tational array.cameras irreqular lens WO .
2011 10550 A 17 G50 Papply BT HE ST NGL e dhes s RIANIBFG tahmigues.
havi ik e t f Ll i I t
cary no eI AGRBLOLL U bl 8814 IO LA L BB ftp 4 g o

di ff er @nbcexar sovh sedianadndvavetingdionseur srentorimatl gt Wiffélant ehHRpLEUSSd
provide no alternative but to individually dianond turn each of the

uni que theigdorel srheneatly diffecent opgiadlpropadiesaves vitee the dbadsisl werne inteatled to
rnrgp él g%%hgg%féag if@'lrﬁrsg%‘sgiag@{nla]:{gr? frfo% {Fl'atadiﬂelal' ehs p?(?fﬁg resul lltsuicrilewé)vg?ro% errors
and finally in a reduced image 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



[ 0006] Accordingly, a need exists for fabrication processes capabl e of
efficiently and accurately achieving highly precise | arge regul ar,

but mai nl y,,j | ens arrays, which have imaging le ] ch
| ar ge sags“dtoﬁl{gﬁgﬂh%%very "original" or "initial" master r@?@&éﬂlwiﬁ%
even for the ideal |ens, can be done only by dianond turning. SUMVARY
OF THE | NVENTI ON [ 0007] The current invention is directed to a nethod
of fabricating a master lens array conprising a plurality of

i ndi vidual | enses. [0008]1n one enbodi ment, the nethod includes
fabricatin sub-array of lenses that js formed of a plurality of |

| ndi vi AIEPYS @ nses withirepae Artendenigitersnt suace atafileslars required,
el ements in._t sub-array is a . .sub-set,.of t nuitber of 1 ndi vi dual.
ens. o Bhiel Hentarfeaty shiie o sh ot gb b dierenEsbetiayenatie to
then dupitbfe:i RBrdbepeeRafVa3¥h s BURASHE %&Lﬁa&Uﬁhﬁrts%@%h@Erovi e no
sufficient to formthe waferscale nmaster Lens array. ”[ I'n anot her
enbodi netdrnativieboetd odivadsalyl diahistestuan gaah iof the anfquel lepk edemBatLivhich,
the sub-array is checked for shape deviations of the | enses and pitch
accur acdgadhdnesaseabhe paahabilitytept nepedaabdnantet hrrays ubll drerfaymed, 1.e., that

substantially free fr%g}fshape. dﬁvi athons and with sufficient pitch
accur acyciidePgr AL AnoTEGHERE o PEED ABViaHother embodi ment, the sub-array

i's formpdosf aaPldrumghy,% Med &ASEJor fabrication processes capable of efficiently and

accurately achieving highly precise large regular, but mainly irregular 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 GF 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 is 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 stitl 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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having different surface profiles. [0011] I n yet another enbodi nent,
the nethod includes fabricating a plurality of master |ens pins, each

master le J jAag of a different | ens shape, and th

2011/ 11628‘3’3@?%%?1/ 028835 duplicating each of the nagﬁypg\géh’gzsﬁsns
on a substrate a nunber of tinmes sufficient to formthe waferscale
master lens array. In such an enbodi nent, each of the nmaster |ens

pins may be quality checked for shape deviation and the fabrication
step repeated until a set of master lens pins is fornmed having
acceptabl e shape devjation. [00121In stilt yet another enbodinent,

the nmethbdicaled gaes of Hisy meater hgnapias i pebitratg anpnbenrl ipessuffisendrto
| ens pins ach ster |lens pin being,of different |lens shape, to
forma fgﬁ%-tglrer\%@{gg?caﬁeeﬁ%aes eraﬁe Stq{éﬂy'dﬂblsfjgléfapnedn{’%‘ﬁ”?ﬁ -%ﬁcf‘a% %ﬁ rpaster
substr ; f i fel, Cl - f.or 3

one. array P e B e R e e R BE S AcfT b e
sub- ar rantil meset benguadrileys pive Gk Ratnfeer haimpa:cdprabdd slpe deandiopi t ch
accurac é and the fabrication step repeated until a set of naster

| ens pilA81dhd W <Gl aet sgnothher feonbraldmentt ther emettiodt imslides Yalinaingf and

shape. SO BLLEnS N PICER, M L Gt L0ISl S of g s
Lo Sl 0P S R PR B I ABSC BT} o
one of #htihderrdditss eLiftdidntalourorrmatt AaRISEdle Reakl iIl68NLFray. In such an
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.



