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ENHANCED- LI GHT- COLLECTI ON- EFFI CI ENCY SENSOR BACKGROUND OF THE | NV@I\Q?HRI 1.
Field of the Invention This invention relates generally to mcrol oqrmayé
and i mage sensors. 5 2. Description of Related Art Light sensors are often
combined in either linear or two-di mensiohal configurations for the
pur poses of image detection. Individual |ight sensors within the 10 I mage
sensor provide output sENFANCHIEIGHTCOLOIECTION-EFFICTENCY SENSORt
intensity incident upon themfroma given area of the source object The
detected light intensity and correspondi ng output signal pattern of the
i ght sensors thus fornms a linear or two-dinmensional representation of the
source object or image. 15 In many situations, solid-state imge

sensors.such as charged coupl ed BACKGROUNIDOF) THEINVENEONr y
met al - oxi de-sem conductor (CMOS), and other solid-state el ectronic devices
are required to detect low or marginal light intensities. In these

i nstances, even Sﬂnf‘ileld&ﬁﬁgﬁp)eﬂﬁ&xet ectable [ight are of significant .
i nportance. VariolUs neans are avallable to the i nage sensor system desi gner

for enhancing the systEik nvéftion reld¥ genblly @0 Hiérolehs h@ayslang iinags Snsdrs.
These neans often include (1) the increase of the |ight detection area of
the sensor, (2) the addition of active circuitry for signal anplification,
(3) the tinme integration of the light signal, (4) the increase of I|ight
collected by the imaging optics, and (5) the addition of mcrolenses to
col l ect nore of theDeqrsinembfRélafe Arfl | of these techniques are val uabl e
and commonly enpl oyed, 25 dependent upon the application and technol ogy

used for detection. Tybigbtsengorsareiofith\combired|in githerdisparar twordimensional
LS et ect o0 o el BB e 5 eSS A A B8 witin
10  image sensor provide output signals whose magnitudes correspond to the light
intensity incident upon them from a given area of the source object. The detected
light intensity and corresponding output signal pattern of the light sensors thus forms
a linear or two-ditnensional representation of the source object or image.

15 In many situations, solid-state image sensors such as charged coupled devices
(CCD’s), complementary metal-oxide-semiconductor {CMOS), and other solid-state
electronic devices are required to detect low or marginal light intensities. In these ‘
instances, even small losses in detectable light are of significant importance. Various

" means are available to the image sensor system designer for enhancing the system’s

20  ability to detect low light signals. These means often include (1) the increase of the
light detection area of the sensor, (2) the addition of active circuitry for signal
amplification, (3) the time integration of the light signal, (4) the increase of light
collected by the imaging optics, and (5) the addition of microlenses to collect more of
the incident light. All of these techniques are valuable and commonly employed,

25  dependent upon the application and technology used for detection.

Typically an individual light sensor comprises a light~detection area and a

non-light-detection area with associated supporting items such as electronic circuitry,



2 ipterconnecting netal traces, and isolation diffusions. The |ight sensor

of ten occupi es a square or rectangular area of the inmage sensor. This area

is referred to as a pixel. Light incident upon the non-light-detection area
within the pixel is lost unless some meand, such as a nicrolens, is

enpl oyed to deflect it to the light-detection area of the 5 l'ight sensor,

t her eby col | ect i inderconpectingimetahtraces, andrisoloafiondiffusions; cEhe lightsensor eften eeeypiss

typically have circular cross-sectio Ln a plane.parallel to Eoe det.eclt i on
ol Ane of the I 1 ghPHueEh areeRRguEr e S0Be ufindh Sl TR es B el BEaf S AL
proposed. The perigheiided updithdnss HeRidetbdtion!haéd Withiel thé bkl is 1438 ublesy Wdaid ©5
of its associated pixel and obviously collects light only within that
perimeter. Previmgens yuchasm hicvaensis CI@IOY@tm@ﬂMdtweéghte@%ecﬁbgmaﬂf&ﬁ
potent| a1y Bo. | BER RER espy eplechty BER By uebernsd B R R A Fr om
FI GURE 1A and TABhkEofnséd tyi t b ed G ks ine{uﬁ]'guﬁ&' | dokbinf
square pixel anﬁﬁgccugﬁ?ﬁzbtﬁﬁfﬁiﬁ% numaggfsbgf g‘?‘%@l afdéa wm?%‘ggwu&r?aa gﬁlto
col | ect appr oxi nplané pf te light sehsorh Othercirowsrsectionghhowieser,tlave been praposed: Thef

the circul ar cross-secti of, the mcrol.ens to cover the cqorners of the
pi xel . Referri ngwqm%gﬁ,‘m?‘ﬁ @Wﬁ@béalwlg’é? %Paﬁwé]o%ﬁﬁ agsreiated pixel e

hexagon col | ecti g]rsg} 3@;&.&]? . %ég é s@/ﬂu ?

FI GURE 1D respec%@ﬁ? sgﬁgppr I e 2’?‘9“@@&}8 g@}o] g%gio%_ 0 0 en%{

l'i ght incidaot umtemped to édlizct light froni thelconrkr artasoPhe pixelll ar geonetri es of

FI GURES 1A- 1D were chosen for illustrative purposes. Fromthe above

di scussion, it is clear that there is a need for further inprovenents in

t he percentages of avail | tad in.i

simlar |ight-detecti %ﬁa%%gﬂg%%}epcﬁéﬂt%ﬁu&canpotéﬁ?ﬁﬂy%gﬁl@s?ﬁ%maa{]ﬁimgl?referto
FIGURES 1A-1D and TABLE A. From FIGURE 1A and TABLE A, itis seen that a

. circular lens inscribed within a square pixel and occupying the maximum possible

1S  area will be unable to collect approximately 21.5% of the incident light due to the
inability of the circular cross-section of the microlens to cover the corners of the pixel.
Referring to TABLE A, the square collection area of FIGURE 1B, the hexagon
collection area of FIGURE 1C, and the octagon collection area of FIGURE 1D
respectively lose approximately 50%, 35.1%, and 17.2% of the light incident upon

20  their corner areas. The particular geometries of FIGURES 1A-1D were chosen for
illustrative purposes.

