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BACKGROUND OF THE INVENTION

Field of 1 .
The present invention relates to organic, polymer-based photodiodes and to
10 their use in one and two dimensional image sensors. In more preferred :
embodimcnts; it concerns organic polymer-based photodiodes which are voltage
switchable and which may be ’arr_ayed as image sensors in the form of a column-
row (x-y) passively addressable matrix, where the x-y addressable organic imége

sensors (image arrays) have full-color or selected-color detection capablhtv, or as

15 linear photodiode arrays.

State of the Art
The development of image array photodetectors has a relatively long

history in the solid state device industry. Early approaches to imaging technology
included devices based on thermal effects in solid state materials. These were

20 followed by high sensitivity image arrays and matrices based on photodiodes and
charge-coupling devices ("CCDs") made with inorganic sémicon'ductc_)rs. These
arrays can be simple linear (or “one dimensional™) arrays which scan an image or
they can be two dimensional, like the image.

| Photodiodes made with inorganic semiconducmrs, such as silicon,
25 repre_sent a class of high quantﬁm yield, photosenﬁiti\}c devices. They have been
' used broadly in visible light detection applications in the past decades. However,

they characteristically present a flat current-voltage response, which makes it



.of electrodes perpendicular to a second set of el ectrodes. Wen passive
devices such as resistors, diodes or |liquid crystal cells aye Qg s the
pi xel elenents at the 5 intersection points, the matrix is often callTed a
"passive" matrix in contrast to an "active" matrix in which active

devi ces, sudMOa¥3®esansi stors, are used -to control the tur nP(fﬁugﬁfoz g‘?c

pi xel . To effectively address an individual pixel fromthe col unm™an

el ectrodes in a two di nensional passiye matrix, the pixel elenments nust
exhibit 10 strongly nonlinear current-voltage ("I-V') characteristics or
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commer ci al pro ucts  to su
- pixel wired up individually, a laborious and costly procedure.” In the case of such

individual connections, the number of input/output leads is propomona] to the
20 number of the pixels. The number of pixels in commercial two dlmensmnal
photodiode arrays is therefoxe limited.to <16x16=256 due to the difficulties in
manufactunng and in making inter-board connections. Representatwe commercial
-photodiode arrays include the Siemens KOM2108 5x5 photodiode array, and the
Hamamatsu S3805 16x16 Si photodiode array.
25 ' The develop_m'ent of charge-coupled devices ("CCDs").provided an
additional approach toward high pixel density, two-dimensional image sensors..
CCD arrays are integrated devices. They are different than x-y addressable matrix
arrays. The operating principle of CCDs involves serial transfer of charges from
pixel to pixel. These interpixel transfers occur repeatedly and result in the charge
“30 migrating, eventually, to the edge of the array for read-out. These devices employ
super-large integrgting circuit ("SLIC") technology and require'an extremely high

level of perfection during their fabrication. This makes CCD arrays costly (~$10°-



The thin filmtransistor ("TFT") technol ogy on glass or quartz substrates,
whi ch. was devel oped originally for the needs of liquid crys‘.’t"a* dlza& ays,
can 5 provide active-matrix substrates for fabricating |argé€ le%, -y
addressabl e i rage sensors. A large size, full color imge sensor nmade with
amor phous gj ;9g9£5(a- Si) p-i-n photocells on a-Si TFT panels was
demonstrated recently [R A Street, J. Wi, R Wisfield, SCEUSR2Hn and
P. Nylen, Spring Meeting of Materials Research Society, San Francisco,

April 17-21 (1995); J. Yorkston et & ., Mat. Res. Soc. 10 Sym Proc. 116,
258 (1992); . et.- Bul l.et.in of .Materials Resgarch Society 11(17), 20
(1992); L.E. ot ro%{gﬁé)nf ¥ A& ) @B lins SomBiFein é‘ﬁﬁ.”%‘?“f@é?é%mdc 1993) :

R A. Street, dicheBsioRat ent No 5, 164. 809 (1992)]. Independently, a parallel
effort on .snall _gi ze, @l(étiver pi xel ﬁ'hot osensors based on CMOS technol ogy
on silicon waf er S"hR4 Bariansistogéi TRhD &hnpelegyah BsHenalanpabstraies,n t he OMOS

15 1 echnol ogynithival eavledSrBhNy #5:a0e KEFOLHAAN chEDS gBogyiuaN of recent

progress, see: Eric J. Lern aser Focus nfL996]. Thi s
OMOS t e€hnol Bigyide attivewsatrixeupstotes der fabricatinp darpasiegnay adtirvdsitle inhgedr i ver and
the timng c} Lt hat. .a nmono-chip i nage canera can be real.ized.