[0014] I n any of the above enbodi nents, the lens elenents of the

sub-array may have a single lens profile. [0015]1n any of the above

enbodi nent -array nmay be designed to have the
WO 25@?11?%\9 §¢£@s§):f 0 §35

and pl acenent ns elements as is required for a desi
canera nodul e. [0016]In any of the above enbodi nents, the step of

duplicating may be perforned by a step and repeat tool. [0017]1n any
of the above enbodi nent, each of the individual |ens elenents and/ or

| ens pins of the sub-array may be fabricated by di anond turning.
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BRIEF DESCRIPTION OF THE DRAWINGS

[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 in 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 toel [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 alsc 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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BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0018] These and ot her features and
advant ages of the present invention will be better understood by

ref erence | om ng detail ed description when co 15% |
conj uncti oﬁ%vmﬁlpli“%ﬁ% acconpanyi ng draw ngs, wherein: [08§ E%o%ﬂoﬂfgziss

a schematic of an exenplary waferscale lens array; [0020]FIG 2 is a
schematic of a first exenplary enbodi ment of a lens array mastering
fabrication technique in accordance with the current invention;
[0021]FIG 3 is a schematic of a second exenplary enbodi mrent of a

| ens array mastering fabrication technique in accordance with the
cur r entMPRVEAND ofie awality orf2tieFM@ster lensa agraneimaen cefiiieat @mdr gost effective

?ﬁegglcg&éaﬁﬁg%ﬁéﬁm\gp%ﬁﬁgE%qqq%tapgeﬁsgg iop giﬂ‘fezr%(lajrhi s%%tpieg gré oct?er-] fotind in
the array, thereby reducing the propagation of errors in the waferscale lens array
formed using the master lens array.

[0025] To understand the process of the current invention it is necessary to first
understand the nature of the lens arrays contemplated by the application. As shown in
FIG. 1, a waferscale lens array {1] can be defined as any grouping of large numbers of
lens elements. These lens elements may be arranged in sub-arrays (2], which are
themselves formed of a plurality of individual lens elements (3). The individual lens
elements of these master lens arrays may have the same surface profiles, or each lens
element may be manufactured having different surface profiles (4 to 6). For example,
each of the lenses in the master array may be designed with different focal lengths or to
altow 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 is 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-regular 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



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0023] The present invention
relates to a process and nethod for fabricating a nmaster inmaging |ens
array for i manuf acture of duplicate lens arra E@I i j_.ng
| enses in‘ﬁﬁﬁgh%g%ggdard | i t hographi c techni ques are noi‘g8 S%Fg&ggk
e.g., because the magnitude of lens sag is too great for such

| i t hographic techniques. The master lens array is critical because it
is the tenplate that is used to fabricate a tool (or in sone

i nstances used itself as the tool) for subsequent replications of the
final large lens arrays. The final goal of this invention is to nake

a hi gh |ual be yereatet romsandmitrot illinscddinges tesegaththentlf mpsies #rraymas
f final tati onal : . [0024] | tion, th

vaf er o e THBER &2 PR RECRRYLCOTERR s aing forrmral BLlHBenoster per i these

woul d hgrisedely ﬂ%ﬁkb&%tiﬁglgﬁéwﬁr{uﬁﬁ%ﬁa @%d@ff;m%hamsﬁt pduplicate

tens arrays are’t stac spacers to forma multi-1ayer

struct oezplf | ®s carreay snvehtibs proitléd athodd fd#Cﬂani_eaﬂirgq bhaBster lens array
singul ated or sub-divided into sub-arrays of a desired size via a

known ttbehnedjise, theuobk adf, sughcémgr peepagationf dnnparttieufarnéie kerrent invention

nmodul es. Thi.s fjnal | ens podul e. | so be conbined with an i nage
sensor F§F?%R}2"E50”Yagrtﬁﬂ"ﬁ‘émfzien'§ﬁ r&r%h% ReoRnl PREMSPHalBoRy s herfaster lens

nmet hod j L N i C f .

