WO 2005/ 078801 PCT/ S&005/ 000043 METHOD AND DEVI CE FOR
WAVELENGTH- SENSI TI VE PHOTO- SENSI NG CROSS- REFERENCE TO-
WRRAYEBSUPPLI CATI ONS [0001] This applicati on ECESG2005/000043

priority fromU.S. provisional application no.
60/ 544,496, entitled "COLOR SENSORS BASED ON J(FET)

STRUCTURES" and filed February 17, 2004, which is

METHUEPARI@J PESACEEOR wRVEtef\@m%N@rﬁJ@ﬁﬁoTU%ENsme
I’ NVENTI ON [0002] The present invention relates

gener al | hot 0- sensi n and nore articularly to
N OROaS-RAHERENG 30 BELALED ARELICABENS i ve
phot o- sensi ng. BACKGROUND OF THE | NVENTI ON [ 0003]
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inting, and cosnetics _industries, and the |ike. For

and filey nepEary 7140045 whish is incogperg %herﬁrs%é%fer@ncqmy be

necessary to nonitor or detect the transm ssion and

aP EPUF"'FHE&NXEN’FION a certain bandwi dth by cells

tlssues under study. [0004] Seni conduct or-based
coI or sensors are known. These sensors typically
[0002} pe iTheeprosenidneantiongelates generalinto phtorganising, @nd more

particgiahl o ueth S5 g8 o wellRisFo s Bhokt aeidfle

i ght can penetrate deeper bel ow the surface than

BRCKSROUKD OFITHEINVENTIOSecondl y, light is absorbed.
i n photoelectric processes as | t interacts with, and

100031, iayieiiictysensiiem PRotcyensi g ARr et i 2% o8t ai ns
sensmngrt]'nfgs %Fﬁl&amr.ﬁh wide rhfig€ ¥F1i188 stieh b8 @né@i&li'ié%ﬂcﬁ n

. . s transition generates an electron in the
biology,dhe deod prirdingdand gosmatisscindustriepcandthentie. roid, bot h

Whi Legwcarl t
examl, if dhe 8t o s AT e, ey, B fepsfa B ThBhion L,
detect #ie tiahémissidn dedabsorption bhRglstesfisceathie banddddth iy cadison

.its wavel engt h. Advant ageously, free- carriers
andt'sﬁﬁﬁ%ﬂaﬂéﬂsﬁug!ﬁa depl et ed regi on, devel oped around a
reverse biased pn junction, can be detected by

[0004]S€ @éﬁ%o%d‘&&fd’r%%e& cBdr sBAsseRir8 ipdwhe These seﬁQS;;s

sensed current can thus indicate the intensity o
typicallyiaperatetsascdan the difierential absorption of visible light in a solid

material such as silicon (Si) based on wavelength. That is, longer wavelength
light can penetrate deeper below the surface than shorter wavelength light.
Secondly, light is absorbed in photoelectric processes as it interacts with, and
loses energy to, electrons in its path. In a semiconductor, when a non-
conductive electron obtains sufficient energy, it is excited to the conduction

" band. This transition generates an electron in the conduction band and a hole
in the valence band, both of which can be free-carriers. Thus,-a beam of light
incident on a semiconductor can generate free-carriers at different depths in
the semiconductor depending on its wavelength. Advantageously, free-
carriers generated in a depleted region, developed around a reverse biased
ph-junction, can be detected by sensing a current from the depleted region.

- The sensed current can thus indicate the intensity of light absorbed in the
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WO 2005/ 078801 PCT/ SG2005/ 000043 depl eted regi on.
Therefore, depleted regions fornmed at different depths
WO20850788H conduct or can be used to sense diff BEE(§62005/000043
spectral conponents of the incident light. [0005] As

an exanple, the spectrumof visible |light can be

i 1 . .
deplétél reabgmhélggﬂém%@ggﬁgﬁhgeom@é@aﬂaiﬁéﬁent Aephs in a

green; , trate increasingly deeper
semiconduciorszan euskdttoosenseditienent specirl composentypeitheal
- Cm?ents, the depth of a depletion region of a pn
incide ‘on may be varied by adjusting the pn junction

reverse bi-as voltage, thus obtaining neasurenents for

[0008he ASaARMiipie tRE spestina T Visible Hightean be typicaily
t'echni gﬁg has a disadvantage - it cannot detect
resolwed inde éhree componentss bliergraeih @dsed. whishinanetiale ef v,

incregnbiyeSpB s B Ee s ERR, 16, iRk et sk 3RECHRl 1 b
compvpehfinthedépthivf @ daptstionalegiorooie pa fdrsctioamie be varied by
. simul taneous]y neasured. [0006] The known
adjustiag the an lyncliod srearse bins Yaige, Wﬂnm mgageents
for thé %Fe@'d?ff?réﬁpéérﬁg&é}ﬂ& HEREVEX HIR téehriifle RASH spectral
conponent,” a separate pn- jJuhction Is'required. To

disaduantage -t ihcarnat clepent different cdmponents isirseltaneduslyct i ons
m SiI ze

. ired. This. i i he ., m ni
AlterrgivelyorublR prgnstions. Hay BER el SRkt Pl vt ; on
multifé depRictERYns Afifebntassthe] s@that rhligpie speciraneed for

i nproved net hods and devices for sensing color.

compeugnisryntre simaliangeusly megsom®B] A seni conduct or devi ce
i ncl udes a conducting channel forned in a substrate.

oooe] 1 HERFRS S SOBABRIAAE BHEIRE BhvdBf, Shsiie ot

shortooatings For ekiampls foreachuspdutraliconipatent, soseparatenon-e
beneat h..t he

\ .pn-junct i efipnjing depletion regi
junctidfjsirggired, T o deiepbibrrs ESBBRPRSR AIBhF JireR P LHICLORS oce
are regﬁi'rétfslﬁﬁé‘% ehierR ARfE AR MiRieRtdise oPéadH 88HsiRg unit
I tferent vel engths. Qutput signals respectively
and thyerthe spatialsesalulion ofthersansand t he depl etion regi ons
indicative of the intensity of |ight absorbed therein

ooor AR, 3R ERhaGT R byt RS e

sensing color. :
SUMMARY OF THE INVENTION

[0008] A semiconductor device includes a conducting channel formed in a
substrate. The channel is beneath a surface of the substrate and has a pre-

determined photo-conductivity spectral response. The device further includes
one or more pn-junctions defining depletion regions beneath the surface, at

respectiive depths relative to the surface corresponding to penetration depths
of light of different wavelengths. Output signals respectively derived from the
channel and the depletion regions indicative of the intensity of light absorbed
therein can be developed and sensed to determine the spectral components

of light incident on the surface.



WD 2005/ 078801 PCT/ SG2005/ 000043 [0009] Therefore, in
an aspect of the present invention, there is provided
WO 20854880 nduct or devi ce. The devi ce includes RCT/SG2005/000043
substrate having a surface; a first pn-junction
defining a first depletion region formed on the

[000g! bs{Réeford! in%in 44 e°ct ofigl e%&hﬁhvellﬂldtp tﬁé}é i§ Brdvided a

d a second pn-| nctlon efining a second de Ietlon
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first and second depths are chosen to generate
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surtai ABARS oo e St o8 A drier, PRSP 1Ry BE Rilab iR ™

formediegh fid SUbstiats Betweenrths firstehd sedoind -;Lmbtzaqe athaﬁst
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and seﬁwcbdeefasrarepbosarhtqweﬁtmm arge Fégﬁfﬁ%ﬂt% nst ght
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in thetcESnﬁélﬁﬁ re tsé% ‘Hgﬁt oﬂoé‘tﬂlfé!“\ﬁéve!@ﬁgthrmbid\éﬁt ¥n the

, I nclden t on the surface at the first,
~ surfacee Dopegd daaio anii squroar&glen@tare fosmed Omt}'letﬁuh;smate:tned

corn U S B 4 B Bl GRS re
in commgnieatién With thel suree mmﬂmgﬁﬁ amtheCﬁrst ahe sdevrid e

i ncl udes a substrate vin sur face dh£§
pr-jungtiens J@@@ﬁiwﬂy\/@h%anﬁae%ﬁgm ophecuERa L IStype i s
second GAfF 6 Wallen gt PR ey BRRRISHEI TRibhReffonk® |

hann as a
throughuthé atexctricad pedtattsai n and source regions are forned on
the substrate beneath the surface in communi cation

oot e ko BB e B =

semicdrfilictr déviced Thetdemfsahcmdehlar @k:lﬂstﬂt@ heeingta yerface. he
surface. A doped gate_ region of .an opposite, h second

'do;nedcmgcqqnd@ct%@m@eﬂ of adustrendyetive typerigfarmeran dhe,
substraBheiaf pLerQJﬁa;}%. ?‘Hé'&‘ﬁ%hn@f‘ﬁaé H%oftBH{ &fa find d@gm n
us ormng a unct d I NN

regi ons,

relattveimalhetsmfacee@oped dfdin drid smurde peglons awﬁ:_smect an the
: substrqﬁegﬁn %% rc'orer'lrnsiuﬁi%a ion w%R%H hahﬂelr. TRR Yot ©

region has a bottom at a second depth relative to the surface. The drain
region has a bottom at a third depth relative to the surface. A doped gate
region of an opposite, second conductive type is formed on the substrate
beneath and adjoining the channel and the source and drain regions, thus
forming a pn-junction defining a depletion region. The first depth is chosen to
generate charge carriers in the channel in response to light of a first
wavelength band incident on the surface. The second depth is chosen to
generate charge carriers in the depletion region proximate the bottom of the
source region in response to light of a second wavelength band incident on
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wavel engt h band i ncident on the surface. The second
depth is chosen to generate charge carriers in the
WEWPEEIBHH r egi on proxi mate the bottom of the PEFHGREN5/000043
region in response to light of a second wavel ength
band incident on 3 WO 2005/078801 PCT/ SG2005/ 000043

the §tﬁféc§u‘?‘ﬁé‘flﬁrd és}ﬁhtlé‘ b{n}&e‘i‘ﬁBHénb?at& '&ﬂégb carieRRRL e
arge carrier etion redlion proxumtethe
deplbtiorn reyiai ptdxendleathe boﬂgnrmf the drain pegion in tedpoghke to tighia

of a {EgyavaIanath PaoR doaH el %%%?ragge%féﬁv%%L{aﬁéém%qtm
respébive ddimeRitasSn gmg et§§ @br . Al ge.@gﬂ?rfsg %tnﬂ g%e

junction are provi
junctinr drequovided hEhiis, nm:derﬁélgbtm theasutfadei aidhedivsi) m@ﬂd

and &r@&q\q%gtfﬁpdet ect egaa ?%glt urrents trﬁ‘%&' %ﬂ,lee o

ebcﬁ,@g,wc@jventl on, there is prow ded a
phot o- sensi ng devi ce having a plurality of

hot 0o-sensing units. Each unit is a sem conductor
[0011je v Incannthernasnest phiherpsesen invantion; here i Bigvi
ohotd §idhg B BT 56y B1phi AIBRELINIE KSR i o,
semicaiductor devicenddsonibed irethe tedof mebedlmgwagraphs (JFET) is

bi ased to generate a conducting channel between a
or nor

' d f the JFET..
10017 1B audties HpRel HNG AresttIaRtion, e Ripyigd &
meth&d!bf BS6to-sHMire el Hiié hathsd) A FORCLtdIRfeld réffé@ﬁﬁéﬁéibﬁi‘
section below™ a |ight transmttlng surface of the
(JFETrebiaseddo gievergieiaoeonseisting sharnel bepveen asoures arerdja

drain BESIFREAEF ol bY nRRE Blbled BRI o oRARG 06E Steia(lzrng

transmtttmr? sinfide) The qunetudihicechanmysl hawxeél I hymgpi(ijbn érdérﬁloln below
tIransmttln IS, I um nat w t I g

a lightdrRRriting SiTEAce o s JERTe fhe abserplanaaciop dias A icy

: |2 |

detenfifictiitfors ARGy $BEFal oSHbARL Edth &Y Aétﬁﬁ‘pﬁe%?ﬁﬂﬁ“ 4
photoﬂ@c;tuo specttilresporsegieaking aha distincly pog-deteyminetbsor bed

e ey
sorasesssaeaiuln s, pooicgHepeosom e ccone o

of the irﬁeesth erltgm ahswbeﬂ therein, é’é@cffﬁi!ﬂr%ﬂ §leplefed sagion

indicative of the intensity of light absorbed therein.

[0013] - Other aspects and features of the present invention will become
apparent to those of ordinary skill in the art upon review of the following
description of specific embodiments of the invention in conjunction with the

accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] In the figures, which iliustrate, by way of examgfe only,
embodiments of the present invention, '



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0014] In the
by way of exant onl

i s. which illustrate,

VJ&T%@%&%%S of the present invention, 4 WO 206’@@%% 00043
PCT/ S&005/ 000043 [0015] FIG 1A is a schematic
cross-sectional view of a photo-sensing sem conductor

[0015EVi FiG. mmls&hamatlc arossrgeetibnaintiewfof ahshato-seasing
invention; [0016] FIG 1B is a. circuit diagram shovm ng
semlt:wédteféoi devigs, exemplank af an espeedimenh of theoR! fﬁ%eni igwention;

to 1H are schematic cross-sectional views of several
| ¢ f
[001%0?&3”.% éé)éf Fr?ﬁtgﬁpesenﬁ Eﬁdﬁgﬁtcﬁgﬁ&(?pﬁﬁfﬂﬁe 11
operatiorp | i ne graph shovm ng sinmul ated spectral responses
of l'ight absorpti on regions at different depths in

|G A 019] FIG,. 2 t-of f
00173,y B s & 18larsschewaic srosssrdignal Mool S8l ng
variafishd &f thelievive dfFIGNaAdeXERPIARY of bfabddithehfé®bidhe ptésent
is a cut-off perspective view of a sensor having

inventight i pl e units sinmlar to the device of FIG | D
[0021] FIG 4A is a schematic cross-sectional view of

rootef, £ F3E 1R Rhe orPiT R ApY stk HoB ip ek oPiont

absorption segiont abdifferenteleptiis in thedeaicemf RIG. ik
phot o- sensor of FIG 4A; [0023] FIG 4Cis a

tooth. e 3R aiREe Phrapaaonial of  enehr BEHBAR bl

sensu‘ig?]i]ﬁﬁs SPildr 46 e dbive of FRGVPAI ation of the
ot o-sensor of FIG 4A [0025] FIG 4E is a schematic

ross-sectional view of a variation of the
[002013 hoFdGs 81is acubpifmerspentive vigye of aseasonhaying mnujtiple waits c

PR w of a sensor integrating the

S'm"agfensor@‘s&é%\qt/g and 4A; [0027] FIG SAis a
schemati c cross-sectional view of a conmpound sensor; 5

[0021] FIG. 4A is a schematic cross-sectional view of a photo-sensor,

exemplary of an embodiment of the present invention;

[0022] FIG. 4B is a schematic cross-sectionai view of a variation of the

photo-sensor of FIG. 4A;

[0023] FIG. 4C is a line-graph showing example spectral responses of

depleted regions;

[0024] FIG. 4D is a schematic cross-sectional view of a variation of the

photo-sensor of FIG. 4A,;

| [0025] FIG. 4E is a schematic cross-sectional view of a variation of the

photo-sensor of FIG. 4D;

[0026] FIG. 4F is a schematic cross-sectional view of a sensor integrating
the sensors of FIGS. 1A and 4A;

[0027]  FIG. 5A is a schematic cross-sectional view of a compound sensor;



WD 2005/ 078801 PCT/ SG2005/ 000043 [0028] FIG 5B is a
schematic top view of the conpound sensor of FIG 5A;

WORIH78#IGS. SC is a schematic cross-secti onalPCHSEAN5000043
a variation of the conpound sensor of FIG 5A; [0030]
FIG 5D is a schematic top view of the variation of

[0028f G F36. 5BU8 3ldchEhatic Bbp viewaoBiabatRipcundrsensossCrIRnal

vi ew of another variation of the conmpound sensor of
SA;FIG 5A [0032] FIG 6Ais a circuit diagramfor a
A-diode; [0033] FIG 6B is a |ine-diagram show ng the

V i . - di . : .
Too2] ¢, PIGS; 56 Jo & sehsfhel CheiEostiopal Heua ol b tlo
compitki $driadPePEREPFAON [ 0035] Col or sensing based on pn
junctions takes advantage of the photoelectric effect

d e neratjon qQf free carriers py |jght
[003@330?@31' g s A schemeAlie rqnqwﬁwgqaf&ﬁ% V@E@@%ﬁ%@%ﬁ&;nd t he
pn-junctions. The carriers can be collected and

[0034jet eFﬁ(?.C!s@)é 8 SBREMEtiCcIod5 S2RlioREAVISW of BRGthBP varidtidn' &n-
[(0036] An

ot her property of sem conductors that can

the campoubd senisor otdG.&A; sensing light is
phot o- conductivity. Many sem conductors exhi bit photo-

[0035° {45 A e s Mot KEFAERE, ot Ve oot conduct or
can be affected by the absorption of light therein

[0033)ec dtiGe 68 istd ind-disgrararshiosuing thenkVprefile dorcthe d-diode of
%_oto lectric effect. The conductance can increase

FIG. 8A<Rd ght is absorbed. Wthin a limt, the higher
the |ight absorption, the higher the conductance.