From the above discussion, it is clear that there is a need for further

improvements in the percentages of available light collected in image sensors and
25  similar light-detection devices.

30



3 As"= Area of Square Pixel Anc = Maxi num Non- Corner Area of Light

Col l ection Fractional Loss of Corner Area Incident Light =[1 - (Anc/As)] 5
Lens Cross-Section: Crcle Squar e Hexagon COct agon Fracti onal
Loss® 0. 215 0. 500 0.351 3 0.172 10 Fractional Loss of
Corner Area Incident Light TABLE A 4 SUMVARY OF THE | NVENTI ON
Representative enbodi ments of the lig t senso des ﬁed in the present
pat ent document provi de enhanced-1ig C(ﬁ‘\eﬁe ilities not

previously 5 avai |l abl e. Uagn lflﬁﬂ o!‘ Pesiibdfnt © col | ect
essentially all of the inci I ght acap |I|t E’a@ls espemally
advant ageous for inmage sensors oper atl ng in | ow I i ght intensity situations.

In a representative enbodj nent,, an enhanced-1i -col | ection-efficiency
sensor 10 conprises a 341'9&90@&9559 @ﬁﬁ’&ﬁ@é@ ’Elﬂe‘SM‘eUtT@ﬂmé‘f‘-?)ﬂm ency
m crol ens. The enhanced-1ight-collection-efficiency mcrolens is placed

bet ween the pixel and a light or imge source. The pixel of the Iight
sensor conprises a |i dhens @rossSection:arCieclend a rSyuwaké ght - ddéxagbhon aQe@gon he
non-1ight-detection area does not contribute directly to

Fractional Loss: 0215 0.500 0.351 0.172

10
Fractional Loss of Corner Area Incident Light

TABLE A



| i ght detection, but nmay contain electronic circuitry, interconnecting
netal traces, and 15 areas used for isolating the |light-detection area of
the Iight sensor. This non-light- detectlon area is often covered with
metal in order to protect underlying el efkronic structures or electronic
circuitry fromthe effects of thgm ?)ﬁ‘l EW | i ght .source or

I mge. The light-detection area X/ a vas] haped peri neter
and lies within or, at nobst, touching a pixel typically of rectangul ar
area. The 20 mcrolens in this representative enbodi ment conpri ses one or
nmore corner mcrol enmprdsemaﬁwbmbnmﬂnemofﬁmrhm-soxsfdesdra:eqsiixxﬁiepmm | i ght
I nci dent upon these corner mcrol enses |s r acted Hai’ﬂlhe cor ner croI ens

surface from t hpaisahdoqugent proxidecnhaice eﬁu?‘h Hies aet RIEYIPBHY ar ea.

25 th
m crol ens, Ploﬁﬁ?elia ar gﬁéﬁe@%g mc 6 éb&iﬁle oé:dél?g{ over %’hgb?ﬂfe\ﬁnmdent

l'i ght - det ecti onjighga c@ﬁibxb@tth&ﬁﬁesﬂecﬁnsﬂ admwgegdtstfos imageesensareoparatingria low
the light-transmtting mcrol ens which faces the |ight source collects any

| i ght whi ch woullighbintensity siduasiens.nci dent upon the |ight-detection area and
sinply transmits or refracts that light onto any part of the
| i ght -detection 30 area. Thus, the light-transmtting mcrol ens may be

nothing nore than a ﬁh%treﬂaﬂeﬁﬁhftauvbreﬁib‘éﬂixﬁéﬂt,% efhiuedetidight-colldetibapficiany atisoe
enbodi ments of the invention also may be inpl emented using various_pol ygon

cross- sect i thal whmw&mpmpwmnhmqed-llghbwﬂmowﬁiqlwy%‘ﬁw {hen for

not 11 ted to, ohrginEb-calipesmioiay Bl FUER Rt R E bl and gl ©
ot hor - embod nent TRege SGE ﬁ?%ﬁand‘“ﬁ‘%‘é‘?%%od?ﬁ‘éﬁ?‘% e ot patent
docunent are notnonilight-detection ires.c The non-light-detection area does not contribute directly to
light detection, but may contain electronic circuitry, interconnecting metal traces, and
15  areas used for isolating the light-detection area of the light sensor. This non-light-

detection area is often covered with metal in order to protect underlying electronic

structures or electronic circuitry from the effects of the light incident from the light
source or image. The light-detection area typically has a polygon shaped perimeter
and lies within or, at most, touching a pixel typically of rectangular area. The |

20  microlens in this representative embodiment comprises one or more corner
microlenses located in the corner areas of the pixel. The light incident upon these
corner microlenses is refracted at the corner microlens surface ﬂom_ the non-light-

detection area onto the light-detection area.

25 Another part of the enhanced-light-collection-efficiency microlens, a light-
transmitting microlens, is located over the light-detection area and between it and the
light source. The surface of the light-transmitting microlens which faces the light
source collects any light which would otherwise be incident upon the light-detection
area and simply transmits or refracts that light onto any part of the light-detection

30  area. Thus, the light-transmitting microlens may be nothing more than a flat light-
transmitting material.



geonetries. In addition, representative enbodi nents of individual |ight
sensors, as taught in the present patent docunent, may be conbined into
| i near and area arrays. 10 In representative enbodi nents, it is
possible to collect essentially all of the |i ght incident upon a pixel.