2011/ 1 K500 ASESEY SbAEE the huRir R, B fmers pesaped during the
| ens armhastel Narddy Ghbii&dtrm pa&?tes%QStAc%Bifcﬁ’ﬁ%lWth%nt BVRRGLR! |9s VhGRL
it isr required that |lenses of different shapes are to be found in the

array, dupdcation sdducenty enproffegaimber of tires Susigur” tdre slafmenscalust be
| ens array formed using the master |lens array. [0025] To understand
the prdeessed gnd: et @lee dmtit ithey @nmbss oft positionh stapsarsduingds for sanufacture a
understlapg% trTr]]e tg{atrure of the lens arrays contenpl ated by the

applica?i hTEREESAIM in FIG 1, a waferscale lens array (1) can be

def i nedgasgaNyA G- UBWBEdPfert &t 9Re HRRGES LR BN S IRdRIBEUIS  in IESE /8BS
el ements nmay be arranged in sub-arrays (2}, which are thénsel ves

f or med evfbadiplent,a sity-aofayi (0] of iddpidUae tenseélemants ((13)s forfeed fidit\ainduhbn
| ens el enents of these master |ens arrays nmay have the same surface
profil dbis syb-anel ikehiplishiadeperorayih e nian shhetrateedafery i13Y telifefrartbatfinal

surface profiles (4 to r_exanpl each. of the lenses in the

mast er F%rcgfalﬁaf?ngér@sﬁéhegﬁ\ﬁft‘sﬁegﬁfﬁ@’r é’hf‘r}fr&{:aﬁepl @l’fg‘t?'fst?‘&r{e?%e'é’l”l‘edﬁﬁ

for di fﬁﬂﬁﬁ%st?&%ﬁ%?t['l@“ﬁ Qs ENOIRLEGS, %*P“S&? ﬂ%qiﬂﬂéaiq n gFen%rft 9Bt med

channel's 'sensitive to different narrow spectral wavebands, Ssuch~as rBy

al t eri nga & kenvarions| AlanGiicv@ating echRfhuaspher i< fepekdrhsRNtRmond turning. In
a second step this sub-array [10] is quality checked to ensure that each of the individual
lens elements has been produced with the correct surface profile and has been
positioned properly in relation to the other lens elements. In step 3, once the sub-array
has been checked, it is then used as a master to reproduce identical copies of the sub-
array across the entire substrate to form the full master array (13]. In this embodiment,
because the requirement for xy-precision is shifted to that of a Step & Repeat tool,
which is specifically designed for that purpose, the likelihood of a positioning error is

reduced. In addition, the number of individual positioning steps is reduced over a

technique that requires the tool to individually positien each lens element.



[ 0026] During a conventional mastering process, each of the individual
| ens el enments of the nmaster lens array is manufactured separately

using a f i ] process such as dianond turning of {_ng
substr at ea%)fzgfl?hggﬁdi scussed in the background, each t%ﬁi{uﬁﬂﬂ%isﬂa

i ndi vidual lens is manufactured anew and not duplicated froma

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 placenent of that lens in relation to the other tenses on the
array. For arrays of identical |lenses, current nanufacturing _ )

t echni 498%9ﬂseAa digceissed phpwatthplereslements umithe sabratsae mayehmyepidantical
manuf act ured onge by dianpnd turnpi.n nd,.t hen dupli cat.ed ti nes
to for il Arr Pl &rars ayo Ul HHadreTasiRe naD AL ESCo MR PSR Gee
non- f egiblesal nAWRiRin | AMREGH 4 5% mAREAD-afral G084 1RVINAG A" R the
surface profiles, rely on fabricating each o he IT'ens el enent's in
the masdxampe payvided]iivisHomdl be ulldrseus that ey fspiedfasdinaaey afuitapleofor the