[0034F NG 68 PERQIINIAGRAN for 2/8RIoR MY, dependent, the

phot o- conductivity of a conductive path has a

particul ar spectral response. A conductive path at a
particular depth in a sem conductor is nore sensitive
to light of a particular wavel ength band than |ight

OBES pectral response peaks at a
par %cﬁgﬁggﬁq@gﬁ 6 WO 2005/ 078801
PCT/ SG2005/ 000043 whi ch can be neasured by

[0035] | | Geloraensing haseshboni potiunctigns:takes advantgae obtheequal
photobiBhFASLAEs Bl ol LLRE SR WP HEESORHOR e BLbRkohi
depletion regions developed around the pn-junctions. The carriers can be
collected and detected by sensing a current across each pn-junction.

[0036] Another property of semiconductors that can also be utilized for
sensing light is photo-conductivity. Many semiconductors exhibit photo-
conductivity. As can be understood, the conductance of a conductive path in a
photo-conductive semiconductor can be affected by the absorption of light
therein because of the free carriers generated due to photoelectric effect. The
conductance can increase when light is absorbed. Within a limit, the higher
the light absorption, the higher the conductance. Since light absorption is
wavelength dependent, the photo—cdnductivity of a conductive path has a
particular speciral response. A conductive path at a particular depth in a
semiconductor is more sensitive to light of a particular wavelength band than
light outside the band. A spectral response peaks at a particular wavelength,
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a function of wavel ength. Therefore, a conductive path
enerated in a sem conductor can be used for sensing
WERABHO788H a manner sonewhat sinmilar to a deplPET&E62005/000043

region, as wll be illustrated with the exenpl ary
enbodi nents of the present invention described bel ow

which%@e MeGsuredt E&?iﬂhﬁﬁr%tﬁgﬁﬁ@b@né&%%%tﬁ WﬁhCI%ﬁtj BEEQal

evi ce 100, exenplary of an enbodi nent of e present
intensity but drﬁﬁereriimauedemlms and finding the nEXimuBnconductance as

' d 102
& g o WAYREOHY e cberabsve RafCaRrated B et
semlbbﬂél\ﬁctor“céﬁ Behsé&%v SEnthg &b©0th Q%Me%@ﬁmﬂaea dirhifgre

I's marked by dashed I'ines. It should be understood
toa demetedrregms e dvnll bediustrated with the exernplery embodiments of

under st an not meant to mark the exact
the Pﬁ%ﬁﬁﬂ‘&éﬂ"e@g"ﬂ e[s.ﬁ% EFCF gﬁ receiving region. [0038] Below
exposed surface 104, there are three doped regi ons or

[0037]Y €FIG. 'Mﬂeﬁi%t@a h-‘s@wﬁig déificontaoioe delieg 00108 and
bott om gate 9}( 110. The dopi eg’ pr e_rt es of
exemplary of |@m§0dlmt therpreseptdavention. Deavise u 8%

ot G A LR e
104 exposéd td mpidend lighte 4\ light rddeiving region éaeﬁtn»p engosed surface
104 i§ iR by dabhed Tnpd ) SRouT 08 tndzpasbld ik a8 Bedhdines

are n'@‘anf’td w%ﬁﬁatbhﬁcfe%tﬂﬁﬂmg%fnﬁ #& ot sheard 0 Athrk B ek

latter; and |ayer I's of n-type, normally doped.

bOUﬂmmthe&Bffwlmms and is in conmunication
with a source (S) region 112 and a drain (D) region

14, _ i
[0038 onc%%%%@éﬁéﬁ Rﬁa?@gﬁ&hhgga %‘éé(jw%? ? 9@%@ gea‘%"’“% 8F1t act
layers: ¢éop gatel(®) dayterrids, bhaxmebdaymrmga;mi baticen gald(G4) layer
110. T8 N0 BRBABes Sh HHaskavaR e A G PUPTS RSSO BT,

are inlfRURAF A0 con PRy SRR Spslcal agscerd [ ek
indicatetieceenductive typ_mqfahetlayer@rfr@mlonPThe eglatms domngt he

concefin ¥ pifatec B 138l A s, A gadf nsen
Iayerscll)ﬁt aed 910 eire of gltﬂﬁgghﬁ f{wgner hisfe steangiy dogi@ lthb.mthen g
latter; @BHE@Y 108118 %nrod\ibo saneeal rA r%f%%ﬁ}@ ng@éyﬁg?‘ 0 gonnects
and lsqﬁEBHrﬁﬁntgﬂié?‘(‘@wtﬁ B0 8 PrEdH 112 and a drain (D) region
114, both of which have high n-type doping concentrations. A strongly doped
p-type gate contact region 116 extends from bottom gate layer 110 to the

surface of substrate 102 for efficient contact.

[0039] As will become apparent,' the concentrations of these layers and

regions may vary. For example, the doping concentrations may be 10" - 10
cm™ for “P™ regions, 10 - 10" em™ for “P” regions, on the order of 10"°cm”™

3 for P regions, 10" - 10"® em™ for *“N™ regions, 10" — 10" cm™ for “N”
regions, and on the order of 10%° cm™for “N*” regions. Conducting layer 108
and bottom gate layer 110 may have comparable or very different doping

levels, as det_ailed below.



PCT/SG2005/000043 [ 0040] On each of source region 112,
p gate layer 106, drain region 114, and bottomgate
V%k#ﬁ%@$ﬂﬂeglon 116, there is an el ectrode, PCT/SG2005/000043
respectively electrode 118, 120,122 or 124. These
el ectrodes, also known as contacts in the art, form

[004éjeer”d éadméﬁ&ﬁémgégg&] 2 GBPHaES RYEI 206 Vdiath icafon 114,

spective region or biasing thé respectlve reglons
and kottbrh gate costantregionc116, dhereris antalectrads, eesnaeliveino41)

ctec T 0 932 5T BERRGs, b B il

the afRfdfi\SlebfanterdnrilcRCiki ddtnrhiigiBhtidn WAth the aespsctivé ng t o

cértalin regions of the substrate. However, for ease of
regions fler biasingithe respeptiye segionsand for eﬁ?@é‘rm%'eﬁﬁ% GHEENtSy
ih h ers are omtted in FIG 1A and in the subsequent
ereyp i ngs unl ess otherw se indicated. The mask or nask
| ayer is also omtted in nost cases. Persons skilled

[oo41]n tie m%f be pbkénbletmﬁaﬂédaadmnbamlade inalldatmgelayers for
reg uire

or can be added. % an be erstood
elecirwnﬁalaélaﬁ@r@ma wsmrm@ av fi‘i blacking ight f&m
t
vans i AR 2 s B oo lpare s
undelatahdangnaamj ﬂ)agsubk)e or setessaryl irsulatingdayenscare @mitted in FIG.

1n, a4 B Sbhcrbnd i S 48 i, R

maskwé}cié bmmk%@ iA PRosk 28sa8 P SHBBNE Bkifed liry tHeodrRall

tween a gate and the channel. However, as wl|
undemmhap|§H¢bﬂtiaﬁ=l‘dmrem@§r@prﬂl'bbﬁ gdded; one pn
] unct| on may be sufficient for certain applications

oseg 5 RSB A AR Rl i
effect drEEE:]lsﬂmmJEEﬂ'd stmcﬁr%md:lﬁdmg murue and ahrglal regk‘aﬁﬁ 118Aantte
116 agd shannelave b and aasta lhvertl Tomteifen siherabfta. 45
depictéa Iﬁ’ ‘F'P(’:?C‘Iﬂdthé:ﬂr?é@ﬁ ers 296 1098nd 410 ep b considered a

-absor ption sectl on 130 bel ow surface 104 between
JFET shectuas aud the hwe prtjugetionskas and 438 see cppvenienthHigsmgd

betweRH 2 FoEraIE} ittt el ed GRRBRE BRRRICER oAl

- descriptich belowyroriems-jurtion h24y bedufficient éor oertam applicatiohsr
descri bed bel qw. 044 Thegg%‘?lr__ tIVI ty
and a ppdubetian ca peiaEned ayayiiom péT £8: on 130 can
be pre-determ ned. For exanple, the spect ral response
[0043]®Y IrPEGHfvetttional terminclogy, the JFET depicted in FIG. 1A is an n-
channel JFET. Source and drain regions 112 and 118 of the JFET can be
biased to develop a conducting channel therebetween. As depicted, channel
layer 108 defines a light-absorption section 130 below surface 104 between
the dashed-lines. Light-absorption section 130 has a photo-conductivity
spectral response dependent on the material of channel layer 108 and the
depths of top and bottom junctions 126 and 128, as will be further described

below.

[0044] The photo-conductivity spectral response of light-absorption section
130 can be pre-determined. For example, the spectral response may peak at



8 WD 2005/078801 PCT/ S&005/ 000043 a pre-determ ned
wavel ength. As will be appreciated, in practice it can
WE2005978801cul t to obtain a peak at an exact waPET&HGGHF/000043

Further, the peak may shift due to various processing
and operational factors. Thus, it should be

a predisteihped Wé\?&leﬁ-’th UA@%IPEé% Fec;féd iR Wﬁb%d;g?l g

means "at or near MBVG ornal

difficuihtti obtairsa pebk abbh @nabt wavaie@h oFuer; ﬁta mak may shift
 dueip Jariots Brosergand sedialivraliadpts. thios. Tseafadey "

und@%t&dh‘l 1 a8Ujsedtherbmnedt” Q%J%r@ﬂ’f in\é%ﬁsﬁ‘ém ﬁéh?’ the
channel of the JFET to detect |ight absorbed therein.

wavplkngth amummisd ropetatmgtmfmhildw@he aliogableognae of taratiosr m
unct i. onﬂ 126

can LT dERmied ABG5EnS S i St LBkl

As wilt bb'fﬁﬂhét/d@édrﬂ)@ﬁ d)ew AP eupuRSighBrdan 188 ablived #8m the
surface annel Ia er 1087is positioned between

chaqnﬁl@fthmél:liféo dﬁtﬁcitshi’ ahsesbodsfhersia. or 128 can be

reverse-biased so that a depleted (or depletion)

[0045F9! PhtlF AL el BFES! 0H 108300 AL Fh o BRGNS o

ectrrc spec response to
stacked padandiohs, tdp juhcimn t2®and @nttomqunﬁmrd‘ézﬁ twhiith ardne

N

Channif Hﬁ)fér 108 |§|ﬁ6%ﬁﬁnéﬂ|b@tw&€n ]Lﬁl&l&‘i‘s 126 Bhad 1280 SJBnbﬁdl)r'i‘st

surfdce of the substrate, such as surface 104, unl ess

or 128 ¢an he severseihiagastso that a drpletad (of depletign)-regiont | ons

covefis BT CablBbo b SR ThACE APH BRSS! 1,

respon @eiyht dncidentiohesuridte 1045nv1ﬁ¢ﬁ ischdgendehben ﬂ@dmthaife
chosen to generate (free) charLgxﬂlcarrlers in th

the couBFRENRY AEgLBREORARM e biasingoliagg applieh arrass the pn-
junctiofS RPERE dbSert Sﬁtﬁ, L de}_ 4fsf sgée reléﬂﬁ:\é%%naghpﬁmsimm

I 'nci dent on hce ctivel
surface of theasulestrate such asmatisace 404, tummskmthdmse mtluf:atech The

depttE @S FHhchdnd SR Hoiiad e i ddHIStan fgidirnd e

chanlﬁélfb”a@i Have @ifferet }pBLRal rb@ﬁohéb!sctbl [t &%ﬁidﬂ‘iﬁbn@%@b& 304.
from0.02 to 0.5 mcron so that a blu

Specifi §ﬁ{h2 @ depths argrehasendp genseate (fiee)eharge Caﬁ'lﬂfélﬂ the
 dorlef18Gor g BB CHLLANT bl <intE 7 SRt
wavelengti bandsiriddnt dml surmet'iom rés’}iboﬁflelyh ﬂutpht di@Balensuich
as cué'ggf g‘égg onenttw be rlvecli ?ro?n ggcr:h S IeP ion reglon ang The
channel, through the electrodes, to detect light respectively absorbed therein.
For example, top junction 126 may be at a depth from 0.02 to 0.5 micron so
that a blue component of light is absorbed in the top depletion region, and
bottom junction 128 may be at a depth from 2 to 10 microns so that a green
component of light is absorbed in section 130 of channel 108 and a red

component of light is absorbed in the bottom depletion region.