Gt her aspects and advaReggsmtflive chfbolintihts SfaRé Riventidn B may Be tplehRhRdtusing

docunent will becone apparent fromthe follow ng detail ed description,

takenfi n 15 | c ?Eym .pol_ygfm tctos:-n?::awahm t_;nex;gndi;ulag t?%x_,e Iliame g_ﬁﬁ | onéaggﬁgn
wa 0 exa e ri,Acl S.0 e nvent L on. e al | S |.S ose I N
Uhy opect i1 bat i ontox st i Rsftnth arpatt TS Rhrical3 nofyton shases st of i e gl
BRI EF DESCRI PTI ONjffted %@%W,%&g@mfmﬂg%ﬁ&gﬁg&&s oBtagotlss fonag S

representations which wl e used to nore fully describe t’hg
representativg endesdgonspumdeodgonscandrdedecagons t Howeknootherremtodimentsiaretposdible an
be used by those skilled,in the to better understand fhem and their

i nherent advant ag@gth? Wﬂ@?@%‘?\ﬂf‘%@@”ﬁt P&t@nﬁ'm%e Hﬁ?ﬂé‘?"é?@q hesstify
correspondi ng el e i &Ng; ; ﬁg’%% : e WS : i

pi xel |ight senso ee\%lcesl.la%l%ﬁl 1K@has&gﬂg‘%ﬂr cui arafwn?‘%; o@gﬁgﬁé&%w
cross-sectional clabgledn terpresentipaténit@obimdii, inag ba cembmed intd tinedraand area arrays.
cross-sectional collection area; FIGQURE 1C has a hexagon m crol ens
cross-sectional collection area; and FI GURE 1D has an octagon m crol ens
cross-sectiongl collectd g%ﬁﬁi . . ] i n
enhanced- | i gg? col | ect-ﬁo‘%ﬁrg C|v§ncyb°sdlenrllesnct)?’ ‘f‘%?&%ﬁ%‘%ﬁ%ﬁt%ﬁ%@éﬁ?%%ﬁ
| i ght -det ecti on alighn indidént apen sgixel.e pi xel. FIGURE 2B is a top view of an
array of four enhanced-light-collection-efficiency sensors, and Fl GURE

Other aspects and advantages of the light sensors of the present patent
document will become apparent from the following detailed description, taken in
15  conjunction with the accompanying drawings, illustrating by way of example the
principles of the invention. The details disciosed in the specification should not be

read so as to limit the invention.



2C.rs a drawing of a section of the enhanced-light-collection-efficiency
sensor array of FIGURE 2B on line A-A. 20 FIGURE 3Ais a top view of

anot her representati ve enbodi nent of the teachlngs of the present patent
docunent wherein the |ight-detection are& are forned from squares whose
sides are essentially parall ner areas are
cut out. FIGURE 3B is a threg&%hﬁéﬁggghgrﬁgﬁikgﬁﬁggIﬁ%&ﬁﬁE@#%cent corner 25
m crolenses. FIGURE 4 is a top view of still another representative

enbodi ment of the teachings of the present patent docunent wherein the
| i ght - det ecti on ar ea The ascampanlying drewingd provide wsmlscpmeatappmwhwh will be used

Durposes. of | 1 e moR Y deperibe the EHGSOREH B G RO O! B RIFFpL Batertflocument
representatiye %H&’g}g.hfﬁe co?‘ﬁ%t.on pgédmsa&weut&%ua@méwmﬁbﬁncy

sensors and enhanc | Cl ency sensor arrays use I n

i mage detection umesémaavadﬂtgw Diithebd dratvirps liler iefenate aumecdlsidentifyi cr ol enses
used in inmage detection systens have experienced significant |oss of |ight
signal due to t leesrespgadingelements #nd:f ol | owi ng detai |l ed description and in
the several figures of the drawings, |like elements are identified with Iike
reference nunerals. 10 Enbodi nents described in the present patent docunent
do not depend upon WRGURESIAAD aie s?viwismlvmms@qaaﬂeqnmhghmdmidemsy

froman active |light source or is reflected froman inage such, the
term!ight Kour FGURE LAdas heireular micgolens cross-sectional collection area; FIGURE 1B has

a square microlens cross-sectional collection area; FIGURE 1C has a hexagon

microlens cross-sectional collection area; and FIGURE 1D has an octagon microlens

cross-sectional collection area.

15 FIGURE 2A is a top view of an enhanced-light-collection-efficiency sensor
for an octagon shaped light-detection area within a square pixel. FIGURE 2B is a top
view of an array of four enhanced-light-collection-efficiency sensors, and FIGURE
2C is a drawing of a section of the enhanced-light-collection-efficiency sensor array
of FIGURE 2B on line A-A.

20

FIGURE 3A is a top view of another representative embodiment of the
teachings of the present patent document wherein the light-detection areas are formed
from squares whose sides are essentially parallel to square pixels and whose corner
areas are cut out. FIGURE 3B is a three dimensional sketch of four adjacent corner

25 microlenses.