| enses this process WD 2011/116203PCT/ US2011/ 028835 nust be repeat ed
t housarfpecific enerd Bpplirasioof Int guestiono mayele aisetiant tiel meslsadeof dhe ayrrent
as such there i,s a high probability of defects being. forned. in the
st er YEPR, FAPHESCEeBHaE FR° FRMEJTARIIRFLERSCFonS LTS Sasein foarTadips o
made fr a st er [ 7] The i I- i de

e { BBk oLt o BRRTARRCS S L AENERE 1O Toh SV I IR AT o
error pfedageithein shapPayfdr gosiddining NE indtea Rt itlin\LaNtddo8n e ZESit the
that to mnimze the risk of shape and pitch deviations in the nmaster
| ens armaybért ofi demects tat yntsd Hd miiuelydormatheitn efiditinhgthe drealser the array,

el emsnth1 created duriqr;?if the master array fabrication process.
Accor ditRgegsier Hds tufhaskteachwé the lensedernenisyer manyfactuindaeiseisenes to

m nim e n er of .times,."unique" |ens elenments st, be,.f.or med
and ¢ habodSo e P chlmpim et Ydem FR-SrERRY IR 4P 8 Mg Sl aster
manuf aqbsd Bind araF&ehedTBRiElend bl ean OLE A sfir'ldléier%@@ﬁqeﬁ?@lt.?[lﬂfeatzlhﬁaving
invention 1s shown schematically in FIG 2. I'n this enbodi nent, a

sub- ar rdiffereh®)suoface nahioliledyalr sreal @reyeof dedsl p)ns &1f or 28H hbiihgt thanseme
then this sub-array is duplicated across the entire substrate wafer
(12) t sUsempralles; fiepvafidescl @seemnd dep.dhesadpstavders pipscire repdatydly

i first st h of, t 1 I t 11). .Sub- 10)., .
n thi SeddE e ERRd dhe R e o Gaal Feite trbiafEn pd e U in
a convaRk gl TRAHAGY bALAEGUEMSICD AN, e SXRI el ATORA:
turning. In a second step this sub-array (10) 1's quality checked to

ensur e (thatpircach reprédikel neh thelwakiré ensstel eyt R4hds.ghern theosBediment
with the correct surface profile and has been positioned properly in
rel at i ghowo, tHunes freredcbrgibedreapnnshe wafert efhed, thepoewohll bebhamgelyand a
has been checked,. it i§,then ysed as . a ter to reproduce identical
Copi os SBFOAHIENS Bnayouls becisrb iy Frorasiie l Subsesap ohibe parond FasrRifile,
master anray,{13). In this enbodi nent, because the requirenment for
xy-precision I's shifted to that of a Step & Repeat tool, which is
speci fijgadily dmsd gaRGtdQ of I rRethBOSE thdthgl Idrsel ifrade®to e identical are
positioning error is reduced. In addition, the nunber of i ndividual
posi ti otemgabtieps they cadedenn dhesamet reabier gue Moatoveethis pis damebd qodlity
to individually position each |ens el enent. ] ) )
checked and iterated in the diamond turning manufacturing process until one having

perfect optical properties is produced. One disadvantage is that there are many
placement steps required. This might create placement (pitch] deviations, particularly
as between different lens types since pitch deviation could be introduced each time the

master pin is exchanged between the individual step & repeat processes.



WO 20111116203PCT/ uS2011 /028833 [0029] As di scussed above, the |ens
el ements in the sub-array may have identical surface profiles, or, as

shown in t{i Lment, may each have different surfa I
In additi Oﬁ?',oszg gfui%h a 5x5 master sub-array is used asggﬁg{sgé%ﬁg%se

in the exanple provided, it should be understand that any size of
sub-array suitable for the specific camera application in question
may be used in the nethod of the current invention. However, because
t he sane manufacturing constraints exist in formation of the