[0046] The thickness and material of layers 106, 108 and 110 can be
chosen so that a top depletion region can be developed from top junction 126



[ 0046] The thickness and material of layers 106, 108

and 110 can be <chosen so that a top depletion region
WeERH0He788Hv el oped fromtop junction 126 9 WO PCT/SG2005/000043
2005/ 078801 PCT/ SG2005/ 000043 whi ch has a

photo-el ectric spectral response peaking at a first

wio I REES B UBUokaekonsyin, A0t OBl reg
wavglength| such 88 abbiitct0tham; a lpdrt(xim depstmnlregispmrwé

eve@é:(s%f tﬁ)% o nﬂcﬁg« ig@ m%oe'}bbg dspectral

respfi h?‘?%ﬁﬁ%?ﬁ% skeord B ﬁ%%‘@ﬁ‘f%e@%@pea ff‘a@“ ,Sugh as,about 700
nm; mcbﬂmqnlmtmmadumm Ispagiral respomseasf I@bbabsﬁ@ﬁonmecﬂen
d t b illed t t, the
130 iigHks 2t 2 Gl QRfprmindEMavERngth 51 ah 3bolEsAA pim, A%
can u@w&smd%fy ;Sé@oﬁéiéﬁné@insth@%?‘g R Qhéﬁ‘@an&@fz@scdf'l ers.

sel ection he pre-determ ned wave-1engths. Furt

106, 308 and 100vay varydepandiigen theomateriale use and o udi ng

particGfR el A b BlE e bl Bave |RRE RbRr ABRES £ L om
proceisbingtanil opterational ¥étons) thaliiding @nvirosimbated fctévdbuch as

ns may have any suitabl e shape and size. For
temp%rﬁ‘gﬂﬁl mayaishadectegshgpestral Bppens®6 and source and

drain regions 112 and 114 may be generally circul ar

[00479" waéﬁWe’Hfro.{qQﬁé%p, il ‘ié@éﬁ&‘;ts VSﬂélafs‘r%g%and

fegions as wel as the electrodes o evi ce

regionsemayhaye anyi atgabla shaplecanchsize. Eeméxampleceach of top gate
und rstoo

oy F38 B4 Solh 64 Flns 72500, MY s v

orrecfd?@mw | ayer 108 may be epltaX| ally grovvn on bottom
gate | ayer 110, and nmay have a thickness from about 2
%ate | ayer ., 106 may be forned by

to
[0048f1i f @i%ﬁﬁrsﬂgguass aionsa$ Mell 26 the GiRctiades(or dievize: o
_ i t
100 o0 ofnet Ahg SRR Kol S oiRicORIGCEE I EMAEIEC ' 31 L
technigues, @sscanibe andersicodby petaoﬁsesdwllednn théarto 1 pm or

between 3 to 4 pm depending on whether it is nore
to hav

o SE6PR i, CALBIER I oy S 3k Gl e

gate la‘y&hi‘lﬂol ande fredly levees tHickndsadfrdrm abaah2 8 abdif ﬂu;pma f!op n
may be desirable for achieving hig

gate IQVQE apﬁﬂn@hbgform%@y difusigieand mayrhaye %ﬂwkrm'o‘zfmn very
about 6.0238HB6uT BRI PGS Sh WS sp@QFal characteristics to be
detected. The maximum depth of source and drain regions 112 and 114 may
be between 0.5 to 1 ym or between 3 to 4 pym, depending on whether it is

more desirable to minimize lateral diffusion or to have a lower channel

~ resistance. As will become apparent, small lateral sizes (in the horizontal
direction in FIG. 1A) may be desirable for achieving high resolution of

imaging. When desired, shallow and very strongly doped n-type regions (not
shown in Fig. 1A) may be formed near surface 104 within regions 112 and

114 for providing improved ohmic contact.

[0050] Bottom gate layer 110 may have a low or a high doping
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shown in Fig. 1A) may be fornmed near surface 104

wWithin regions 112 and 114 for providing inproved
WORGIZ0788Mt act . [ 0050] Bottom gate |ayer 110 nRETISEHSH00043
| ow or a high doping 10 WO 2005/ 078801

PCT/ SG2005/ 000043 concentrati on and may have any

condHERoh PR by NS P e, B

spectral ran
on theospentral tangei afiighPdesifaaDB He d’etecteﬁamdrebottbm junfliel28.

| ayer 110 may be forned fron1a 6-inch wafer with a
el layer 108 nay be

roosif' “ERFEZaate; Boliomarte vend g bo fomisd kowea nch
wafebmh(ymhﬂﬁthasé avgﬁ%%m éhat dhafnefieher 08 ARG BT 'ng

cm 3) nuch | ower

(e
epltamﬁy gaovg] on thewalarl i this G3se, bstiomrgdte laygrrido maghave a
1 ONn

dopidl ehdsiraic 650,10 2R e indr Bas tahhnhdeog v

108 (ngvaWI mfﬁgargo %@Wﬂ Belgp rﬁb‘ii“afécﬁ'%w ?ﬁﬂ%?ﬁogﬁlgm

nt ageou examnp

the depisfier regl@y developed, ér@a'sngtm1 2% Mﬂﬂabe mnlymacmed in

otofE % 935y BB S sl AL b

exampm |only aﬁﬁn ¢edhidé mﬁ)mmnaauay@m 0B ne€ditehé ﬁmﬂéﬁ

diffusion., This can shorten the fabrication

beca rcigg g‘— tiog, regipnsmarinkhextend inta bettam gatedayerctid. Asa ch
result "“eté*“d“'gw?ﬁ Eohtagtnd Riofte Pl caf bEHR A EaTBELY

and t hus er res
convegiendly foimed by dnfiusiarr Jis carysmartery theyfablioatot cyckw\andr

afow 1 AR BsAP i ad b o By 53 e ot & sl
integréatitn deriity| and Shusal Hiher Fesulutish WRYR thelaeeice Qﬁéy o8

be expensive to prepare. Further, a nore

prxelleﬁdﬂ'fg@nmmmaerraaéss phot o- conducti ve than a | ower
doped <channel. Therefore, it may be convenient to

[0052P" OWo%\lélaH it <iiaflofid ﬁ'ﬁ’i@} be HBYEILILAS |”§B% @%&é om

roma

highly gopwb B-typaﬁntafer Bobbttem gateilatdryl 19y fomexaayse to eedudaave
about 5

cost af g Hop P et VB altneiveslorRionares i, 41 ng

highly dom@aham’ielma b@lesstpﬂmu-caﬁda&wmaa%wg er dopBgnnel
aﬁer 108 is thicker and has a hi opi ng
channel, hergforg: it sray lp@ggeyerae@tdpm@wmtmauymth ohannald 124

layer 188 @ntiHifitoR! gate"BP8I$10 YBm a highly or moderately doped p-type

wafer. Both epitaxially grown layers can have similar doping levels and
- thicknesses, e.g., about 5 to 6 ym in thickness and 10" to 10 cm™ in doping
concentration, but it may be advantageous if channel layer 108 is thicker and

has a higher doping concentration.

[0053] Electrodes 118, 120, 122 and 124 are made of a conductive
material including metals such as aluminium. Conveniently, these extend

from the top surface 104 of device 100.

[0054] The operation of sensor 100 is next describesd with reference to
both FIGS. 1A and 1B, the latter being a circuit diagram in which the JFET
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mat eri al including nmetals such as al um ni um

Conveniently, these extend fromthe top surface 104
WEr200%¢7880 100. [ 0054] The operation of sensor PEDHGRE05/000043

next describe4 with reference to both FIGS. |A and

113, the latter being a circuit diagramin which the

struciirE bf &ndp A0S réprB8Ente B With Bt RtIORAI YRS Usdd b?s of

sensor 100 is represented with conventional symnbo

persanseskiliad infe @dns skilled in the art. [0055] In
operation, electrodes 118, 120, 122 and 124 of device

toossy, gt SleckPagEH BP0 72 A 144 bEAGHES 1P B

biasedd geineratt @ clerepit tirotigh iancorticting \chiaphéltbctiess goarse

extendin espectively fromtaop and bottomj unctions
112 aﬂﬂeiraﬁbrl%z@ d plsp to deudigpdop apd hotiom depleirneregipns 15

d D 122
extenfliG REpBERRASFG thp Bnd BtionPlunblighd 12 4RG 1281 Fof O
examghr, )sou_foereleatnmmsgh ) A 1Brmgy bbtgnbu:_itletd} i ebdb'yt (Eﬂlr%ln
| on .t he esire (0] rat| on . esir
electro B B 197 siva biaseq tq 8 poshe yaltaga Vi wﬁﬁsﬁtca@. et for
I t
exambféofrﬁﬁiﬁootﬁ :%etﬁcffbt(a gﬁgéel'ec ro g@g%8§ a ed tloon a

hort-circuite

modeaml desired speckahssleciyiy Yoy the aradousmutput elgaalsr tofe gates
om O

electr 188 et} 55 6 ded (45 bEdhoiiEouay Kl s Te g 1

biased®ta ethalihedative voieshealpy and bottoftaleeireéde N128ingAFbe
respectively extend along top and bottom t)dunctl ons 126

biasediqja Yollags Vozg Whishampy vapafram @ o less dhan dVd. Ascahei n
appregﬁﬁelad% Abidddifss & dHE. 4@&%%592‘?9%"1: ! he

éted regions € contrb
respecﬂwe!y @dend hiongdep aAeI bdtiom fimgtiens 426 aadit@8sarehgensrally

.parauegz«s@&“ﬁ”ﬂ@iwg@‘me.q"%a*@esﬁ i HgE AR width of
the debleﬁéu Mal 9 &ﬁ&ﬁoﬂé& b}@/érﬁﬁg the biairgov sggg?r?]e

: par al to surface can be underst oo
depletpag'egwnﬁgmcrm [ f@t@ané@i lﬂyenles.sﬁwmmdbetlmchamei ntly

verwel 1 R BRI DA 0 SURESpA o SRt B

also gemﬂral!y mﬂelctbalurfabe 4i0dnA$ bhn HOMdd rsodd drain W@%iloh 14
QWs i n

[ ral source_current

and gale, QiR A48 SHAYCITRsHIBFISNT TIPS FomSRcR et be el e
gate

sl b ra it SRR e G R 5 ik P
reach drain region 114.
[0056] As depicted in FIG. 1B, a current (drain-source current lgs) flows in
the conducting channel from drain 114 to source 112. When surface 104 is
not illuminated, there is no gate current flowing through gate electrode 120 or
124, that is, g0 = Ig20 = 0, ignoring any leakage current, wherein subscript “0”
indicate a quiescent or darkness current. Therefore, the quiescent drain-
source current lysp is equal to Igp or Iso. Current lysp can thus be detected by

sensing either Ig or Iso, or by averaging the two latter currents.

[0057] When light-transmitting surface 104 is illuminated with light 132 of a
particular wavelengths, as indicated in FIG. 1B, light 132 is fransmitied into
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124, that is, Igl,o=19g2,0 = 0, ignoring any | eakage

current, wherein subscript "0" indicate a quiescent
WEr2000078dss current. Therefore, the qui escent PAT&IGA05/000043

source current lIdso is equal to Ido or Iso. Current

lds() can thus be detected by sensing either Ido or

0057
the d\ﬁtﬁbn ? lﬂiéﬂ%ﬁiﬂ‘ﬂﬂéﬂ)éd?@d by‘ihé Ahdidd finds] ﬂiiﬁfrneﬂg E o ]

en t-transmtting sufface 104 1s
wavelemgthluogmoneafs afflight 1 @zare absenbedent dif&ngutrdaptbs Short-

indi.cated in ht 132.is tr tted into
wavejen C?UH%’P@'?%S%’? a&é‘?f Q) BAUACHon:1 4, Wity of
waveletfth cBhipoh@atsdibidheaHRY b¥fofdBotiiA 'j!ﬂibtiohn%é and long-

D fTerent wavel ength conponents of "I'i ght are
wavedangih isothpenenisfdre apsorhésiirelow Ritlom junatioe M@BgTherefore, |

the o BPBBA TE0in SR BRER FORLID i SuaBn B e o iy it

of shbiWdveRhgtRs thé BRahiid] th ligRtsbiglidh SSUTRAMBY Sbstirbs
absor bed bel ow bottom junction 128. Therefore, the

mainlydightef m-wagel@ng@&venré thaidepletion soiom develeped frompe

on A 2 sl BRI o

mainly |ight of m d-wavel engths, and the depletion
[0058] egiVohen dight is [mbdomednfrebcnhaoge parriersats generatednbaldsy/

generBSitin% dbled RolorC e, acY VA JouRBIR I PPl oo

electr@ﬂ@ ¢ ZU 86124) by tﬁ@ﬁh@h‘?@l élé‘&h@ Rell, S prolilivingy d

towards its corresponding electfode (120 or .124) by

corresponding aemaerogatecurrent lye bolfoz+ hsgatesuising dy s thus
The

intoaffl P et HbspHell 65 o B8P EiGH R 8 g B, cor e

compomentrvf :rici@e:ﬂdaghmm amebpate durtehi jgds mdidaﬁee cwghlonent
[ nci dent ht 132) ,and gate curyent
absorb% inde hﬁétom afp lgiad region, 35A f%cwppeﬁmd@‘w@%@

BReygi on (such as a red conponent of incident [|ight
light 1 Qg [ 0059] Light-absorption section 130 of the

channel has a conduct ance resi stance) dependent

or
[0059hbn pight-abapwionsestion 180 of ﬁh@d@anml hes & ¢antiugtancer(oe

resistei el HEpandirt oA E b olhon. i it BapsMhar anc e o
carriersizgb igenkrated dithidsédtions disl oohdugandinorasesnAhvigplite
SIgnaIgﬂ({gl ved fromthe conducting channel. For exanpl e t he

Hivenflighbt absaragd in m%@ndﬂc’ﬂfla ehanpelaaniig be
derivod 2 PSSR Aand - ningc, 8GR pbL e ouront
(lss) ordbe]lmweme f draimesaleoe curmgint (A4 can indicate light absorbed

in the conducting channel (such as a green component of incident light 132).
At a fixed drain-source voltage (Va-V%), the drain-source current increases

when the conductance of the conducting channel increases. The increase in
drain-source current is thus indicative of light absorbed within the conducting

channel, particularly in light-absorption section 130.

[0060] Asillustrated, Iy = Iy + Iyt + Iy2, when surface 104 is illuminated.
When surface 104 is not illuminated and ignoring any leakage current, Iy =
Iy It should be understood that the relationship between these currents can
be more complex than described herein, depending on many factors such as
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At a fixed drain-source voltage (Vd-Vs), the
drai n-source current increases when the conductance
WEr200HE8%Mnduct i ng channel increases. The i ncr 8&3EG2H)5/000043

drai n-source current is thus indicative of |ight
absorbed within the conducting channel, particularly
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changg I %]@'"fa“' tch{rghgso?sbegel ;ﬁo l—gd"?éco’h T ng c annef|

not alwayédiee%msﬂﬂd arpracﬁlcab Hlﬂpﬁ‘lné? beafetenvined im aaoﬁleurpl est
to determne t chan r.ai,n- source,.CULren

SuitaRIGamE. o PirnplsinGbe BT bR cBICHEd By SURTREHY Fof the

sensé‘cPH}%‘?ﬁ‘ ‘éﬁﬁeﬁ\%‘ kit iﬁg&@eﬂfﬁ:ﬁémtébﬂbé Eﬁfréblt fuiaeAltéﬁﬁﬁgélyl n

source current: However, such

drain mdsgate narrentswﬂn besengatbgnd Héis pag bemalpuﬁateslrtmg the .

formi i JRE g i s o e B Rl Pl RS RRO b e

Alss abbﬁ:xn‘hafewdqﬁﬁlﬁlt@ Cof 5!@0({(,1’ HpJ]e qui escent
drai n-source current /dso Al ternativel y, drain and

1006132, [EorImEssUBe Al eptals be Opghneq by meaguramert gEHE C
time df%%ﬂsﬁ@rbrl? gg'ﬁ‘é%&é‘rd%mﬁﬁatseu?c%r Cohfe q TYLAI ds

appr ox rmtey als toIs, or [Id - (/y 9&2]
measpmmant mbmpagmmmomm samesensing Wit e R ical

at seegale e TR0 EE oo ERUBRTY | reasur eren

can be perforned on the sane sensing unit, or on an

[0062] deis ¢ be brdersto, &Ir&:efi@ﬂ Icectaimrwavalbngﬂl ¢omparients
of ligh§ 4B eeeh and aimobsamgHNE IR ASRRREOTPIAN PogHRn 138 heach
drain-86i3 cB'cir’inE B4R BE ¥edNbithér &1Bhe 3P BRIt Batd S,
to determine spectral components of light 132. For example, the blue, green
and red components of light 132 may be determined using the sensed
“currents. The blue component may cover wavelengths from about 400 fo
- about 500 nm, the green component may cover wavelengths from about 500
to about 600 nm, and the red component may cover wavelengths from about
600 to about 700 nm. In some applications, the blue and red components may
be expanded to respectively cover shorter and longer wavelengths such as
ultra-violet and infrared wavelengths. Each speciral component may also
cover a narrower bandwidth so that a defailed spectral analysis of the incident

light can be_performed.
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drai n-source current can be used, either alone or
together with gate currents, to determ ne spectral
WO A s of |ight 132. For exanple, the bl uBCTHG2eN3/000043
and red conponents of light 132 may be determn ned

using the sensed currents. The bl ue conponent may
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enerate the
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be necessary to act

near 4&0 N iepeasentethecspesiral responpe of ah gbabeptioaegiematiang
ol R A3 of < RORSRLS 2 A e bR ook 3805

nm repiasevtstedperiral @2pbnseief 8A %btsbgﬂuoﬁi r@?ton[éi%déptﬁ‘bf
Il lTustration purgoses si mul ated_spectral responses

0.65 ump and jsothickness pf g m.1Therpurve neaking Reary S0BmFeRress ik
tho s BB0RASEH ] USSR 90K A8 o r Sl o

represe
thlcknemgobﬂz gm.an this ﬂebcmﬁtldh tre depﬁnmf enfegiort refefsbstbe of

curve k|n r ents t he
depth g frefite of sl et AR ohbianSgHting S8naCerept h
of 0.65 pmand a thlckness of 2 pm The curve peaki ng

[0065]N€aAs Hol ¢dn be abpﬁémét&d bp @hé@ﬁﬁ% [0} abﬁmﬁﬁe@sﬁécﬁm
absorption region at a pm and
respomﬁmm&wgathezmepqlﬁtermmeﬁ. \ga\tﬁéemthgpr mavelmtlm bpods.of

for the @e&ﬁ&é&?ﬁ%? hg ﬁﬁtetg? tcp ﬁdu%&%ne&%d?%t?&ﬁodgs ar Pﬁc e.

spectrat components of light 132 can be determined.