FIGURE 4 is a top view of stifl another representative embodiment of the
teachings of the present patent document wherein the light-detection area is a circle
located within a square pixel.



synenynmous with i mage source. Al so, pixel geonetries are described in the
present 15 patent docunment as squares or rectangles. It is noted that a
square is, in fact, a special case of a rect angl e wherein all sides are

equal . V\hl | e pixels in imge sensors are yp| cally rectangl es, or squares

In the special case of ar t he
present pat et _docurrent ariﬁﬁﬂﬁaéwﬁﬁﬁ%ﬁtﬂﬁés@ﬁ@mi@ﬁ*

In many situations, solid-state imge sensors such as charged coupl ed
devices (CCD s), conplenentary metal -oxi de-sem conductor (CMOS), and ot her
solid-state el ectroni cAsimdvaﬂnthrawmsifoephrposedefﬁmstmm dtepmcgipmd:ntl i ght
Intensities. Int sel ta ces, even snall ses in detecta Ilght are

of significant i mrepresentagyeegqbp 0y DPY! ﬁ{lhqﬂp ection-
peripheral togt heeﬁibxg&ér Qﬁé&g H@%%%%ﬁ%gé&oh%ﬁclk&&eﬁ#%yésfég {Sx%ér @ual

and array |ight sensor represe Ive rments o

and associ at ed migfage detectionystens. Prevdcuitlight bensbrsdad ussosiatedmpiciolensediised ¢ d-
| i ght-col'l ection capabilities over previous devices. In these enbodi nments,

any associ at ed elmgpéﬁﬂeetmsye@mhyvq exeperignsedisignificant foss oflight sigpal-dnettn their

ot her conveni ont SigRe 4o S R Fine detalBa iolenplod 4By sySf B S 8’ Y

becone clear in tdt@widgbllm&dlanedmﬁeimﬁﬂb@%ﬂzqﬁcetrb@renceﬁu@éﬁ&ent pat ent
docunent provide the ability to collect essentially all of the Iight

i nci dent upokdt he pi xels in an imge sensor or ot her l'i ght sen5|t|ve
device. FIGQURE 2A is Vi ew ,of e esent nbodl
enhanced- 5 |ight- Cgﬁm&%ﬁmgﬁq@é é‘ q‘unﬁ% %Wf’n%g?@nt
document . An enhagiéhbr of nStthe GRideae liziis ?écteiveaaﬁ-eaﬂyrﬁ qha&svea%tk&mous
I nscribed wthin a pixel 201. The enhanced-1ight-collection-efficiency
m crol ens 202 corpflectiebfromanimage. mkssudheﬂmtmhghtsemh,asfused]mmms corners
of the pixel 201 and a |l |gwlt transmttin m',crf)l ens
onymous Wwith image source. Also, pixe geometnes aredescnbedmthe present
15  patent document as squares or rectangles. It is noted that a square is, in fact, a special
case of a rectangle wherein all sides are equal. While pixels in image sensors are
typically rectangles, or squares in the special case of a rectangle of equal sides,

embodiments of the present patent document are not limited to such pixel geometries.

20 In many situations, solid-state image sensors such as charged coupled devices
(CCD’s), complementary metal-oxide-semiconductor (CMOS), and other solid-state
electronic dévices are required to detect low or marginal light intensities. In these
instances, even small losses in detectable light are of significant importance.

25 By collecting light from areas peripheral to the light-detection areas that is lost
in previous individual and array light sensors, representative embodiments of the light
sensors and associated microlenses of the present patent document provide enhanced-
light-collection capabilities over previous deviées. In these embodiments, any
associated electronic circuitry that may be used for amplifying the light signal may be

30  placed in the corner areas of the pixels, or any other convenient places either within or
external to the pixels . As will become clear in the following, the teachings of the



Wi le other geonetries are possible, the light-transmtting m crol ens 206
for this 10 enbodi nent has an octagon shape. FIGURE 2B is a top view of
an -enhanced-|ight-coll ection-efficiency sensor array 209 conprising four
enhanced-|ight-collection-efficiency sens®rs 200 in four adj acent pixels
201. 15 Fl GURE 26red ?a@ﬁpdgca- & | U@ i i
enhanced- | i ght - c%ilefe?é lon- eff ieig{ ﬁg?@&éngglr@atgffgge%gﬁéseg%ﬂm ar%leogt!leAhglflt

FI GURE 2B. In FIigckEntuhonghepixelsih an firaage spnsorfarothes lightyensitiveidexic2 10 i s
shown incident upon two adjacent enhanced-light- collection-efficiency
sensors 200 of the enhanced-light-collection-efficiency sensor 20 array
209. The enhanced: | | GBIGURE!RElsIdp Sld 6f SRprestirifid GflbodiAn TR chifibed e
corner mcrolens 203 and the light-transmtting mcrolens 206. The corner
m crol ens 208 i slightropllestio-efficiencyosensor 200cf shepresdnd gatefiGibcuineht. Ax enhanced-
m crol ens surfacg 205 facing_the |ight source 210, The |ight-transgqitting
m crol ens 206 i shigrellechion-gificieney @%ﬁmkf‘%lié;ﬁst"c‘? e‘l{”&% Epixel ity Wi th
a light-transmtgj] Reyere] [ . | ]

210. Bot h the cortaedi g Bl REERS i ctcns 2B L0 LUOM midHIEES
are fabricated fincach ofthie-fotreooemirs of the piskel 201 ahda lightetrdnsolitting hactoldns 206 9ht
source 210 is shown incident upon corner mcrolens surfaces 205 of two

adj acent corner Whileothss geametniss are ppssibleythedighiranamigingapigralens 206 for thie nt

6

upon a non-khght- { i% ' r f. the pixel 201, is refracted onto a
| i ght - det ecbpon %nrlg‘g : Q{%;a?ﬁe%éﬁ kel 201. Note that FI GURES 2A-2C are

drawn negl ecting any isolation region between the |ight-detection areas 21
of adjacent pixels 201. Light incident upon 9 these isolation regions
may be collected by eKk 20 istadop yieweet an ephanceddight-potlection-efficiency sensor

array 209 comprising four enhanced-light-collection-efficiency sensors 200 in four
adjacent pixels 201.
15 _