S a3 Bl 3 e ST ey % i 0
' 4L i1l ad t tg limt, th f el t
e s e S AR R, B P AR e B 0 e

easi er ddvahfgkOol asktyeashral adfiRtd shdth sl ehRferMUMHARbY tePShiques.
defects. [0030]1n a sécond enbodi nent, shown schematically 1n FIG '3,

i ndi vi dysdcifiallyein 4 6nst giepof aie frocemdeachhef therdiffpians leanphdiled {I0eto 32)
single lens elenents céZ_O), each having different surface profiles, or
smal | avedgsheofabireasedilins, bp Hiarpond)uringlngs tins sacre apdrifderendently from

fil ) St 1) Th i ] t , t t | i
Fepeat Gl st Of a%ewaﬁ[‘ﬁaéc{%n%esﬁﬁgrfﬂ%iq D i BE R dongt & -pivgh 33!
}oos' tiop antﬁehgxé@ﬁéi%'}b%'rnb%ﬁm]bﬁ‘%g&lefo?ﬁ{ rrfeﬁ}g. CZI?apglelex?rfnR?e, RArthL Yehehatic
ater canera array). ce a t he enses o a first ens pin are

repr odygedided it Rgy. &nthiré € ditRSERTeBE Bydes @2hardR bns (J0ab 32herefbeddmprk by
shown, 4 tines for each sub-array on the wafer), then the pin would

be chardjeshonddumningcomesd @ns apé thamoudad ibae Steed Repeatpyrodessetodiol mtdeeh of
| enses gf t he sec&gd Ien?] Erofi | e, and so on. [0031] The advant age of
this mdfRdaNses efihet fne. PeheRY fPhecHica ey BE- iIHdNE @8R e pdaht 1¥dhe

si nce the t he st.er. pi.n... Moreov .this.pin e -
cual ;e Tpael R B oRB R AT HE R hionb i fmsERy i BGHBL o PR & S his
pr ocesinsub-008 (WY iche tReF b8 GualBt ttdked! AREMHAS| UG PtOBEREd dRegh
di sadvantage is that there are many pl acenent steps required.” This

m ght dpehtréhgrl mmoeasmg, (pthenh)setfardedtin arftep aRépeat basdegs as pbetlasetihe full
different |ens tyfef since pitch deviation could be introduced each
time tvafgasasteni34 ps PEIRASEA g dhdexsBBR MY RBboduN s tiatussedpith relpreace
pr ocesag'}.. WO 2011/ 116203PCT/ US2011/ 028835 [ 0032] The third

enbodi tjg'c?f the invention (shown schematically in Fig. 4)

[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



conbi nes the two approaches set forth above to forma hybrid

techni que that takes advantage of quality control aspects of both of
the earli f.ahri ion techniques. Specifically, in a {j, f
this procgggzgggﬁ&%§ the different Iens profiles (30 to£§é@&ﬁ%ﬂ&§&§e
fabricated (i.e., by dianond turning) as pins once and independently
fromanother. In a second step, these pins (30 to 32) would be used
to forma sub-array (33) as in the exenplary enbodi nent set forth in
Fig. 2. For exanple, in the schematic provided in Fig. 4, three
different |l ens types exchange pins (30 to 32{ are formed once by

di anondW RN RYE R BlYphh¢sad evithany u=éigblen lepssrapuiadreprateghoeess In
to formgach of, .th enses of that type, but only for sub-array,

eg. O AR WllsoSip 0358 oF dphe Rl S ke b leaclibel, pt sBe Sb-array
OF OpoSs et . : . : = LS final:
sub-arSgyb?géﬁgé@ﬁﬁgﬁgﬁﬁﬁéggﬁgﬁi gq%tggﬁﬁé?%gn ?B&Héhg?ﬂéag%g%%e%gﬂ@'ﬂ
good eriguddsifabie,f bitit MRt qyse68S(Sithet the &Uteardalsehdveuspd daime nBinsifer&and
Repeat process to populate the full wafer nmaster (34) as proposed in

t he exdiptamsntatbent etenends sewisbel upid in thefletesmemeara niadyile.2For example, if