—J.

[0066]  Since the speciral response of a particular region depends on the
depth and thickness of the region, these parameters can be varied to achieve
the desired spectral response for the particular region. The spectral response
of a particular region can be estimated by calculation or be experimentally
determined. For example, the spectral response of the photo-conductivity of
the conducting channel can be measured by illuminating light-transmitting
surface 104 with light of equal intensity but different wavelengths and
measuring the drain-source current variation Alys as a function of wavelength.
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[ 0065] As now can be appreciated, by choosing the
appropriate spectral responses, including the

W 2804888 i ned wavel engt hs or wavel engt h band®CT/SGa#05/000043
the depl eted regi ons and the conducting channel, a
desirable set of spectral conponents of |ight 132 can

i R R G s A L e R L

I CUl ar
cond]jctmg ehargelkis depbadmtmrr theenaieﬂabaﬁewetmw 162} the depths

of JUBGHRTRAGANY 2R o %%néggﬁ%@asa{ge\?@ Gos bhersforg, the peak
abscg@ﬁsﬁ %\lél'énht aﬁ?iya tﬁ%%PQEtrﬁﬁ’e Or @Xég%gﬁh);eé@hg%;ﬁted

exper I e eterm ne .
by adjusting the biasingnasifagés,tasecarhbe ceadiiydinderstooy byipersdns

skile] e pHa i ARRP oS R/ ag SEnIHEa ARG et

var:égrtb%b?élhlé Sl b RAtRSY rp\é@tfﬁﬂ @Qﬂéﬁ?e ﬂ@ﬁenﬂ?ﬁ@%ﬁ {heg the

ral n-source current variation ds as a function of

application. éhnguiarly,ﬂbewmmcmmeeplgtmaggmmev@dme [ 0067]

contBe o e 0 ML o B A BRI e

comp?:fne’i’lt' blisibieligitZthd l@g dépinsted re?ibnjmﬁy?ha@é width @fftfbr?ut
e

as well as th i asi ng her ef or e
0.5 Pﬁb eﬁor sgngivgihe @ﬁeamemmgew qfa»ﬂﬁiblferl'eh& doe fight absasplian e
i asi ng
sectléﬁ‘P ageé@rpgg i:ca ‘?‘%}Jtundgrﬁg%@gs@n t|cz>ﬁe%rasagns
thickradas dfeboub 2ttb & pmt lt rhaly hd didvantagebbe if thel chapheltib ebout 3

o 5tk R BT i e iR

va!ue§ éﬁﬁéﬂeﬁﬁaregfdmllgﬁiﬂaﬁen Phﬁ)dﬂeg'td?ﬁ hy bBQ/éi'@E'féF ed

grons nma al so con adjustlng t he

drffer@wmnhga&@a supisas differentaubistrater mﬂf@'@lﬁsl ng the bl ue
conponent of visible light, the top depleted reglon

[00683’al RS aBoVd gi&uggloﬂgﬁﬁblag g ﬂ%u?{éj g gh pq% A | on

reen conpone

kept cgm%am ﬂmhguheaahhanjrfeﬁ Ihisygdsa;uﬂe o g&my higmng voftagésout

: m and a ,thickness of about to It e
during {128 NERTABNL0, detPHaNE g sepcira Gaanests phiah iz e
on thé meeﬁu éd l-v{;ﬁahes b6y meqegﬁéa% déeﬂétea '?@gléﬁ@‘éﬁdV al ues

al ues glven herein are [ustration

'condq@tmg @heenaln hiqweb,ethea:qnetarft@lasm-wl&@]apm@alch maay bﬁs

. di ff e
simplhf beFrin ancE i bupHESEhak TR P detto NS ap e o
depletidiErediaiity and 86hanitirdi chditheleash haserbubstantiztly finadi bl e
to vary biasing vol tages
- shape and size.

[0069] As should now be understood, device 100 may be modified. For
‘example, the doping types of the layers or regions may be réversed fo form a
p-channel JFET, which can also be used for sensing color. As can be
- understood, the operation of a p-channel JFET for sensing color is similar to

the operations described above except that all polarities and biasing voltages

_'.Should be reversed.

[0070] Further, while having all the electrodes on the same side of the
substrate as in device 100 may be advantageous, it is possible to have the
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during nmeasurenment to determ ne the spectral

conponents of light 132 based on the neasured |-V
WEr2805/078%01f or t he respective depl eted regi ons BAH/SG2005/000043

conducti ng channel. However, the

const ant - bi asi ng-vol t age approach may be sinpler to

cleoff DA HBoGAARE B kBt i . 1.

whick ﬂmﬁﬂﬁ’teg%g%dgaj ﬁer‘ﬁdnﬂﬂahmammdry iof adotl‘ﬂnendmﬂnd?gto of
t

the prespbinMaRIh: &nngﬁogelggvﬁﬁfaz 10 SRESHo T Iy §45 S57opthe

that @g@%ﬁﬁga@ EORIE 14T plRAI P! ddd 8pBuste & L

for sensin
absolptionwuifaceti@ddand, vorespondingly, thie gate-contact eeglomt‘I_ST isr

sensing color is simlar ons escrl bed
belovs pademcgaie fvariae: Sensabtecande Ghfafd, & Sipistiangse
asfof‘%@'\gc{i’ @ reversed. [0070] Further, while having all
ectrodes on the sane side of the substrate as

in device 100 may be advantageous, it is possible to
[0071]av 6As ban be appradisd itds elsopossivie bospnioy dwy a depleted

regio§ dE4epRS o ARR PR bEVERM fotefieriotil. oy es 4
concémréltf)hg of BN ERerfddAg regisnsForiexaniplenehdre one sitedofree ph-
of the present inyention., K Sensqgr 1 s simjlar to

regiors bas arqu@ highet;dopig egncspiration ﬁwrn%@ Qib?f ﬁf%?gé&'@
deplefibf Fodiofl i rbinly ieReRTH (R85 ekl (BBRAR This préperty

can be laelvgatageoualyaﬁﬂtzedgo conttdlﬁhe develophmt lob depletigat e
g eamen ghe onbid e PRBIRIL itk gD ol
strongy’ BbBEH Fidifithd 5otltc§n6§a$@ le@@s 8b Bhat the boftohd @éplég(\m fegion

l'eted region devel ops froma pn-junction
mamlwdeyelngs imthe b@ﬁnm\g@t@l gyerdn stish @écpasenthe ﬁbalaﬂemﬁ@ be

f
as thi B SpEfF 4199, ok SO0 parti Rl sl
narrovtcrI haﬁfltd‘liwawtelagfgtlhs dean %da easndetd manufactwgl, and/oricanrbai nl y
evelop in the | quer o |on ro can
more GamEAGBRGRYES 159 Poon PaieFarAtSaaiop | 16 Brbe ShirRS ot
and srﬂéllé’ﬁ{-] 1§t Abros£8bEMh aﬁ% sewficel e, the channel can be
hinif 1t is rruch nore strongly doped than the

bottom gate | ayer so that the bottom depl etion region
[0072] ltis also possible to reverse the relative doping concentrations so

that the depietion region mamly develops within the channel. In this case, the
bottom gate layer can be inexpensively produced. Further, the spectral
response of the conducting channel may be varied over a wider range by
adjusting biasing voltages. However, if the channel layer is very thick such as
thicker than about 10 pum, it could be difficult and expensive to produce a deep

bottom gate contact region 116 by diffusion.

[0073] It should also be noted that when channel layer 108 and bottom
gate layer 110 have very diiferent doping concentrations, diffusion may occur
at the interface and the pn-junction formed can be inferior as compared fo a

| pn-junction formed between epitaxially grown layers having comparable

doping concentrations. Thus, it may be advantageous that the doping
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mai nl y develops in the bottomgate layer. In such a
case, the channel can be as thin as about 3 to 4 pm
WA 24¢54&78%01wi t h a thin channel can be sensiti vePC&/5§2005/000043

narrow band of wavel engths, can be easier to
manuf acture, and/or can be nore conpact because the

con rjﬁlfHHsQﬂtdhaﬁﬁBF Ié‘r?ér 10ThRD bbb datelsyaIq0ise  and
Sna

| ateral cross-section at the surface.

compdabie] It is also possible to reverse the relative
dopi ng concentrations so that the depletion region

r0074J5; ot nplfed’st o100 S FHHE i 1G- 1P, efiirr00-8

SImlla‘F% tsbﬁéor 10®cregn thidtla tHrii?aQrm@W %pé&ﬂ—t}i}ﬁﬁl@yét 13143 is

channel may be varied over wi der ran usting

buried baBiRN OGN tayeT AGRANG botiam gaés vanide. Laype danay

nave 455 R BB PG Syl B 154 g Sghf B !

light reaémrrgcr@gam. asegakad bithedaghel lhaeenAn baeaithgd of sbns:d;rd
be noted that when channel r 108 and bottom

100" Gfhat Shgrare) T ARG Sridham G8Ge laveY 4peA] have

f
compEfRie tht BbbMG e #13d B BBt dHltoB relioh Wil el 252,
mamly dewvelopwithim bbttom daie vhybrﬂdtﬁzvhmthls paseydasdhlofhenr own

exemplat; Ep0Rieits IARNE Fininiad B A0 o befHh gald
conta&qeéidwfrﬁ@%a?% iS6RAAPTBRPIAN FEYI6R ﬁﬂﬂ%ir‘%’ﬁt&'&hmque
channel |ayer 108 and bottom gate | ayer are

knowrcasithe 8baliow [Tverrah Isnlﬂslondﬁﬂmchnweswhwris acdandayd

techmégg‘ﬂdgQ[@p&@lgjcoﬁgléﬁ%ﬁ%{ryr ontql ok e‘f’éég'hfc@{ngi/%cgofg}\g@%)
fabnca”tﬁ:tﬂifl ard chn bﬁ%d&ﬁﬂw b{gim sllr:]mada in ttﬂ&rayFtaI)r ﬁmtmute

e ayer ave, an
examRla suith e deCRARiRT Al orbo I ARSI LIGHOHYCHRy o
Semicfahauctbr mnméaahﬂ%mﬁﬁab 8y, Figntiey i‘l%ﬂ' J002 ihidashed

advant a SOr I's that channel

tncorpbm}ea; ?:gfigdwdefmencﬁnlya:tﬁl; aqwantage toé sensoenvi@0” as o
compef QRS R8RS 18 s 1t i e SRE YoliaGl Yosriiy RS AREY Fst

the top @¥sletidr Pegibn chiRibe hifiRr aRdl/ormotd@hiforakiarmide, y
enbodi nents, in order to mnimze the sensor size,

R S M s ey A
sensor 140, éﬁ%"gﬁ §afinkbRAkbaY 8P Jatd ldydroe arttHs gatdbantatf 2
region 142. The non-light transmitting portion of the top surface is covered by
a number of layers, including a first SiO; layer 144, which may be thermally
grown, a silicon nitride layer 1486, a second SiO: layer 148 which may be
formed by chemical-vapour-deposition (CVD), and a third SiOz layer 150
which may be formed by plasma-enhanced CVD (PECVD). Layers 144, 146,
148 and 150 provide insulation for the substrate. As can be understood, in the
fabrication process, these layers may initially cover the light-transmitting
‘surface and are later partially removed to expose the light-transmitting
surface, such as on the thinner section of layer 144. As is typical, source
{including source region 412 and source electrode 118) and drain (including
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techni que in high-density

conpl enent ary- net al - oxi de- sem conduct or ( CMOS)
WO005/¢78%U1on and can be understood by persons EKTISGEEN5/000043

in the art. For exanple, exanpl e suitabl e techniques

are described in Hong Xi ao, "Introduction to

drai§EBAJATRY artli{ o0k 128) dRAfRACRIGeablR. B cticRles

113rmm?md 2 AlRahhde oﬁgmnmﬁ Tie ms@comtmlsns are
t t t t Vi

respeayIay apaiL AT -0 HRL for fa ais s 0B, 510 poron,

. |1 G
charfife ‘*%3’%"2@#2&’@3{3 @“’Z@ﬁ?@#f’%%%f?g?v#é‘é’“?iaﬁﬂqﬁe Bate
contaaan‘egudmuz;em 46 "*10t072 forhsouroe agdtdeam rregiotle§12 anoly! thtde

t t t
x 1015451 G boform,cid Sontact mren 8365 friahoe] Byel 1618 gan bey
abmff%’ﬁthelﬂ ﬁYat\}g‘bBﬁHﬁedatQﬁaﬁéYﬂ%ad BE hbelit B thicksSThél 02

thermally grown, a silicon

thlckness ngmk;)i gatelayetd oeacamlmrmgsummwege feomn BAite R5AmMbe
| CVD d
The RpITG etibps] 7 195 4o BTG 1E RRT b 8t et by

pl asma- enhanced. CVD (PECVD). Layers 144, 146, 148 and

[0076P0 M Qweﬁatmmaﬂéemso@ I1409tiratli‘i eegaunh)sttmmw béef pappbe
understood, in the ri,cation rocess t hese | a ers

instead pf ﬂereawtwfém/éamﬁ RiNg RP0GS rredAn. i thip casg £
cou ST s RO, IS M,
anodeartd the sfurtaisdn effédt a Aathicde piscwdriation wande

adval gl e Sk s B R g ol S LR A1)
the cﬁﬁéé%a%/ a9R9 %’refb”ré 'rﬁbdlﬁogﬂh@“sp%ﬂ’a?é&e&fvﬁy f e sdrigyre

are interchangeabl El ectrodes 118, 120, and

espeq:amrafwammusmwhame! um The dopi ng concentrations
are respectlvely about 1016 -1018 cm 3 for top gate

10T i e g A HRe 60 onsl AR bt e o
~ gate laget atsenseml'lﬁﬂ indades amemiaQregmi 606 aodra:mowmverrmgw
regions 112 and 114, 4 101 f bot.t t

162 rgihda ety orthe cenabieaion, T ThAGY cRit) cian fige =
dopinprﬁdrﬁbﬁ{?ati&'ﬂ 8 B9t 48! Cchd) wdrtRas dnatled g@@l@éﬁw@ ring’
. |ckness of top gate | ayer can

162, ahayit 2 x ﬂOf“rﬁnr arksp pm-a;mcs;@nttz%zsdommd bew\@aab@m@

p

regior 108 478 the FhahAg BE 1085l 3 GBI it foqran 108,
prevefting bragi@iown of the junction at very low reverse voltage, and also
facilitates collection of free carriers generated in the shallow top gate region.