FIGURE 2C is a drawing of a section of the enhanced-light-collection-
efficiency sensor array 209 on line A-A of FIGURE 2B. In FIGURE ZC, a part of the
light from a light source 210 is shown incident upon two adjacent enhanced-light-
collection-efficiency sensors 200 of the enhanced-light-collection-efficiency sensor

20  array 209. The enbanced-light-collection-efficiency microlens 202 comprises the
corner microlens 203 and the light-transmitting microlens 206. The corner microlens
203 is comprised of a corner microlens body 204 with a corner microlens surface 205
facing the light source 210. The light-transmitting microlens 206 is comprised of a
light-transmitting microlens body 207 with a light-transmitting microlens surface 208

25  facing the light source 210. Both the comer microlens 203 and the light-transmitting
microlens 206 are fabricated from light-transmitting materials. The light from the

2

light source 210 is shown incident upon corner microlens surfaces 205 of two adjacent

corner microlenses 203. Light, which would otherwise be incident upon a non-light-

detection area 214 of the pixel 201, is refracted onto a light-detection area 212 of the
30  pixel 201. Note that FIGURES 2A-2C are drawn neglecting any isolation region

between the light-detection areas 212 of adjacent pixels 201. Light incident upon



I nckude such areas. Again referring to FIGURE 2C, a part of the light from
the light source 210 is 5 I nci dent upon the light-transmtting mcrol ens
206 of the enhanced-Ilight-collection- effbciency m crol ens 202. Since the

| i ght-detection area 212 is of substantiaFly the sane geonetry as the
light-transmtting m.crolens 206 and lies djrectly belowit, the
light-transmtti r%wmliql%ﬂ%s@e%w e §p by srreing s comepmicrplenses 208 ton
it to the light- &Eﬁééﬁ&ﬂaﬁ%ﬁ? 212 without refraction by constructing it of
a flat sheet of optically transparent material. However, any form of
refraction, such as magnification or dispersion, by the light-transmtting

m crol ens 206 also follows the teachings of the presgent patent docunent, so
|l ong as substanti al | y A#3in gferring to Eﬁ.’tlﬁﬁr&ﬁ,mq{ﬁh? h&!ﬂfqogh&ethggmqmqm@}s

m crol ens 2061 s ;i 6l t|'|9E'i?g' | gaﬁ] -t Sollbd@n-
back to FI GU Zéag&gg%&r)%g%nlgé;?‘i ve € %ﬁ&éé\lte@%@ds%ﬁ eé’% t%éﬁ

l'i ght-detection aff¢ierckdniteslens 202! \Wikve thé Hpletcdefetioh afen 210 ds sbsantidlRitee of
the |ight-detection area 212 intersects the perinmeter of the pixel 201. The

corner microl ens samg geometryi as;thedigbtitransmitting mistolersR06yang lige direstly bedow it, thee

[ | 201, first t [ 20, . d t i 22.
Bhetirst noar estgbEapsBBiHe BierlSRing ooy sty RadERf i i bRRkalit Elo 6
poi nts on the perjighedetectiin 4r8£212 @thod 2eRsdtibA by doRftrttidg ROTa TR stieet bff St

adj acent side 224 wherein the first adjacent side 224 is one of the sides
of the pixel1®01 optically transparsniomaterisle Havvevex, apy Sornofrefractions sughlaspoi nts on
the perineter of the.light-detection are nearest the first. adiacen
Si'de 224 Tor ¢ hi SBEgtcalo of AIsDOrstoB o o6 EBCERTRGHEHE pisfhic 2002158 SoSw e
i ght - det ecti on_aeeigdas storlt BB cihdt! soA0h 66 lbsihlly 2 of HE liBhe"
this set of points, the pg?tt closest to té\%s(/ertgx 218 is defined tghbe
the first near estingidention2Bdlighttteansmittingl ntieralens 206 &5 intid@ Dnitke Ligitsietection area
simlar manner by first determning the set of all points on the perineter

of the light- det®d@tion area 212 nearest a second adj acent side 226 wherein
t he second afg' acent

Referring back to FIGURE 2A, a representative embodiment is shown wherein
the light-detection area 212 has a polygon shaped geometry and the perimeter of the
light-detection area 212 intersects the perimeter of the pixel 201. The corner
microlens 203 for this embodiment is bounded by a vertex 218 of the pixel 201, a first

20  nearest point 220, and a second nearest point 222. The first nearest point 220 is
chosen by first determining the set of all points on the perimeter of the light-detection
area 212 nearest a first adjacent side 224 wherein the first adjacent side 224 is one of
the sides of the pixel 201 which intersects the vertex 218. The set of all points on the
perimeter of the light-detection area 212 nearest the first adjacent side 224 for this

25  drawing is the line segment in which the light-detection area 212 intersects the first
adjacent side 224, Within this set of points, the point closest to the vertex 218 is
defined to be the first nearest point 220. The second nearest point 222 is chosen in a
similar manner By first determining the set of all points on the perimeter of the light-
detection area 212 nearest a second adjacent side 226 wherein the second adjacent

30  side 226 is the other side of the pixel 201 which intersects the vertex 218. The set of
all points on the perimeter of the light-detection area 212 nearest the second adjacent