0033] The ,advant age of .t he rQache et for in Figs. and 4 is
Lhar by ME LSy aPHafs saddif S PP BE ORSmer aharavs ot Fricelemepisahaans 4rd & 6%6

or by : . X i Vi ' urne
Pra: S UEERSR Shut AR UL B IBhE KRl bR PRt
repeat due Phec@didheinOfenB QEWShROWHIER Sdbz@th@YmiPdve e ihdfch BRcuracy
desired and sufficient lens profile and pitch accuracy (or

pr edet éhai nelli{ fubr phepplicedionatfi te ofrreémeinpeniid). Hedlty, eldoupl the dboee
much nmore tjnme copnsum ng and thus expensive process of populating a
full weabodimepts e Reemexpainadoividh defrrescafto oRey thise atviguss lasts types, it

rore. Ciary BRERORRIGT i R oy e TR Uhra mby bRrfirated into
opti cs,tha@éhs Hbys toRAkd lb§MRe AbFRYLSAPrR@sPLPHRCAH - Mitifvettgpi f i cant
cost savings. [0034] Al though the above di scussion has focused on a

fabrication process that utilizes dianond turning, it should be

under stl¥HeTRIN& Ok ROUNRLENTER | on schenes of the WD
2011/1%&2%§PCT/U82011/028835 current invention may be used with any
sui t abItBU$¥ns thaser sldiled ilAgtheetmnviuapprrasiadaditet dhe farraoindks esamplasyand
of lens ts have been described,. any si.ze sub-array suitable for
the parteEeiPEIS ahadods B e ERREoRRRUE s lcher basER] Myeftied e mefdly
sub- ar igysrative df$heeiehabh s dWkolBOsnLRRRILHBiond athe (REcRFARE BY
have tﬁe SS%E nunber gnd plgébne%t'd% | ens éléﬂ%n%s Sgﬁm?%% be ugé%mnt
i n t he ibaingion caaebantmidubiehinfbe spixamplescopé of e Inaéstiors aPm@T exafsde) ie will
is to be fornmed of arrays of lens elenments having 4x4 or 6x6

geonet Mecdearn hamerditectiatthagreiet atheaysably ®atrdl stepsenenbatspleowdrded or

t b tical, h ' tch in| I t |.d h
apr ovaRE AT s GhRealRtPR=t M oS MRt Fe B M PEeERct the
the cuifBilyenRObAldedbIahd YabrRlatiBR OB cddCoPRAUE, PIRIM IRRE St PE der

een explalned w reference to only 'three unique |ens types, 1t

shoul d the fatietishqadcédatinaniablel fdreits HteHddABaridRRS AVRESNERY thepresent
incorporated into the lens arrays formed by the fabrication process
of t he inentientis inoy dimbitedh to DOCERE NEc G EQINGALENES: rj 301353 o bat, stathdreds

in the art w!ll appreciate that the foregoi ng exanpl es and
define ytheéﬁ%peof?heappended(ﬂakns. J J P
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descriptions of various preferred enbodi ments of the present

invention are nerely illustrative of the invention as a whole, and
that variations in the process of the present invention nay be made
within the spirit and scope of the invention. For exanple, it will be

clear to one skilled in the art that other quality control steps may
be inplenented or the steps of the fabrication process nmay be
rearranged in ways that woul d not apfagist he i nprovenents provided by
the fabrication process of the current 1nvention nor render the
fabrication process unsuitable for its intended purpose. Accordingly,
the present inventionis not limted to the specific enbodi nents

descri bed herei , i s defined by the scope of. t he appended
chan s a A pethot b @bt ik Belelghh G ahslaPaiskigl ng T ens
array conpr ifsirivgiting adrdubadinrag ofl Isndesacomprieéd | &fns eslueitpiof SedgividliaR lens
plurality of individual, |ens el erren%_s, .Wherein the nunber of )
i ndi vi dual , |eEeREeHORTAN e PH@DETBL individial.ders slamands inbthe Hib-Atianira
of i ndi vi dualgypl &A% ehe RBRIEr 6P HABES Ieﬂstéﬂénléﬁifseéozﬁﬁhéd WPl Rbfdiycale