[0078] FIG. 1G shows a sensor 170 modified from sensor 160. The main
difference between sensors 160 and 170 is the addition of a top n-type region
172, corresponding contact region 174, and electrode 176. In sensor 170, top
gate layer 106 has a doping concentration of 2 X 10"® em™. Top n-type region
472 has a doping concentration of 10" ecm™. The pn-junction 178 between

- regions 106 and 172 can be used to develop a depleted region for obtaining
an output signal indicating the intensity of light absorbed therein. For example,
a current detected from gate region 162 can indicate light absorbed in
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i nstead of n-type, but of the sanme doping
concentration. In this case, the source and drain are
Wi20DH07g§841 | nt er changeabl e. The drain is in ef PEFISGAHN5/000043
anode and the source is in effect a cathode. This

vari ation can be advantageous because it is possible

coniyFIRIERSN AP 180 0 e assetd e ek
174 ¢dn indicate ligittrabsostsgubini de plstion ref?%scamgp? _bng'n ?Mmmiions
of. . modified fro

00771 EFIG |IF sh .
126 SUPAES. Tus, Tghab gEbed in Somlaler FaiorLaiuB PIsinchen 178
g LY s
can s B8 defrriificy. Ay SAP b8 AR AERHOR aif Bo'ddder 18 oA
very slegjlownnitge regiclopi a thin grtype twell, tham asinsitestytvezy shaliave

3, lower.than that of prptecti i 62,  about 2
P-tyDg Tegion 16 415N ADPe RS RinGE PP TEbReTeBl L 60h hERY
thin, ra7o da‘%ﬂdétectlig)gnlteﬁéhéﬁwa%@ﬁ@ﬂ{s.' ayer 108. Ring

protects cent region 106, © preventing breakdown
of the junction at very | ow reverse voltage, and al so

[0079]aciFIG. it Busisates & sensos 80y medified fram segseici4l.de i n

e B B Al EOFob e A B

106BdbAdiehaviag ddpiag roaedstrdtonldiaboud 10Pem?, Top gadelidyepn
172, corres %dln .cont act

of a top n-type region
106A ixghallpwerfhag tep ga%&avee@i%ﬁ% @A ragions ¢ op
|
develfod frofft e Ao T IRR 191 AT EIFT spBofal rsfotdeds
Alternativelyniopadate dayers 1068 amd 306Bhmay haye:similagdepigbut
.. between reqgions 106.and 172.can be, used.to devel.op
differe] 0BG SAtPRs. DVLTAY AP0 Brves AR iHITeagh GFpts ar
dop;n?:wé@ti ng the intensity of |ight absorbed therein.
or exanple, a current detected fromgate region 162

indicate light ab bed in_19 WO 2005/ 07880
[0080](%13'@&@{@8’3)5@'@% Qfgiﬁsirgée 90’ ggﬂ’aﬁeaﬁ% H&Opﬂgﬁuﬂi&i%w

180) e SV SRS o 14 TSR ARt 7 oy
‘photodsenhbon Far exatripieyan é&afmplaty ¢d@ipolihd sensorRA0 absor bed
ncopbbigrpSPRLetr 05 Dot SUAs PR RIS, ddfor R BAEH,.
otork $9BER102 13/ SRR 204 (73 ot ekt
region/208 (D), ianckukiple on 9946 Teginne 208 (h3h SoUPaYoOINS 210 on
" aréiz%rla?r? %@é:ps‘é%? t(gf),h{.nrﬂereﬁﬁ B 5ighén PARHASES inkicHit Rl
doping type and relative strength. As depicted and as can be understood,
sensor 200 effectively incorporates twelve sensing units (each being a sensor
100) having a common bottom gate contact region 206 shared by all units,
each source region 210 is shared by two adjacent columns of units, and each
drain region 212 is shared by two adjacent units in a row. Sensor 200 can be
an imaging sensor and each unit may form a pixel of the imaging array. The
sensing units may be formed in a desirable pattern other than the one

- depicted in FIG.2. Each sensing unit may be individually addressed and the
output signals from each sensing unit may be used to reproduce a color
image of the incident light. A metal-oxide semiconductor (MOS) transistor or

20



[0079] FIG 1 Hillustrates a sensor 180, nodified
fromsensor 140. In sensor 180, there are two

WOGBTHBYED | sol at ed p-type top gate | ayers 106RCAISG2005/000043
1068, each having a doping concentration of about 1016
cm'3. Top-gate layer 106A is shallower than top gate

e ST 5Pt et 1 sl denelsind sk

units! Beemmnbiaation Withatoratal addsessingocigaite to ayemmmma prolfem
di ffer [

1068rra have sim | ar,_ depth but i n
that @ dREd 16 nafmaﬁgonmwihla? Dhflem o, and b impiiafifted by
' y
prs S 53PS o ke Syl by
manes, Hichuaeby faming baratrat efifambdastiodes aasieacnﬂmdslbelgw
unit in a conpound phot o- sensor. For exanple, an

oos i RefArtagealng Sarol 2Bl ity haleRh Srtial hefiibhd £,
beca?se BP&ﬁ%ngé‘Fs%dréé{ edratand gate contsétne IHnsnMdréWér 204

ttom gate contact region 20 &p*

, and
commaen boior gate cgatas:t regjipn 20658 kg disposed fardranagthals 210

regiofd o st LN PRSI WEEoN, Bmu BB e B> 1

compdhefbhet ilcident lightimay Beashbined and hbanuoﬂbe mdmdualiy
sensor 200 effectively i ncor or at es t ve sensing
extragipd; begauserthg botlgm gate.eyrents 665 nﬁ{g? muﬁ%

e HR W YR e~

sequertdalﬁsnanmhgpam tlsat the drigircof therbmitiom ggicoeursart at @ given ed
t t S

time o3 RpTESETont arit peleRior HooRaR e B oot

sensihd BRItS 8af bedarridd dut FERSIIUS sliliable MRNnefs. FursHts skilledd

esirable pattern other than the one depicted in

in art wilthe ab@tolﬁm sHidaklgicontrel sehemesifaricamrapl the-denals skd
of h t b
fhed*ﬁ%%&‘?%c@ﬁ%%ébc%éf%%&  Thage of the Cncident

ight. A netal - oxi de seni conductor (MOS) transistor or
[0082]20 \RIG? 8 Gihistrabéda Qéﬁﬁbsmmhaﬁmmumplﬁ $ansing units, each

being fererhotA sRasersidaice T Sertse cohiniBess o il oate
er 2 [, SR glafi oot 4 o bﬁmﬂfﬂsspzdn%zfitszﬁﬂzﬁd
(p*), souras leglonﬁpﬂ%ﬁht)esptﬂsie/dp@lﬂs'ﬁﬁ@n§la1lq @), iburied dayars 312
(n"), botSn QLT Ina A rbgRRIS14HY), M ST R2Yshd S1€EA1 of which
encloses a bottom gate contact region 314. As can be appreciated, a
source/drain region 310 can act as a source for the unit on one side and as a

drain for the unit on the other side. The addressing of the sensing units of

~ sensor 300 can be readily carried out by person skilled in the art. For
" example, the source for an active unit may be grounded and its drain biased
* to the desired voltage, while all other, inactive units are put into a high

impedance (HiZ) state. As mentioned above, STl regions 316 isolate bottom
gate contact regions 314 from other regions so that the units can be densely

| disposed.

[0083] Another exemplary embodiment of the present invention is a photo-
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manners, such as by formng an array of | anbda-di odes

as descri bed bel ow. [0081] Advantageously, sensor 200
WiORP0HBE1hi gh spatial resolution because of FEASGIHNS/000043
of source, drain and gate contact regions. Moreover, a
common bottom gate contact region 206 can be di sposed

sensﬁg @'i!ﬂlf@t s in FIE—.‘-e 90 'S%r%@r Hbﬂhaéta light-¥@inkiitiRg 8lifdee

put 'signal's tfor the red” conponent” of
402 maskestbby ani @aquedayémwb Below sutface 4021w a doped, photo-

condugiVaFAEl LR AQB FonRHING HopersoulBe dgpioR APy crain
regioﬂgﬁf@/ pg ?h'i‘ﬂ @ét@%'nﬁadt ?eéll‘iﬁ ﬁﬂnéhd‘ doliftiel drain and

equence Canni ng) so t hat 't he
gate ereog'odesmt:‘hm a,candndzmaSemsnntns samewhgt gimilarde sensei

100w s 408 m RS54 oSl ARG gt

boﬁoﬁ‘%f ‘ET‘%' dgéP hoeBBNE ﬁ"éiatnl?@ sR&lAy aépih; add ahanneruayeﬂ |

sign suitabl e control schemes for [o ntrol
406 Hiisea miegliaioping Concantrationces insicaded B dae symbeh

insted ot oy HoRog e af bhaiis] Ty B3 RpRoacfty i,

sensélf 4603&0@@ né@ﬁave SeHs gate3Rger. ertheiea cmrhutmusrpggmmtlon
[ ayer 302 a conducting | a

is fonmdthqmv@en ggteg laver Adg; aodcampe! Byes 261@ G el 28 3136‘?%%3“
gate B9 412 bna PFEEafd Brdin EGHoRS 08 Khd 410, ofiiesetud 2y o1
sections! atrthgibattenBabthesdurcs andidréin regions are l@ﬂi&ﬁd @@hﬁght e

junctiggy 88 emdAiaf i Heiie SBfietan O00RS bt o pm e
juncti&ﬁ%lhzﬁ%ngrlfz@% cﬂéﬂe%y&hed{a@héd fige. e depths ohthehe

er si ressin t he senS|ng units of
bottomemrchaenel 46hane spuree and deain maommﬂ B anged1hore

I | ed | r
choselyoiqrieafh SHipRISErinS RaBe Aeh n chefneP40¢ Snd Bpfion
reg:oﬁsfﬁo@tﬁﬁafeeldv Mﬁbﬁhcﬂr&eflh 22nahd 424! ih reBHﬁmse torincidentdighb of s
are put into a hig | t
difforati NeGlRROtE Roes BTsuasn S0 For XIS, Bedintion depthyof
chanref 48 Thay, BE UeATeci 0,05 T 0.9 Hilcropg shigingbotion dépth of
the swmhd@ammnms and 416 rpasebe etwaer &3 th1 pad3 to
$ to V\ﬁ) 2|005/ 078801 PCT/ SG2005/ 000043 sensor 400
10 mi qqngs[e,sgp VM- FI G 4A. Sensor 400 has a
light-transmtting surface
[0084] The electrical interconnects are in communication with the source

and drain regions and the depletion regions.

[0085] In operation, electrodes 416 and 418 are biased so that a drain-
source voltage (Vas) is applied across source and drain regions 408 and 410.
~ InFIG. 4, itis assumed that source electrode 416 is grounded, drain electrode
418 is positively biased and gate electrode 420 is negatively biased, but
 similar results may be obtained if the electrodes are biased in other suitable
- manners as will be understood by persons Killed in the art.

[0086] As a result of the biasing, a conducting channel develops within
channel layer 408 and a drain-source current can be established.
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402 masked by an opaque | ayer 404. Bel ow surface 402

i s a doped, photo- conductive channel |ayer 406
W8Py doped source region 408 and drai n PCEGGIMS/000043

410, gate |ayer 412, gate contact region 414, and

source, drain and gate electrodes 416, 418, and 420.
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sections at the t he source and drain regions

incideantdightl ean ibki detemsingd- j uncti ons 422 and 424, which
define depletion regions proximte to pn- junctions

| d 4 indi
oone22, Vit S RO 96 i s
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drain edgione I40&Q§hd’r¢w 02 imelicm doriactnedionssi26 havena highgr

copingpresobal B g aanet B8 B8 T Atk BFb A e °°
regior] 428 mftb@'s\‘nal[, @&%ﬂarﬁﬁl@ 85 efidll ésﬁfabri&hﬂm@mﬁ:}& are

nication wt he source and drain regl ons

auow:agdChaaneblpyet 405, iy %@ﬂ&ﬂiéﬂo[’ cesdle lengtheseditron,
el e 0 i
accorgRRle fie Lhanft g agighs 26 118 el giigifine
electrdd@ds 428ege mlﬁﬁ&lﬁlds éﬂ:ﬁlpardatm td-citanrel dontact regionsda6
source. el ectro éééa igz rounded, drain el ectrode
SOthaIiﬁﬁ lighids blackef! pyisrigsteenas g-ate el ectrode 420 is
negatively biased, but simlar results may be

[00897 bt ?ﬁ b'b?x@rétfori %Te&k%tsrcfz#éreaﬁcﬁ Blagsd nd thebliRir electrodes
ulrta

manners as wll be understood b‘i/q{gersons
are biased ag fonsensorA00, P{sc;owultAg depletediregion 43(bdevalepsg,

a cond tin
et BegRHLAKLE A0S DBBIeL R 30 1 hEer RSP b kR
wider near drain 410. However, each section of depleted region 430 under a
~ channel contact region 426 has a roughly constant width. Since the widths of
- different sections of depleted region 430 are different, different sections will

have different spectral responses.

[0090] FIG. 4C illustrates exemplary spectral responses of depletion

regions having different widths (0.1, 1, and 10 ym for the botiom, middle and
top curves, respectively), developed from a pn-junction at a depth of 1 um. As
can be seen, the peak for a depleted section of wider width is red-shifted and
is higher in amplitude. When constant bias voltages are applied to the source,
drain and gate, elecirodes 428 can be used to determine the voltage variation
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WD 2005/ 078801 PCT/ SG005/ 000043 [0087] Further,
depl eted regi ons develop in the proximties of the pn-
WOL2963/978%01 particul arly near junctions 422 andP@ZHG2005/000043

Because the voltages across the junction are
different, the wdths of the depleted regions at

lon b5 B Gndee LMy i e
is depeptenteh thegspenirahcompbnasmisdiffight ienideapen sutiace 48R e

. ki t . diff t el ths. B ' t put

ehocirifar Gagf el CoBfRct 175N 128, 2, rtain aidtigaloBed B s of
! ! v f

o B e P el S R RAa Or

alongtheseharoel Alifferent speniral analyses caB.beferfumed0oBy chasesing
e o B PR RS B 4 BB 4 i
regioRO8pE&tFal Wohipongné tﬁqlﬁg@ l@ﬁn HéetcbRaTRIM B faghitude of

regions 426 can be s ow and regul arly distributed
voltage diepealongfhe shancel ditesforflove gf phetogpmesaied £lexctrons The

depeheh b Rl AL esh s B0 SRIOAREP, et it hd

gate RIPOMRINgHP B4R BE readily dstefdmetibhy persenekkilled o1 trrxartml e,

as small as fabrjcation technique allow ng. Cha}_lnnel
Furtheg, fbe slape efiwidiniasreasgon depleted reqingdlaleng the channel

can &I iR g e Wifin iadhaToypge, WA ddfisiig tre®
biasingsvaitagecorethet loottdm igats electrodecanagfesh theAgidith acrosh e
ontre o ool S S bR eBrdesn R Bhsb e,
outpugbggbll%ﬁbe ﬂi@v&ia?ggﬁﬂgﬁélsfaﬁd hRnsRict 6@ﬁbht6§n4:;ef esul t,

. J) eted region evel ogs al ong channel | ayer
determirged yporapating dip veltagsosipaalsahiained respactivelyvith and

. ' near drain 410. However, each section of
Wﬁho"&ﬁ%ﬁ'rgm@ggbégi on 430 under a channel contact region
426 has a roughly constant width. Since the w dths of

[0091]i f Pdicemdtiveds Senscr 400°daay beaperaigdas foBowsrBource and
' will have different

. differ , qifferent, .secijon
drain gy 408 pad A0S IigBG bESERD e e RS lialAT
increaSifRMPhiRh¥r §o1sde il é%@é?é&ﬁ' ke té BAch ERSNRSIS
mcreahavi _nggdi lf-f er entﬁﬁvm'sdt hs (0. 1Ién¥ and 10 pm for the
contadisegiom 426, fion exammple, stepting froaktherensgaearestlogource

. d I tr T4l h ON. .of
region HE FIREH, o GhEsYBlLHE P s dIB LR redioBRY, Ge,
During/thé! dpplizatienl of Aivoltage patke at a particular region, the depletion
region near the patrticular region will expand temporarily and iocally. The
‘extent of expansion will depend on the value of the voitage applied. When the
voltage pulse is applied, a current detected from the particular region can be
indicative of light absorbed in this temporarily expanded depietion region. As
can be appreciated, different wavelength bands of incident light can be

determined along the channel with this “scanning” mode of operation.