30 _- side 226 is the other side of the pixel 201 which intersects the
vertex 218. The set of all points on the perineter of the |ight-detection
area 212 nearest the second adjacent i8 side 226 for this drawing is the
l'ing segment in which the |ight-det ectio area 212 intersects the second

adj acent side 226. Wthin this set points, the point closest to the
vertex 218 is dsider226 fbnthimdmmgiedm"ﬁﬁmm mpmlmtlng::ght-getecmn amaI?HGURES

the prosent pat SHETAYE ARCIEOMHbRIER S, [VIBTLRARt of pottih B8 ePEREOSRP R o
312 i's formed b&éfé@%ﬁ%@é&é&&k'ﬂ%%&&ﬂ&{&mﬁoﬁm are substantially
a

parallel to a pixe nd then renoving corner areas fromthat square. A
corner mcrolens 303 is |ocated over each of the cut-out areas of the

sensor s 300 re conoiIGURES Jr3 e ARG Geeuatoregniages o SrionEr ERE,
30 ﬁ*ﬂé‘@‘
(S:gﬂfs%u?;'[ ?gn mh%leafcﬁ'{ngﬁj%@nép&lﬁhree gﬁmenm onal™ s etcré?g]ﬁlght-detectxon

conbi nati on of fagew312di feraied bydirsronsirgdtingarsyeare3dsel silesard substaniatly pafajiel
vertices 352, 354,356,358. In orderto facilitat understandlng of the
drawi ngs, four ddp@ixehd0%snd mengmomgeemmé% that square. Arfrsx 0%13

ggrz’nefwr;i’ c?gfsenég’? 1%8% éegfo?gp%iﬁ rC% %&ﬂﬁﬂil{@ﬁéﬁ% on ar eas 2 of

four adjacerg plehﬁhﬁce@ﬂibht—bélldcﬁ@n-‘éﬁ‘i&ﬂeﬁbﬁr sEhsorisD &Ac&ﬁbnieueo forn anf enhatcedof
t he adjacent mcrolenses refract light onto the ht - det ecti on z%reas 312
of four adj acenthghi-ﬂeﬂ@t@n'fﬁ@emymmaﬁ§ @ﬂ@\ﬂé\isﬁqf?"@éﬂ? 340D yigW

roas 212 of Bl QhEseR é@tﬁ%céﬁéﬁﬁﬁé‘ﬁ@&ég B eRorkl SotitBhe 121 Pt

combination of four adjacent corner microlenses 303 deﬁncd, in part, by vertices 352,
354, 356, 358. In order to facilitate understanding of these drawings, four adjacent

15 light-detection areas 312 are indicated as 362, 364, 366, 368. In this case, corner
microlens surfaces 308 of the corner microlenses 303 refract light onto the light-
detection areas 312 of four adjacent pixels 301. In the case of FIGURES 3A-3B, the
four facets of the adjacent microlenses refract light onto the light-detection areas 312
of four adjacent pixels 301 as indicated by the arrows in FIGURE 3A.

20
Other embodiments for various cross-sectional shapes of the light-detection

areas 212 of FIGURES 2A-2C and 312 of FIGURES 3A-3B may also be constructed
using the teachings of the present patent document. In particular perpendicular to the
line of light propagation, the cross-sectional shape of the light-detection area 212,312

25  could be any regular or irregular polygon such as, but not limited to, a triangle, a
square, a rectangle, a pentagon, a hexagon, a heptagon, an octagon, a nonagon, a
decagon, an undecagon, a dodecagon, or for that matter it could be any cross-sectional
‘geometry including curved and circular shapes.

30 FIGURE 4 is a top view of another representative embodiment of an
enhanced-light-collection-efficiency sensor 400 wherein a light-detection area 412 has



usi ng the teachings of the present patent document. In particul ar

perpendi cular to the line of |ight propagation, the cross-sectional shape
of the light-detection area 212,312 25 coul d be any regular or irregular
pol ygon such as, but not limted to, a tfrbngle, a square, a rectangle, a

t , h hept - Qg ) 1agon, .
Cindecagon, “a dodduatynfr SRRy with peeRl Whietl udss Ae BEbraty 08 B8Rt 8F p pivs
geonmetry incl udi mlpwa&ﬁe@ﬁﬂraéﬁsqu%r&kpa?&dﬁ&nisbomm%%ea ihthe? 1OP

vi ew of another representative enbodi nent of an
enhanced- | i ght - c dbllewingo i fifst adjacent side 424 isrideiifiediwherein the firstadiacdnt sidd 424nis

area 412 has 11 a_.gircul a nmet.r ith, eri neter whi es . not
intersect the perd®f&f tB’Pséf[eﬁl%g © A .4W¥\ r-“fﬁc@%\feétﬁg“iggg&ﬁ,pl!fqiﬂgl.
embodi nent i bo?;,\g,{‘hee | gl ' | QWi 6@:“115 ] i.de
424 is ident ;sz e glrlglﬁ tﬁe ctﬁbir?g{éag&??gg{]@tﬁggfg%i I'S gt?eoo é?ﬁ%p{“\}/\%a
sides of the pi xdirst42arestpaift 420tie clsesen o be the ntid>podiit®f de projectivmxaito dlfirsb

ol Xl 401, af r SEUSRERHSER G sk 600 NLPHS corine Bepeierl T ioRoleincton ke
el 401, a Ti r oty g bl _ i
pert moter of i he Seeetls BRAERAnRA T e Rindd i ¥ nBoa oy WP iy obe'®

side 424. Since ipairtdh3hepdriadteistithe ligigt-dRtdclion Blex 400 Chad & dlbseSito itheefirst
perimeter of the light-detection area 412 that is closest to the first 10

adj acent si d¥0 424djacentside; 424pthismid-poiotis shesendnm a sefef peintgrensisting eferly ai ng
of only a single _paoknt.. con Lacent .siede. IS 4 dentd fied rei