checking the sub-array for shape deviations and pit accuracy an

repeating thdefsdragati ng step until, a final sub-array is forned,

said final - I upstantially.free o ape _and pitch .
Govi at i ons: CHEGHARG e ELORALBY ABbRatichs ] i Ao Aty Ak Rgeating
nunbﬁr of th [ (rjme ffabrlfda'ting%tép tiotilf arﬁnmth b@t?-mapeﬂlffcymfear, sai]@ul fmﬁil ens-baa:rayaoeing
2. The netho claimi1l, erein e ns el ements of the sub-array
have a pl uralqugﬁtaﬁf'g]hifn}r?%P an B'FQST‘%Vé%t!O“SB?”q'he met hod of claim
2, wherein {gliding ﬁi@fﬂrﬂaﬁ%uﬁfantageorll %%utf‘étﬁdﬂ@@ A Hlfbeﬂﬂf it @iffidiént to
differ in accordance to at | east One of elther raH| us of curvature

and aspheri c fewethe testes waigrscaledempamay of claim 1, wherein the |ens
el enents of the sub-array have a single lens profile.

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.

5. 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.

8. 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.

8. A method of mastering a waferscale imaging lens array comprising:
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5. The method of claiml1l, wherein the sub-array has the sane nunber
and placenment of lens elenents as is required for a desired array
canera nodule. 6. The nethod of claim1, wherein the step of
duplicating is perforned by a step and repeat tool. 7. The nethod of
claim1l1, wherein each of the individual, |lens elenents of the
sub-array is fabricated by dianond turning. 8. A nethod of mastering
a waf er scal éabrivatjingga | durslir chynadeapiensi pips, deabrimaatarngna ph uraihg tof a
of master Iencﬁﬁ%i ngl, eachf.[master | ens pin being of a different |ens
profile; checkKi 8” 2t P6Y"%ai d master |ens pi ns for shape deviations

and repeat i rfething fezlehi cfaddid tnast@Plendidihs forseapef dédvitRinsn@s) RfpdaEng the
pins are fornmed, said final set of master |ens pins being ]

subst ant i al | yabricatingrstam 4ptll 386t aft fingh srasieidens finsmyedatneds saidfigal set of
master | ens p%% H-gﬁfﬁ: | frcient to form
a sub-array g?gggﬁggg corrp%llﬁgggb%?ﬂa I ueréa)t ﬁgtﬂ;?%%?jﬁ%%lio\blg’dual , lens

el ement s, whepk¢atingheastueberaicbimasteli lenduping drems sebhssratats numbeneof times
sub-array is a.sub-set. of the nunber. of individual, .|en l.enent s .
cont ai ned i n THEWAS D & SRRy oL Fnsen comRgey et L abrdlty & Tedyidual,
pi tch accur adgnsB@nieppsaihdrgintthe futbdr @Rindngdsdlclens Ridrherdsfin B sub-array
sub-array is fornmed, said final sub-array being substanti al llé free of

pitch devi at i@ suhcseiupl thanumperaprt individuals Jaosrqlapents gorianed: &t dhe
a nunber of tj4refcalyfikhehRBl; t0 formthe master waferscale |ens
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.
9. The method of claim 8, wherein the lens elements of the sub-array have a

plurality of different lens profiles.

10.  The method of claim 8, 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.

11.  The method of claim 8, wherein the lens elements of the sub-array have a single
lens profile.

12. The method of claim 8, wherein the sub-array has the same number and

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

13.  The method of claim 8, wherein the step of duplicating the sub-array is performed
by a step and repeat tool.

14.  The method of claim 8, wherein each of the individual, lens elements of the sub-

array is fabricated by diamond turning.
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9. The method of claim8, wherein the I ens elenents of the sub-array
have a plurality of different Iens profiles. 10. The nmethod of claim
8, wherein the lens profiles of the lens elenents of the sub-array
differ in accordance to at |east one of either radius of curvature
and aspheric coeffi cents. 11. The nethod of claim8, wherein the

| ens el ements of the sub-array have a single lens profile. 12. The
met hod 18 clTaiermethodhdrabdim 8 hehsnein eactapf tesindivel sl fens pinisas falricated by
placen%m%ﬂgﬁd#ﬁns elenents as is required for a desired array camera

nodul e. ™%t hod of claim8, wherein the step of duplicating
the sub-array is perfornmed by a step and repeat tool. 14. The nethod
of claim8, wherein each of the individual, lens elenents of the
sub-array is fabricated by dianmond turning. 15.The nmethod of claim
8, wherein each of the individual, lens pins is fabricated by di anond
t ur ni ng.
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