[0092] Thus, sensor 400° can be adapted for use in various spectrometric-

like applications and can be readily controlled electronically.

[0093] Another variation of sensor 400 is shown in FIG. 4D. In sensor
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differenicdepibst Astcane,tga aprreciaterh yvhenst

is higher in anplitude. Wen constant bias voltages

are applied to the source, drain and gate, el ectrodes
WO2R0%¢788Me used to determ ne the vol tage vari ZCTHG205/000043

WO 2005/ 078801 PCT/ S&G2005/ 000043 al ong the channel due

to photo-generated electron flow in the channel, which

s00 S GREOAGE 49015 ARTRRESPoSBRTE oy a0 i g
layer@2! &durés sgion 488° and drdinirggion @10’ have figt botoms at

hori zontal direction as depict e? and t e numnber of
stﬁ"ief er ent

o B D AP 0 i Ao

and 41hew\m dibelob atidifetent @epﬂis Megiaver, bmlseé:iunednpgmnt s
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e e g
406’ aﬁdll434am¢i mmgiyde\deémgwﬂhmhamei er 4496 dtis @isoposshle

ot o e S A PR
curreﬁ‘t? fbe d@?ébt@@fr%ﬁi g&te@leem@éiuas tandideldeo Pravitde a

brasing voltage, while adjusting the biasing voltage
slgnabfortebueamplet respgnsive & violetdue d&mlaﬂH%tDlﬁﬁ'@ isgegiral

compfiertEcon el s itiFof i€t e fod Prttbichidintay P

detecfé@fbsb %hbb@ingdlﬂ’@t@ﬁt Boitoval deptisi of the sdiree andfdralngbglmn
rm ne arln t_hevltages al s

408’ %ﬂt”a’lﬂ’e%ﬂdf@%ﬁﬁlémr@éﬂ’gpwmﬁ QQﬁﬁJ qaﬂ[hﬁ nati on.

underb 'y PLIEIBUILE 1 the 2 BotbhD saflcbFod 420 wes) B

rarn re

used forddtiest h\sidnal frdicativet didhedotal pﬁematm cillighhabsorbed by

gasingly higher voltage pulse is sequentially
Sensoéggbled to each channel contact region 426, for

exanple, starting fromthe one nearest to source
[0094] e9PCGariaton &6f Sistidor 4087l shewh iv FIG4E. Inderrsor 400, a

lied to drain region 410. e.application
MOS gﬂtgas\f@rmag enjap £ chanaelA0G’; IEU Sg&ﬁq% ﬂﬂﬁﬁq‘%s an oxide
layer %Zloéﬁg afﬁan%:%gbﬂf‘ Aa#%}aﬁ%hlcﬁuiaﬂ béé )?;r{ﬁéir%ﬁo%mum-tm
oxide 6T®n3‘herM®S gatées shmldmd byammpamledayemé olheagperation

of a MY gafeant ik srasor At ERls el ARG o sEHSA T

skmedgﬁ thé & aﬁ&sl%ﬂri&ﬂngs%%rde%chﬁmr arily expanded

epl etion region can be appreC|ated di fferent
wavel engt h bands of incident |ight can

- [0095] Other variations of sensor 400 are also possible. Eor example, a
number of discrete, strongly doped p-type regions may be formed at various

locations in channel 406 extending from surface 402 to gate layer 412. These
p-type regions may be biased to control the width of depletion region along
channel 406. These p-type regions may also be used to detect additional

“signals.

[0096] As now can be understood, embodiments of the present invention
are not limited to detecting three spectral components of light. More or less

| components can be detected. Particularly, many spectral components can be
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determ ned al ong the channel with this "scanni ng" node

of operation. [0092] Thus, sensor 400' can be adapted
WRH00@788041n vari ous spectronetric- |ike appli c®CTSG3005/000043
and can be readily controlled electronically. [0093]

Anot her variation of sensor 400 is shown in FIG 4D

dete%@ﬂﬁﬁgég‘@ﬁ“%ﬁ%@%%@% \ﬁéﬁgpo@&vg@%’ﬁ é? ayer

duffefé@n@ depirisidlowane lighteyansnitithg Sinfiicee Fuethien thd @Pecirald

drain re%on 410' have fl at bottons at dlfferené
comprnanis defestahla ape nablinied 4o the vishlasRertrum of fighiaBethar e

colorgﬁg{rﬁpédcﬁﬁqée%m%&ﬁg%gaﬂ;% @I@%[ﬁﬁ b?%ﬁ@rggféﬂa urce

embéﬂlﬁ@ﬁ@ﬁﬂh@%é@pﬂh@émr because buried region 434
has a doping | evel nmuch higher than that of channel

| 406' d that 412, |
[0087L; Ber thecritmoss&r gatgeting ?ﬁ%ﬁr@%@ Rores spiepalcomBaientag
f
the dAfFé?‘em ddnsBpd H%%’crﬂ%ﬁ%l?@ﬁ%é gegﬁﬂééfcfﬁgﬁblpgg?tg rﬂé %\}%CE Lrﬂo

al so possi
a smgllal devicao tlFm exemplmtdevicel100 ar aem@rnge'nawher eomnbined or

SN G e IR e T

sensd 45Cis disentibly) 4 %bﬁéb# 00 s@oké@ ruﬁﬂbr él%@hbbﬁhoo However
onents of ‘i nci dent gr een’

gato lyeuat2 of pensandl0 isaperaed With 8ha 6w dtedRscl Ul sensor
100 HER T BEANGHF52 St LR Plone 54
and dafa‘lels gct%@!l}: gnmntea%za@ obp-ty;?m dntli i ?odnbljy4¢@pmbns

| e LN e ar
Regiopseb4 anddpeare gt@ngE{aqa Hue (Rt cHs, Birep charthels
are fdn%ﬁfi IsblsOf 450 %gnq ASHGER fem}eé %Bﬁﬁéeﬁ‘@@ch pb%%] A

variation of sens IS shown in
ad;aceairdmnnelm "As can bmlogmlatads stich mnwned pleuiceooaaarhw

oversfS8 ol TreB Y L5l s bl -

regions'dt difftfent depttisde (17O . The MOS gate is shiel ded by
an opaque | ayer 444. The operation of a MOS gate and

[0098; Tcsmrave Fignal AUaRyeh GoBRIBed HEVERERV TS b
Iayers[tgqgglé e%ﬁéhéfﬁ'féié"ﬁu‘&ﬁsasoiilu g? ﬁ% fi@éﬁgggeﬁéslgt As rﬁ:a\ny
be seeim.p&shspr 60pdnclades pﬂypa;chraaneﬂam 502 (), i56d<(p) and 5%6
(p*), and n-type gate layers 508 (n*), 510 (n*), 512 (n") and 514 (n"). Each
_ channel layer is connected to a pair of source region 516 (p™*), and drain
_region 518 (p™*), which have different depths according fo the depth of the
corresponding channel in which they are realized. The doping concentrations
of the layers are indicated by the signs which have similar meaning as
discussed above. Furthr—;r, the double-plus sign “++" indicates that the doping
concentration is higher than a “+” region or layer.” For instance, 10" -10" cm
S “o™" 10" -10" em™ for “p", 10" - 'IO18 em 3 for “p*”, 10"8- 10"° em~for

“n*, and 10" - 10? or higher for “p™” or “n*™.

- J0099]  As can be understood, three JFETSs are thus formed. The strongly
doped gate layers separate the channel layers of the JFET from one another.

26



| ocations in channel 406 extending fromsurface 402 to
gate layer 412. These p-type regions may be biased to
WORYEB8Ulhe wi dt h of depl etion region along ®EASGA05/000043
406. These p-type regions may al so be used to detect
addi tional signals. [0096] As now can be under st ood,

, ¢ . . ] U o
As e P Etigh sR0r Bp8 ifdltged els SrandthfiPeondUbeS
typesFormasen f@m}mme,t @den?ingmwwbmgdh%ﬂaggg%é,dgﬂa,

man spectiral CO onen can .ne
formi I B SIS U b faR e OV 40 DI s AP A S g
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chanifilf HAEh B pRch tPadi et FsuRENdrs. For cchicABRRG, Hapeds
drain ap@ebie reylomoamfosmedtorcthetdubstrate inotorhinunication withhe

vi si bl e spectrum of Iight. ol ori,etr

Bot h. i c and ..
the chisael. EdmeticalinialaeyredtS 41 cominicalion uth Each prdirchon,
gévid@@t ffﬁﬁif@@ntgﬁeﬁﬁg Eafﬁ BéHoseR to [feP8rdte thargehe

arealgu ose of tectin than three spectral
carrieroinmesEohse to light afidiffareshwayelepgitsbandscincislent abdie can

al so be copbined or integrated into a single device.
surfagedfie sgspeeive Wr@eorl‘g@r%\e?ssensor 400 may be conbi ned
or integrated, as illustrated in FIG 4F. As can be

[00108PPT €Q) nstilafioh HietBoas edch a6l Shaliowi Frenels tsotatimnl y
a sensor IOO stacked under .a sensor 400. .Howeve

(STI) tesheiquay effickent electdealdasulation £an berRyaMidgd R suER Ei%BSOf
. l. . f
for insfifHliio iEPE 12 HelhppR'aS ell ol reidtiicvelittisContiftents,
on it. TS irlslﬂllwkgi d:argba .aRcﬁlmd_ ddy4ﬁsliﬂeic§ir?5 2 trengh én theodesired
nor na opeaq. n [ ren
separaiﬂ;wea)f e ﬁf@éﬁeﬁfﬁgr%ﬁﬁ _ﬁ‘?‘é fioseufiof S0b'afiEinbides
a Si0} By8r856 defiting 4 n@fich (6t v in FIG.BE) dies #poly S ajer

522 (maybe atrongly depediinsiby ssavingas %ﬁﬂgrdpégggrgng@%rqﬁpce

sese T ARG A B PR Bt RSBl

quality, a conbined device may include buried |ayers
[001 015]0 i s lamndiNayais 502504 auc508may beigtaven epitarialist GS.
A and 5B can

Their Bisknes My B soapeotiipl 1602 W7 B (2388502 5= il VP
layer %%@ﬁ g%‘é—a%%yﬁh%ﬂﬁef 88, E8SN ghteHlayeb iriky(ae @nd

suitable thickness. Gate layer 514 is optional and should be shallow, such as
having a thickness of about 0.05 -0.1 ym or thinner. Source and drain regions

516 and 518 can be formed by diffusion.

[00102] Possible variations of sensor 500 are shown in FIGS. 5C, 5D,

and 5E. As can be appreciated, sensor 500’ may be advantageous because
 the JFETs share a common source region 516°. Fﬁrther, the JFETs can share
‘a common gate signal as the gate regions are merged into a single gate

" region 524, as shown in FIG. §D. Sensor 500" may be advantageous

~ because it can be more convenient to manufacture as trench etching and
filling may not be necessary and fewer masks are required during

“manufacture. For example, a layer or region may be epitaxially grown, which
may be more convenient to produce than a deep, strongly doped layer
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channel layer is connected to a pair of source region
516 (p+t), and drain region 518 (p n, which have

Wi 20034078%xt dept hs according to the depth of th&CT/5G2005/000043
correspondi ng channel in which they are realized. The
dopi ng concentrations of the layers are indicated by

' j ch have simlar neaning as discussed
pmd'%%gv@.&ﬁglrsr&ﬁér, t he doubl e-plus sign "++" indicates
that the doping concentration is hi %her than a "+"
[0010310i OnFIG. BAyibustratesa dusdkidedevica $00 vitich Daludestar

"pp",. 1016 -1017 f "ph,. 1017 -1018. f " Dk,
JFETyRaHbaq epcivp, Devics 600 Al within 205e o35 Vi S riohln af 4y
diode't;.ﬁlag\}i]p%red@f?l% deASart AhBANENSEET 602hnd #'echahinel SFETe

rmed. The strongly doped gate |ayers separate
604. Ohe ot batinef theayEETs 602teng O04arg acearding @ribeEET 26 WO
2005/ 07880

StrucIFScEtied NG BT (1 e e NG E R A e

conm%df@@gsﬁo?{é'ﬂaﬁﬁﬁ gaité (6 oF BB, of @echUFETD isswenhdotedtd the
op us

urface, ormng pri junctions at different

drain @2 on P affhe edherolBle surface and three channels,
each between two adjacent pn junctions. For each

o2 RSB, LR A e ot and T
D2) biraestiurce 808 Therdrainrertents iy conbe measured usingarach pn

i i ded. The. di dept h
ammdier €9 A YRIGEdana PIDIS h argi 1516, BEC AR fart B8 5HEn
there éterq{?keé’bo%ftﬁ@ bgéiatm\fﬁba@s; fdt theNdgiodBE ()Y < Up4i D)

ace the respective regions. or channel's. [00100

Vieak &b Fd/@arasam&(d!)o‘ﬁ) mand needes @) orie), dminghing JERJHE02
(or 0lF G R b T S EBDR T o5 A didcen

drain bﬁﬁé&?t?‘?’hi&cﬁénﬁé &4 bes:seeitgtrdmive ans?uml_ll._llt sighaf indicating
I Nnsul atl ng varl ous.C one . on I 1. | n
the inlenaine! gy AhRaIb6R I NsonElcing dhannpkatihe JEk 802 r
. . ! A
604). fifGugrEfon AE ), B daker qllegcedtUra firart € or by
zero. AeWwilhba yirmierstendhit cantheshdvantagesuszio Baws aphetorspasersr

| 22. b d i n-Sj ) '
sonsitg ¥ oo i B oA BB ok BBt 5 o o
mode the WaiRNc@reit@iBe ussd direkciy abein/ivdivatiohfof tiea intensity of
) materials. [00101] Channel |ayers 502, 504 %I_ 5%% Ry
light absorediin theicoaduating chanmliof ongi bRIBOTiag Jg% s 602 an
604, withoBPFAVING 1 chmpart Wi a qlies @& drafifourrent. 4 Pm for

[00105] FIG. 6C illustrates a device 610 having an n-channel JFET (612)
sensor array coupled to a p-channel MOSFET 614. There can be a number

(N) of JFETs 612, where N 2 2, but only two (612A and 612B) are shown for
clarity reasons. The single MOSFET 614 couples to each n-channel JFET 612

in the array to form a A-diode. The circuit of device 610 also includes a switch-- - -
616 connected to each JFET 612, Each switch 616 is connected to an array
switch 618, which is in turn connected to a signal source 620. Device 600 is

o grounded through resistor 622.