t he second adj ac gﬁ{gﬁ;méﬁgec%ggfawg@ﬁéig% &Cﬁé&%ﬂﬁtﬁg?ﬁoﬁe%?%?%g{]
401 whi ch i nt er sgidesd26lietheaetdid F il twdl $ide JfitiRe pikelf01aHieIe intedSecty the vértek
does not contact the perineter of the pixel 401, a second nearest point 422

i s chosen to be t#18. Singetas lightaletection anea 12 doesnas contactthe pearimetercaf dheipixel

adj acent si de 42691, LG SharSlh ot 4BF1shSuek o WS B B bl 80

15  the second adjacent side 426 of the set of all points on the perimeter of the light-
detection area 412 closest to the second adjacent side 426. Again, since in this
embodiment, there is only one point on the perimeter of the light-detection area 412
that is closest to the second adjacent side 426, this mid-point is chosen from a set of
points consisting of only a single point. The corner microlens 403 is bounded by the

20  vertex 418, the first nearest point 420, the second nearest point 422, a first projection
point 428 which is the projection of the first nearest point 420 onto the perimeter of
the light-detection area 412, a second projection point 430 which is the projection of
the second nearest point 422 onto the perimeter of the light-detection area 412, and
the perimeter of the light-detection area 412 lying between the first projection point

25 428 and the second projection point 430. The curvature and vertical placement of the
corner microlens 403 is defined so as to refract substantiaily all of the light incident
on the comer microlens 403 onto the light-detection area 412. A light-transmitting
microlens 406 may also be placed over the light-detection area 412 as in other
representative embodiments discussed above.

30 .

Other embodiments using the teachings of the present patent document can be



detection area 412 closest to the second adj acent side 426. Again, since in
this enbodi ment, there is only one point on the perineter of the

| i ght-detection area 412 that is closest to the second adjacent side 426,
this md-point is chosen froma set of pdints consisting of only a single
poi nt. The corner mcrolens 403 is bounded by the 20 vertex 418, the

first nearest poj ggng QQQ apest. 0ol Nt : 4&h%ﬁ§2§g } Lon
poi nt 428 which ‘t’s e %‘P’gj ec ?(%n 0 Bfehggﬁefls neoé‘?tgegl%ghgm n g%‘?gfe{"ﬂe
perimeter of the206,306 408cd0es hotdfollewahe périmeter ofthe tightedetgotion iatea 212312,4420

which is the projection of the second nearestﬁgoint 422 onto the perineter

of the |ight-detBewevss, the samenmicrelenses 283,303,403 and therlighf-transmyftingiczelenson

412 1yi he first.,projecti ' 42 t d
o opeeton’ porntZU8egio s s iest EnbBARlent 4 PoRRtyled 38 as it sentiSng o F
m crol ens 408 i sthelBphiiRgidemt ciSthé PixeE2R301,501081t5 Md 1aght-eRbtiorPdres DE2,B1

k2,
i ncident on the corner mcrolens 403 onto the |ight-detection area 4£§. A
light-transmitting mcrolens 406 nay al so be placed over the

i ght-detection area 41 [ er.represegntative epbodi nents discussed
abave. 30 Gt her enbodMEREEEE dhghs microlshE A (g STSPETh o BiRat, S Bibed
docunment can be pherejh2are @§pcially Sl MHCApPlitatidnS wiRickileSevel BEL SR defRiedis Of
the light-transmtting mcrol éns 206, 306, 406 does not follow the perineter
of the |ight- detmetgimah withoesg2itto3hst nééded fivaseuate andweliaghle detectidn: rlalsecls es
203, 303, 403 @nd Lhe,ligg%;tra smitti m cr gl ens, 206, 306. 406 in these
enbodi ment s 18r e EBEEPRS, tedassqy exen lassesof lightiserificaly y a1 of 5  the

| i ght incident on the pixel 201,301,401 onto the |ight-detection area
212,312,412. Enbodi nents of the mcrolens of the present patent docunent,

as described herein, are especially useful in applications wherein the
| evel of |ight detected is




margi nal with respect to that needed for accurate and reliable detection.

I n"such 10 situations, the | oss of even small |osses of light is
critical. 1. A light sensor (200, 300,400) for the cotiection and

deteection of light froma light source (¥30), conprisipg i xel
(201, 301, 401) conprising: a light-detection area (Zlgﬂlﬂiﬂuﬂmﬂnlllguﬂ a
non-1ight-detection area (214); and a mcrolens (203, , € .0 [ GCcatxed
over the non-|i gWhatliscclaimedis: ar ea, over a corner area of the pixel, and
between the light source and the pixel, 10 conprising: a mcrolens
body (204) made froman optically transmtting material; and a mcrol ens

surface (205) shpped ﬁﬁ&h?%kéﬂ@?@,go@;%(ﬁ 16 b 30B&:tioh ahd HAectin?oTdight frbfe
g

pi xel so as to refract onto the i ht-detection area essentially all of 15
the light fromthe |ilight sounce 240)tdompmeseg: i nci dent onto the

non-1|ight-detection area. 2., The li sensQr as in claim1 wherein: the
shape of the perineter of mqlﬁaﬂ?3&de@gif?W%?%a is acircle. 20 3.
fectangl e and the shape of the' IPAN AR EeR (R 2R (o from a
rectangl e wi §h si des subst ant i ak hgn-lightadetextion areal{2t4)pand he pi xel and with
at least one 25 amicr:rgfegxg&%%lﬁ%g,&g)r, rllgcrate%uc;[v%l%ie non-light-detection area
and between the light source and the pixel, comprising;
a microlens body (204) made from an optically transmitting
material; and
10 a microlens surface (205) shaped and positioned at a distance
from the plane of the pixel so as to refract onto the light-
detection area essentially all of the light from the light source

otherwise incident onto the non-light-detection area.