[00108] MOSFET 614 can be a depletion-MOS (d-MOS) transistor. It
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| ayer 504, and 0.05 - 0.2 pmfor |ayer 506. Each gate

| ayer may have a suitable thickness. Gate | ayer 514
Wi0s208H9788Hal and shoul d be shallow, such as h&®€T5Eg2805/000043
t hi ckness of about 0.05 -0.1 pmor thinner. Source and
drain regions 516 and 518 can be fornmed by diffusion.

S S ¢ i
may b YeSraplE Rt S pAEnRc) SROS I RING! had P oK
volta§8Quchieas bempdrabié & theucutiofivoltage of i EIFEEE2 sb dinat their

conmpn source region 516'. Further, the J FE\T‘i 3§
curreghaelaag%cwmlsgaﬁ are;cefRRlementahe %@ﬁ@apea HOS,
ranoBF35 BBt Ll Sl cafnd EAdonsh glomn Ao
transistor ib ¢he®MOSaechnology, especiallyivearunehasnel drichs have to
et chi nghand filling may not be necessary and fewer

be forpeq endhe SamRAeWeeduri ng manufacture. For exanple, a

| ayer or region may be epitaxially grown, which my

DT @\ COAH B P VRSB Switd1RB18 i1 CON?, theodiptiys in
IOMd(?gped ?\ayer gg'ua%érzs%%%/ 078801 producéd by diffusion

the arpay maspbesiroo fanctionabsergjerntially. When| switthrt&is ‘OFF, the
) . . . o

oeto GASHIEE o515 Gkl RIS G i APl St

618 iX8Withaas to YONUISWitches 316 sre S&fuantiallytizned HON" drdORET

. JFET 602 and a_ p-channel JFET 684 One ok?g%tg.oE th&

to seleﬂ@maﬁw!a;n!f%ﬁﬁ%f@m ighg- Oyt e s 16 is tume

it ,t {4 i .
0O S YRR el P e1a et ol ie Sl 0
other one&aye irfactivehWHeRTa iIIEET Giistantivepit chp bedusadhto deted

D of the, other NET Q01041 In er atd t age
spectigh coBnanshic el tat s desriba abeve MR Iricfe o o' 20
select2fl _ls"egaeﬁﬁéuy DR G IHE /RS thé agtve DPETRRMLBE

usindg an anmetér 606. A typical Id-Vvd profile is

identifigebun in FIG 6B. As can be seen, there are three
possi bl e operation nodes for the A-diode: (a) VD <

eak, : ) ; .
Tou1og CE. 0y Syog hbb QS ety Hu=rbite ot eny of
the abovglieseaibet phote sensdrsuyesensirgidesdces fnraxamle; $ikicon

‘ jescent ~drain current. This chan n,be used to

* and a glicpibased sarpReUR sHRFARRRMAK BRBSSEHERT heSRe Tty of
semic%fa 5 8?9@9 Haedbpad Witk afgsdiftabie dopiRg msteriaf to distaihfthe

desired layers or regions. For example, phosphorus or arsenic may be used

as dopant for forming layers of n-type conductivity, and boron may be used for

p-type layers.

'[00109] As can be appreciated by persons skilled in the art, a p-channel
JFET can be used in place of an n-channel JFET in some of the exemplary
embodiments described above. The operation of a p-channel JFET is similar

to that of an n-channel JFET, except for a reversal of polarities of all currents
~ and voltages. Further, in many situations, the source and drain of a JFET are

interchangeable.

[00110] Other features, benefits and advantages of the embodimenis
described herein not expressly mentioned above can be understood from this
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604). In operation node (c), the dark or qui escent
drain current is at or near zero. As will be

WY ®B¥dd, it can be advantageous to have a PCT/SG2005/000043
phot o- sensor or sensing unit operating in this
"normal -of f" node. For exanple, in a normal-off node,

| ly as an
descnﬁ@ndé{?fl tﬁﬁw#\&?'ﬁ Wg% § |§tk§3l%gf"(il lulli‘? éﬁt absorbed in the
conducti ng channel of one or both of the NETS 602 and
[0011834, WOf bowsethei algo\te)desnnlnadeembmdhnmnﬂsj ass indendatt toibe

current. [00105] F|.G.,. 6C str te VIC 610
illustrative eRly aRd in BAXYME imatrf\STJ{ 98@%@#2 bgﬁ %é‘lﬁ%| ed

suscdgioh By BIYIREHRERERE of i, Bbpenend pareynbes o
order ®f 2pgration. Biinvehdion, tther, is/intendeashio. enmcmmsssgalbsuch

14 coupl es t hannel JFET 612 in the
modif EQ’Q“@ iryifsy eAQ:ﬁ%Efe. th% MR of device 610

al so includes a switch- 616 connected to each JFET
612. Each switch 616 is connected to an array swtch
618, which is in turn connected to a signal source
620. Device 600 is grounded through resistor 622.

[ 00106] MOSFET 614 can be a depl eti on-MOS (d- MOS)
transistor. It 28 WD 2005/ 078801 PCT/ SG2005/ 000043 may
be desirable that this p-channel d-MOS transistor has
a high threshold voltage, such as conparable to the
cut-of f voltage of JFETs 612 so that their
current-vol tage characteristics are conplenentary. A
p-channel d-MOS transistor is advantageous because it
is easy and convenient to forma MOS transistor in
the CMOS technol ogy, especially when n-channel JFETs
have to be fornmed on the sane device. [00107] As can
be understood, when switch 618 is "ON', the A-diodes
in the array may becone functional sequentially. Wen
switch 618 is "OFF", the gate of MOSFET 614 is
grounded through resistor 622. In operation, switch
618 is switched to "ON'. Switches 616 are sequentially
turned "ON' or "OFF' to select a particular JFET 612
for sensing light. Only one switch 616 is turned to
"ON' at a time so that the associated JFET 612 becones
active and the other ones are inactive. Wen a JFET
612 is active, it can be used to detect spectral
conmponents of |ight as descri bed above. Wen JFETs 612
are :
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sel ected sequentially at regular tinme intervals, the

active JFET can be identified. [00108] Any suitable
WOSMSYGRWact or material may be used to form an§CHEG20R#800043

above descri bed photo-sensors or sensing devices. For

exanple, silicon and a silicon-based conpound

subst ance nmay be used. The base sem conductor can be

yswtable doping naterial to obtain the
WHAﬂggaéﬁ%ers or regions. For exanple, phosphorus or
ar sen opant for formng | ayers of

1 A?P’f‘&'f'ﬁgaﬁ%aﬁggﬂcﬁ ?Wpﬁﬁasboron may be used for p-type
| ayers. [00109] As can be appreciated by persons
skilled in the art, a p-channel JFET can be used in

a gyjbgiratehavind @ el JFET in sonme of the exenplary
enbodi nents descri bed above. The operation of a

fUttiod Eefining #1ifst dapletion rebioh fofmed om sdid snbstrate
E“?ﬁcl':ﬁ}ﬁ exclg t grnaa revergal of %m arities of all

atamﬁrstedﬁrﬂh relative/to saigsairfacar ther, in nany situations,
the source and drain of a JFET are interchangeabl e.

ﬁgﬁé %’d&%@%’? égﬁ@“gcr [ ed her%iéhn&pn%t eﬁm%ﬂf

subSthith &t atezondadeptin rélative te saitcuface sleeper sharpsaig first
2005/ 078801 description and the draw ngs by those

depii | 1ed in the art. PCT/ SG2005/ 000043 [00111] O
course t he above descri bed enbodi nents are intended

a dopell Plgétbl-dbﬂdlﬁ'.’clw ehaRh fentled pnideubsiratet betgeeiisaid
scribed enbodi ments are susceptible to many

firstradd fsecond prsjubetions, m  arrangenent of parts, details
and order of operation. The invention, rather, is

salfi q.@&n zﬂﬁlg%éc%ﬁgégﬂ ggogéh tﬁ géh?rdi@m@ tha % 20%13 181175%% .
fi rsWiléﬁleh&) regibhER résporise tA Ilghlmtarfmto&l@veiaagihdland incident

on <9 r ngﬂ upstrate DavLog &' &pietion region in

response to light of a second wavelength band incident on said surface,
and (iif) charge carriers in said channel in response to light of a third

wavelength band incident on said surface,

doped drain and source regions on said substrate in communication with

said channel;

first and second electrical interconnects in communication with said source

‘and drain regions, respectively; and

" third and fourth electrical interconnects in communication with said first

and second pn4unctions, respectively;

whereby incidént light on said surface at said first, second, and third
wavelength bands may be detected through currents through said first,

- _'second, third and fourth electrical contacts.

2. The semiconductor device of claim 1, wherein said first depth is between
0.02 to 0.5 microns and said second depth is between 2 and 10 microns.
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a first pn junction defining a first depletion region
formed on said substrate at a first depth relative to
WO05/58%0ace, a second pn junction defini ng aPEESEANS/000043
depl etion region fornmed on said substrate at a second
depth relative to said surface deeper than said first

q .
. THERHisoRPET Boy P B ST 4P iR VB S SRR e
cdipllisedcd semicondatidr Mafert saiticisaruslds dpifiiallyogrosenon o
generate (i) charge carriers in said first depletion
Sﬁ*@g‘lﬂf@f in response to |ight of a first wavel ength band

incident on said surface, (||) charge carriers in

. Tﬁ@é&nﬁ% U&of’ﬁ@tn@% ﬁf’g% g 5t &imé ?%@?Jnﬁrﬁetéin:cshﬁf't of

a secon wave ent on said surface
elenrtdcéll mie)cmtrmc@amhsaxd sufaice araian alsamesideof rsembo nse
%%ht of a third wavel ength band incident on said
doped drain and source regions on said
substrate in communi cation wwth said channel; first

i Tﬁ@é’erﬁeeﬁaactst 8slicé sraény SHE STUMIARS $to 8, wherain sakt firet

sal d source and ‘drain regions, respectlvely and
ser:nnd andtbird electricabinterconnectsi and-said stace arg on a same

S TR 5008 Bkl PR AEORtls o o

oppobite sidefafeaidéulsstriate.f i rst, second, and thi rd
mavelength bands may be detected through currents

h d f d, f
. TheSeRniBpRaHotor it & arl oA lTEoh L 2: STHRBTNg 2 top
gagé ?dﬁr%? djeh %éﬁd%%ﬁnél'fb?ﬁn ehta first b WRidn #hdad to

d said secon ween 2 and 10
bottony gate regunnmrdmg/sawe@mnm@fpmld $e0208d PN-The

d
P G e o et BBt 8, 8 g festte,
dofEa6Rah dpposite, isecond cunduotive type, $musiforadreg a jl4nct'ﬁme
sen conduct or devi ce of riaé% one of clains 1 to 3,

fieldrrffast frapgister (rET) on &3l Hrdl8nnect s and said

surface are on a sane side of said
. The semiconductor device of claim 6, wherein said first conductive type is

n-type, said channel having a doping concentration from about 1E14 to
about 1E16 cm™, said top gate region having a doping concentration from
about 1E16 to about 1E19 em™, and said bottom gate region having a
doping concentration from about 1E-14 fo about 1E19 om™.

. The semiconductor device of claim 7, wherein at least one of said source
and drain regions is of said first conductive type and has a doping

‘concentration of about 1E20 cm™.

. The semiconductor device of claim 8, further comprising a contact region
formed on said substrate connecting said bottom gate region to said fourth
electrical interconnect, said contact region being of said second '

* conductive type at a concentration of at least 1£19 cm’,
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substrate. 5. The sem conductor device of any one of

claine | to 3, wherein said first, second and third
WOI280%¢78%4| i nt erconnects and sai d surface ar ePEH/S&2005/000043

same side of said substrate, and said fourth

el ectrical interconnect is on an opposite side of

10. TR Semidthaliet ge\gée goﬁg‘f SRS FUSlHE PTo JeNirBRr BENPRKINY'S

iS|ng a top gate region

topdidegioﬁidggtaiﬂdirst ct{mdunﬁafe_ typeniongedarosdiil _rsgbstlgatej befuiciepn
an a (0] om gate egl Qn ol_Nnli S nnel.

e oo ST o G AR
deg‘{nir%jé iR dé@i@%ﬂﬁﬂg@gﬁ. A AShird abtORIRIVea8i 2 sudassd

OppoSI conductiVve type, thus formng a
arjd.ans tleetrical intdrdomidob 81 comamenication Witk ERjd thirdsdepletion
substrate. . 7. The sem conductor device of claim®6,
regiesfer Aetesgling ?icpg?nﬁﬂﬁﬁﬁ Pe type is n-type, said
channel having a dopi ng concentration fromabout 1 E14

11. THPserfiROnbudbrGevidBlof &9y dnbaf clifiie 6 Ro9 Ofarthay compaising

opl ng concentration from about | El, 6 to about 1 El

arcadditional dopigateiregioptof smid geeond gprRLGtNG e TormrehPRg

e

defififa HIRI deplétiindegion; emd aveledtricah intergionnsct in of sai d
first conductive type %rlg, has a dopi concentra{i on

cogmumsation iy saidhhird depielicfiiaaiayh it etz etiB A U

the‘,;ljeﬂjom 8, further conprising a contact region forned
on sal'd substrate connecting said bottom gate region
to said fourth electrical interconnect, said contact

12. Theesgimiooheuatey devicsaoftlainn dildwherein@aid top gale rggiops have

concentr.ation of ?éﬁ%east I EIl 9 cm3. 32 W

diffeigal ¢pping fOREeplre 5/ 000043 10. The semi conduct or
devi ce of any one of clains 6 to 9, further conprising

13.Tha sééﬁﬂolg&ﬂitmewgcm dlaitn ridy ;utmﬂnaaid/ migquﬂji'(fjﬂﬂtWS@i
said substrate between said surface apd said top gate
a dapdh selative\ipssaid susface %ﬁqﬁ?‘ﬁﬁsﬁ‘ﬁhﬁi&ef’ﬂh defining a
third depletion region at a third depth relative to

14.Thgaée%iéaﬁ&ﬁ@pdevﬂiédo@hyebﬁétdficraamsiewf@w,qnn@.@in said

ommuni cation wth sai'd third depletion region for
chamnalcompyises aburiedtregian adioining said bottom gate region

forming said second pn-junction, said buried region having a doping
~ concentration higher than that of said bottom gate region so that said
second depletion region mainly develops within said bottom gate region.

~ 15. The semiconductor device of any one of claims 6 to 14, wherein said top
gate region comprises a central region and a protective ring region around
a periphery of said central region, said protective ring region having a

~higher doping concentration and being thicker than said central region.

16.The semiconcfuctor device of any one of claims 6 to 15, wherein said JFET
- is a first FET, and further comprising a second FET having a source, a
drain, a channel of said second conductive type, and a gate of said first
conductive type, aid source region of said first FET connected {o said
source of said second FET, said drain region of said first FET being
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11. The sem conductor device of any one of clainms 6 to

9, further conprising an additional top gate region
WEREA7880% econd conductive type formed on sai BCT/SG2005/000043

substrate adjoining said channel, thus formng a third

pn junction defining a third depl etion region, and an

ccﬂq &gd 16 %15 éi[ GhE'oF S0 dE?"%Bid'U%hldv%am sdodiil FET

on reglon tecting a current
béifipteinetad tba gatecreion a:fosaid dirstri-Eiethae farming & dual4
wherein said top gate regions have different doplng
FEbAGYWA®r ati ons. 13. The semiconductor device of claim
11, wherein said third pn-junction is at a depth

17. Trge%%fosﬁd o@oﬁa’é Hfélﬁi?ﬁ 169%ePélﬁ%a&ﬁFETfls BSIFEERE B,

€ sem con tor device of one of clains 6 to
dépﬁatiommeial-nmdalsemlctbfaiumr EE?MﬂrM FEWBuri ed region

adj oi ning said bottomgate region fornmi ng sal d second

- t d
8. THECRRBRORUReS e Bt b o fégp 87ty fuftfeh Romprsing
0] bﬁaldmcﬁ@ régahs o aflernatingrubndeptiv types rfegneah omesaid y
devel ops within said bottomgate re ’6;1
subsinals sudansing frovsaie bGHOBHgaBredin Bvay Y o sell surface,
IR A & (5B adibnacsh AhciBRBEt 8fferéncddpths!

a prote Ive rin regi on ar ound
relativd W o soffaceand mmlngloneerg] reare add lﬂomlcnl'@fmeleeeaﬂh g

ei"i?ﬁgéfg&\fo @Cﬁ gglgt&mlue ions; @&Hﬂna %%ntegacgjaﬂpaﬁa dolifde®
re@ﬁﬁgr &R %Qgﬁﬁsggféé’rin%%uﬁ%tmlﬂf efititone df shﬂi dhe or

Is a first FET, and furt

mure mdditishakchannels; nespreetivaly and () additional %Iectnca' a

annel, of said se te of
intSopaneets & coBpmiEn Ry Sai hddifotal R iR BAL
junefibRs Ahd Shidrdnk 6OMBAS bh&h@!sﬁwhdreus san:bﬁffeferﬁa:lepths are
second FET, said draip region of sai.d {] ‘i'%f be| ng
chasen/io gesesite chane camietesEsRaRes 40 ligbhakdffereito sai d
f i FET
waflgiefigth baiisInaEAEtn Saib sttace Rispoparly FRLATARIOT
mord vsgions, m'hEJelay thcident RiEIﬁt OG\aauissu:iace oheaiddlifferemduct or

el andautay b eseced it i pbeiry Shikerind

drain regions, and said additional electrical interconnects.

19.A semiconductor device, comprising

a substrate having a surface;

a doped, photo-conductive channel of a first conductive type formed on
said substrate beneath said surface, said channel having a bottom at a

first depth relative to said surface,

_doped drain and source regions formed on said subsirate beneath said
surface in communication with said channe), said source region having a
bottom at a second depth relative to said surface, said drain region having

a bottom at a third depth relative to said surface;
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18. The sem conductor device of any one of clainms 6 to
17, further conprising (i) one or nore regions of

W 208Y47880%1ng conductive types formed on said SGBESGRASH0043

extending fromsaid bottomgate regi on away from said
surface, thus form ng one or nore additional pn

] [ -de T
2 3PPl o rcRlorfef P EBOIET BRckid oAV tife e on
saldghbstatt \beasathvendiddjpining said changliaod saidi sgurce and
addi t i onal, doped, drai n.and soutc.e r& ions on said
drgiEgianee s TOBRIAGA PRISTEROR,CETEE 2 AERENEN TBAON: one
nore additional channels, respectively; and (iii)

or
. on: ! lve d (]
sagmﬁtﬁ dt epgi %rgig._%ﬁ_tblr?gefabrate Rh&fgRQRRASE SN $hi§ eRBHAGKAL | ON

i
ga Itio one or nD[e‘ n- Junqtlons and
responseotodight ofva fiestovavelangih bang insiaent Kirusaifisustasst

dept hs are chosen to generate charge carriers in

o apaurt s chbten i oShorsRl @has PRSI AP 4gRMon,
refRhroKaiafs §aidV!§tﬁf(ﬁ|bbf b4id isdarde Heb@htim@sgahée $o! lifjlatosf a
of said different wavel ength bands may be detected

secand weveloapth band incigant os SHEINENE drain regi ons, and

sai d additional electrical interconnects. 19.A

fbem? e : B8R N a
Sasur rgéﬂé%“g&%sped, %%’cﬁr%@c%l 4 c?%&lgrszﬂgﬁﬁiglad%? a first
region guaimate $3idbdtomrofisaid drainiregion irs respenssetee fight efa d

syrface i d channel havi ottomat a first
th'&ﬁff?@?@i‘t%ﬂf&'ﬂ@dggk8n§ﬁ|dp%fécgdoped drain and source

regions forned on said substrate beneath said surface

firdt AnAQBELAA eRichidhl Mtbltonabets dh somelunieation ity szid segreen
having a bottomat a second depth relative to said

and @raindegions, rgspealivel¥iegi on having a bottomat a third
depth relative to said surface; 34 WO 2005/078801

athird éé??@%ﬂn@&%eﬁﬁea iﬁ%ﬁrﬁnﬁﬁ&ﬁidﬂﬂi‘tﬁ e pAGUABKSIEI t €.

secon onductive type torned on said substrate
beneath and adj oi ni ng said channel and said source and
wheretiyrineidgnblight onrsaid surface gt said firgtuseceadh and thiidhg a

wallgRngl! Ghels pd Be AQePtst thithiofl lronts BRBRahSRERREE, ®
sedndd ahd thitd sieficaitbrdoangctsnci dent on sai d surface,

20. The semiconductor device of claim 19, wherein said first depth is from
0.05 to 0.5 microns, said second depth is from 0.3 to 2 microns and said

third depth is from 2 to 10 microns.

21.The semiconductor device of claim 19 or claim 20, wherein said first
conductive type is n-type, said channel has a doping concentration of from
about 1E15 to about 1E19 cm™, said source and drain regions having a
doping concentration of about 1E20 cm®, and said gate region having a
doping concentration from about 1E14 to about 1E15 cm™.,

- 22. The semiconductor device of any one of claims 19 to 21, further
comprising one or more contact regions of said first conductive type
formed within said channel distributed between said drain and source
regions, said one or more contact regions having a higher doping
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24. Thsssecsm!cemtaiqtmz@ﬁ\n%@fr@wm Gﬁiﬂ?%ﬂ

25. Thejsemieondy

said second depth chosen to generate charge carriers

in said depletion region proxinmte said bottom of
WOL085/4788%Mce region in response to |ight of a PEESGAS000043
wavel engt h band i ncident on said surface; said third
depth chosen to generate charge carriers in said

cdﬁ%@hf?’éﬁéﬁ‘thaﬁeﬁ:d’&éﬁr@'d’fﬁ{]& é%cﬁlc’fﬁ!'iﬁtéfﬁdﬁne‘éﬁlrpc&ﬁ%tn

I'on 1 n response t hird wavel engt h
w‘ﬁaadch une déaaud mmeammbn:ewo‘nm reglomtfoadetmngram output
el ctrl i nterconnects in conmunication with said

si e'QHH drain regions, respectively; a third
electrlcal i nterconnect in conmunication with said

23, THE“sédHI?BBH&’&or u&ﬁéaesf/amwéhé aﬂblatmg htg 10D B ailsbrei & aab- at

Irst,» second, and third wavel ength bands may be
regiendn said gate segjan adjoining §atd1¢ltﬂ!'g1e| samprisess burieg Lﬂ.’lﬁﬂ

et < Biale FpPg cbhBentiftir| GRREH Shadiel Pastoimit, o,
exfkﬁ%ﬁdh &Bsdid @8plefiof Pedion thitb saidgatesregion.d second dept h

from0.3 to 2 microns and said third depth is from

to 10 microns. 21. The se conduc £1§:f e of claim
'd'fcth%re type is

outiﬁ??%%’?gﬁboﬁté%o\mtﬁ%EIJE%%%HHQM Araiff

co rp cm 3, sald source
regiod, allmﬁtai layeri fomed anisaigl oxide dpyierdhus fierming m@mlnf

%%%eﬁ@ﬂﬂ%@ﬁb Fﬂ P %5%%?&[ g"&‘g"’g’%‘\éé{g PE1s

ghicadion WP s8i8 'Hn@famayet- fir GBIy &cuRent anstefrbm.

al ns 19 to 21, furthér conprising one or nore

cont act c%ons of said first conductjve t for
rdevinecof dpigy §9.Jurtber sempESGa ﬁ\4 & amﬂﬁ

cof@H i R b UGB D 9Nl dispite
rediSi b&hA1A w=id Addifional mhanneh dioped tsvamces and dramegionsand
commuigoBBIL s EaR] uanal P plactial sEBrcyaRt
in @ﬁ!ﬁ’:ﬁhzcaﬁbﬂ Wth ﬂ!éifé&&ﬁl@ﬁhi date réfionsordetstling Urrdinyi ce
any one of ms 19 to 21, wherein a sub- region

therefrerairdspaativelyegi on adj oi ni ng sai d channel conprises a
buried | ayer

28. The semiconductor device of claim 25, further comprising source and drain
regions in communication with said gate region between said channels for
- detecting a current between said source and drain regions through said

gate region.

27.The semiconductor device of any one of claims 1 to 26, wherein said
substrate is made substantially of silicon or a silicon-based substance.

28.A photo-sensing device comprising a plurality of photo-sensing units, each
 unit being a semiconductor device of any one of claims 1 to 27.

29. The photo-sensing device of claim 28, wherein two or more of said
plurality of photo-sensing units share either a common source region ora

common gate region, or both.
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havi ng a hi gher dopi ng concentration than said channel
so as to limt extension of said depletion region
WO/ 88 gat e regi on. 24. The seni conduct or BEFSE2005{000043

any one of clainms 19 to 21, further conprising an
oxi de layer in contact with said channel and said

30.T|féa§féélofér’?§gin§fhe&e'ﬁt&éin4 29/ 8F clatf PedwherciR ssidpussiity of

ormng a netal - oxide-sem conductor (MOS)

phié-8ensing uaits foraca pattein fonimagiognect in  communi cati on
with said netal |ayer for detecting a current

therefrom, 25, The sem cond e '
31. Thaphoiasepsingdevice,t A Aith of %Y, t"pg%rq@h@ﬁ@ef% o
e 6rada bt f}ﬁﬁtb ked arichélowrzmotisrped gate
m?egl on%éﬁ%tgt%%ggp adéeiﬁte?gélbal channel , dgped sou?ce
and drain regions in comunication wth said

32. A arbthad ofphotoisensiep camprising| ectrical interconnect in
conmuni cation with said additional gate region for

L R T L R P e

source and drain regions in comunication with said

a @tiductieg chanriet beteeersaisdurdesantb a siraiprof saist Bt T neaid
current between said sourcge and..drai '
copeeimGphABNPLERARG a0 PDSPRICCCTRRIE dei s gBl T eleaftay,
suﬁﬁge of s@h %FET, é?fd%&@rpﬂﬁi%@cﬁi@nﬁﬂmg & phstetirenined nade
substantirally of silicon or a silicon-based substance.
phat-donphutivitysspesitral repponse, adthpri sing a plurality of

phot o-sensing units, each unit being a sem conductor

device o [ e
ongb e dlepigd fadiofe bl foid fiahBafiomtihg Siftace each
ha@ihg$RplbtoRiisdtat spycted] resmirnsespeating atadistinet pre- ei t her

a conmpn source region or a conmon gate region, or
detssminedhwavglengihs/ 078801 PCT/ SG2005/ 000043 30. The

phot o- sensi ng device of claim28 or claim?29, wherein

. i ks 1ali whg lighi;ts forma pattern
ilufihatind] $idlightraftemiliie) Safaioits iy p

gl ng. 31. The photo-sensing device of any one
of clains 28 to 30, wherein t or [re.of i d
sensiog ancuiteit-signal dedved o5t sexlehapne! Baicate Al The
intSrsity STRRPSbro8E Hidteff BhENg compri sing:

for each particular one of said depleted regions, sensing an output signal
derived from said particular depleted region indicative of the intensity of

light absorbed therein.

33.The method of claim 32, wherein said one or more depleted regions
comprise two depleted regions at different depths below said light-

transmitting surface.

34. The method of claim 32 or claim 33, wherein said sensing-an output signal

comprises sensing a current.

35.The method of claim 34, wherein said sensing an output signal comprises
sensing a drain-source current from said dsain to said source through said

conducting channe!, and said sensing an output signal derived from said
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biasing a junction field effect transistor (JFET) to
enerate a conducting channel between a source and a

WEY 2803078801sai d NET, said conducting channel h&ECTHG2813/000043
absorption section below a light-transmtting surface
of said JFET, said absorption section having a

pagﬁ@jlgleaéﬂi&?ego ¢ %ioQMreﬁge%ﬁgingié %atémbhafrohearymém

one or regi ons Dbel ow said
conitat withrsaic patticulag depleted egieach  having a
photo-el ectric spectral response peaking at a

36 The natiad RGP0 FPUORS B oS et o,

gk signal derived fromsaid channel indicative of
C‘WE %ntensmy of |ight absorbed therein; and for each

particul ar one of said depleted regions, sensing an
sepsingla seurge surrettiromcaid powics guing said Bumipatiidh| et ed
region indicative of the intensity of |ight absorbed

oA il SoTFENRA 8, 1) 22 ey el

regions at different depths below said |ight-
calouttingisaid dais-sotmescurient byisubiractingdfrom saidiseuB or

cl aj m_ézB, .wherein sai d sensing-an out put signal
cupshhsaid auiescrt sRpree CUFPRL: . 35. The nethod of claim

34, wherein said sensing an output signal conprises

37. TheGREIDE of cillir 35, SRieTemn i semding aanainasalirde urend sai d
source through said conducting channel, and said

coBpniseslg an out put signal derived fromsaid 37 WO
2005/ 078801 PCT/ SG2005/ 000043 particul ar depl eted

j ' ' i agate in
seh il Ao it Sl WP e 2026 The
nmet hod of claim 35, wherein said sensing a

obthiwing aspuiestent draissouresoepréniednd sensi ng a source
current fromsaid source during said illumnating,

ool 48 el R R RSB ot

saidYiliéssent drain-source current and the sum of said gate currents.

38. The method of claim 37, wherein said obtaining a quiescent drain-source
current comprises sensing a quiescent source current from said source
and a quiescent drain current from said drain without ifluminating said
light-transmitting surface and calculating said quiescent drain-source .
current by subtracting said quiescent source current from said quiescent

drain current.

-39. The method of any one of claims 32 to 38, wherein said pre-determined
wavelengths are selected such that a plurality of different spectral
components of said light can be determined from said output signals.

40.The method of claim 39, wherein said plurality of spectral components
comprise a blue component, a green component and a red component.

41.The method of claim 40, wherein said blue component covers wavelengths
below about 500 nm, said green component covers wavelengths from
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current said qui escent source current. 37.The method
of claim 35, wherein said sensing a drain-source

WELAPENB801conpri ses: sensing a drain current fPETSERDESH000043
drain during said illumnating, obtaining a quiescent
drai n-source current, and cal cul ating said

a@c{}ﬁ'%l)sﬂ? Abbht 860 hil! 'éaﬂyreg %}ﬁfﬁﬁe'nf‘ BoldieWarlichdgthg! n

rent sard qui escent draln-source current and the

alfol@ aous 800 npat e currents. 38. The net hod of cl aim 37,
wherei n said obtaining a qui escent drain-source
current conprises sensing a quiescent source current
fromsaid source and a quiescent drain current from
said drain without illumnating said |ight
transmtting surface and cal cul ati ng sai d qui escent
drai n-source current by subtracting said qui escent
source current fromsaid quiescent drain current. 39.
The nethod of any one of clains 32 to 38, wherein said
pre-determ ned wavel engths are selected such that a
plurality of different spectral conponents of said
light can be determ ned from said output signals. 40.
The method of claim 39, wherein said plurality of
spectral conponents conprise a blue conponent, a
green conponent and a red conponent. 41. The net hod of
cl ai m 40, wherein said blue conponent covers
wavel engt hs bel ow about 500 nm said green conponent
covers wavel engths from 38 WD 2005/ 078801
PCT/ SG2005/ 000043 about 500 to about 600 nm said red
conmponent covers wavel engt hs above about 600 nm 39
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