2. The light sensor as in claim 1 wherein:

the shape of the perimeter of the light-detection area is a circle.

3. The light sensor as in claim 1 wherein:
the shape of the pixel is a rectangle; and
the shape of the light-detection area is formed from a rectangle with
sides substantially parallel to that of the pixel and with at least one

5 rectangular corner cutout.

4. The light sensor as in claim 1 wherein:

the shape of the perimeter of the light-detection area is a polygon.

5. The light sensor as in claim 4 wherein:
the polygon shape of the light-detection area comprises a triangle, a

square, a rectangle, a pentagon, a hexagon, a heptagon, an octagon, a
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4.h,‘I_TEe :ji ght sensor as in claiml wherei n t he shape of the perineter of
the light-detection area is a polygon. : The i

claim4 wherein: the polygon shape of th{s Ilght det ectll(LﬂlIlum“ﬂmuﬂME
triaangl e, a square, a rectangul ar, a pentégon, a hexagor® & hépt4goh, ‘an
octagon, a 14 nonagon, a decagon a undercagon, or a dodecagon. 6.

The Iight sensor as in cl aiciagon)acieeigon] andecagon, ensdodecdgont her | ocat ed so

that the mcrolens and the mcrolens surface are both essentially bounded
inab pl ane paraIIeI to the light-detection area by a vertex

(218, 418) of th first ﬁn\‘t@eﬁ'r

first nearest por'nt ?@’%‘Fﬁ%’éé@sﬂﬂlaﬁ ?‘%iaﬁé&e@g%r%r#%égﬁrﬂe set lﬁa&ﬁﬁa’ﬁ‘f‘? on
the perineter of the &éﬁh&m&%&ﬁﬁdﬂﬁﬂnﬁﬁﬂéhs%ﬁ&h@dreﬁoﬁle&&hﬂd@b@ﬁﬂbdhide
(224, 424) of the pixel 10 connected to the vertex,

ItOL 0j ecfjI i ng t?atfsﬁ] qilamamlkelm’dlo light-deteetion azesj bycevartexi(QE8.41R) °§§leem¥¢ln§
e mid-point o a ectian near,e |

wherein the second n BP?fPthot%%&éﬂ’ a ?irf’t g{%téﬁ%ﬁl%‘ﬁﬁ c{sﬁﬁbg

all points og the perd&&uﬂﬁmg Q?oiia'fll omtsonﬁlepenmeteﬂdﬁﬁéhgﬁicﬁﬁéch@ﬂaﬁﬁea
nearest a second adjacent side (226, pi xel connected to the
vertex, then proj ect|mréshaﬁmadjaoéntpﬁeﬂ%&@ofﬁ@@@@@m&cwdjt@ﬂvmeﬁsxdben

and sel ecting the md-point of that, pro i pn, the connectin he vert ex,
the first nearest pm#??e & thepains;f that 4"&3@0?6“33‘33 the vertex, a s¢ {1

the perimeter of the Liighndayse ottt lelotiiuRR RN isab) ﬁi%@t'on of

the first nearest poi perineter of the detection area and
the projection of t hedét&ﬁﬁﬂﬂgﬂbﬁeeefalbpomts om'the perimeter of the light-detection area

10 nearest a second adjacent side (226,426) of the pixel connected to the vertex,

then selecting the point of that set of points nearest the vertex, then connecting
the vertex, the first adjacent point, the second adjacent point, with the
perimeter of the light-detection area lying between the projection of the first
nearest adjacent point on the perimeter of the light-detection area and the

15 projection of the second nearest adjacent point on the perimeter of the light-
detection area; and wherein the microlens surface is shaped and positioned at a
distance above the plane of the light-detection area so as to refract onto the
light-detection area light from the light source incident onto the microlens.

7. The light sensor as in claims 6 wherein:
the shape of the perimeter of the light-detection area is a circle.

8. The light sensor as in claims 6 wherein:
the shape of the pixel is a rectangle; and
the shape of the light-detection area ig formed from a rectangle with
sides substantially parallel to that of the pixel and with at leaSt one

5 rectangular corner cutout.
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the sperineter of the light-detection area; and wherein the ni crol ens

surface i s shaped and positioned at a distance above t ﬂmm‘uum”ﬂh

| i ght-detection area so as to refract ontg the Iight-dgtm sIi t
fromthe |ight source incident onto the fPcrol ens. 7. *Thie 1% gftt Sensor
as in claim6 wherein: the shape of the perinmeter of the |ight-detection
area is a circle. 30 8. The light sensor as_ in claim§6 wherein: the
shape of the pixel is a retheshapesot thaperimatersofathe light-detectiongrea.ig apebizran
area is fornmed froma rectangle with 15 sides substantially parallel to
that of the pixel and with at | east one rectangul ar corner cutout. 9.

The |ight sensorj@s i'!['h&li?lt%ﬁsol‘\'ﬁ@ﬁﬁilﬂms@wherein: the shape of the
perimeter of the light-detection area is a polygon. 10. . The light sensor

as in claim9 wherein: thethegolxgon shapews thef lightaletectivn arde corpprises ajriangle, 2
conprises a triangle, a square, a rectangular, a.pentago a hexaggn, a
hept agon, an octagon, a 10squaré,arectangie, a%ﬁﬁtﬁ%?fbﬁ,hgéa@é‘c% Wgoél’%g‘gé{e%%ﬁ,

or a dodecagon. nonagon, a decagon, a undecagon, or a dodecagon.
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