CCDs, a- Si le—‘{Pg#L‘aﬁcﬁ’ %%LIZS’G@BIC?(@{ ‘f’&ﬂ%ﬁéegﬁ%aﬁ’g%&’h@&ww%ﬁé 191 (2rHe 20

exi sti ng/ enepginipyotoeei sl HFi BT paHelsSw0ds dénfingir@ed PRERIYSRIR OStfeey, TOWRVET
because of Ehﬁ c?st Ig/ processes_involved in fabrication of these

sophi sti cat el Y&FEWsS-Er Nefspn anghP N dgw.i Spriee A estias pé Matsrialg Reseaseh

Fur t her nor e, Sédiy, 1538 FRdncskd ArAARIAl Q96551 1 9ol NiGRHQNsHr ocesses
limts _the CCDs zan-d then'cacti vﬂe- pi -xel(q seﬁsgir%g {lgp’sl\l/}gt-' Rleg'cﬁgdevi ce

di mensil8Bns. npPRECcodi 0SS (M3 Rvft HStrsey Billetis efMetmmid sR esesch Sqpieegent a

novel cl ass ¢f ; SAW 1,Si roge advan Al t hough
there were eglr(ll-g/)pﬂfgggg)??ﬁ'i ﬁmtohgk %3@%‘815. %?ee?’alggi ?zsﬁltef'ﬁ’dopﬁggggf%des wth
organi ¢ nol e@89BsRamdSreearij.GgRuedt Fol5SyIGRIREY (123 iMMédpénseral| a phalcpr esponse
was observed 'Ofnoor1 an ”r evi ew, of 'lesrl ge wor k on organi ¢ phot odi odes, see:

G A ChanberT armo" B4j!Lyzecagtvg-pexel photg “(S‘iréé’éﬁep.o“l O3eteagingy opher e has
been progr essilidsaivwidere 0aY bi@atesiR@teMTBISVRE deb@opA&ii Meh gals; see for
exanpl ﬁ t he fg%l I g)vm r‘lﬁl‘,_repor.,t s aon the photoresponse in poly(phenylene

vi nyl ehd) ,  PeRinology which prayide sytmyigron: resglutior[for ayevinveetrecant pRgredsl y 2002

VO 99/ 39395 RETH IS99/ 7 o Schuerer., h. Metals 54,
427 ( 1993): H. e %}%ﬁf@&ﬁ@%@%a%% ?%@b\?\nﬁgsz?ﬁé%&?‘:hj’gﬁékhe, M

St ol ka, Synt#Hlowsthenhotgalls @eﬁ'i(.ttggtbﬁ;with the driver-and the timing circuits so that
a moho-chip image camera can be realized. | '
CCDs, a-Si TFTs, and active-pixel CMOS image sensors represent the
20 existing/emerging technologies for solid state image sensors. However, because of
| the costly processes involved in fabrication of lhese-sdphisticated devices, their
applications are severely limited. Furthermore, the use of SLIC technologies in the
fabrication pro_cessés limits the CCDs and the actiVe-pix’el CMOS sensors to sub-
- inch device dimensions. | |
25 Photodiodes made with organic semiconductors represent a novel class of
| photosensors with promising process advantages. Although there were early
reports, in the 1980s, of fabricating photodiodes with organic molecules and .
: conjggated polymers, relatively small photoresponse was observed [for an review.
of early work on organic photodiodes, see: G.A. Chamberlain, Solar Célls 8, 47 -
3.0 (1983)]. In the 1990s, there has been progress using conjugated polymers as the

active materials; see for example the following reports on the photoresponse in

poly(phenylene vinylene), PPV, and its derivatives,: S. Karg, W. Riess, V.



G Yu, C Zhang, A J. Heeger, Appl. Phys. Lett. 64, 1540 (1994); RN
Marks, J.J.M Halls, D.D.D.C. Bradley, R H Frield, A B Hcdﬂn‘gﬁ Phys. :
Condens. .5 Matter 6, 1379 (1994); R H Friend, A B. Hones %: %zadl ey,
R N. Marks, U S. Patent. No. 5,523,555.(1996)]. The photosensitivity in
organic semwg@g}j%prs can be enhanced by excited-state charge transfer;
for exanple, by sensitizing the sem conducting polymer w thPGEEEI0B3 such
as Chu or its derivatives [N.S. Sari Cl4ftCI and A . J. 10 Heeger, US Patent
5,331, 183 (July 19, 1994); N.S. Sariciftci and A J. He'eger ~US Pat ent

5,454,880 (Cct S i ftci Heeger and F.
Widl , Sci ence;) 0140(12,291% %%éﬁera{yn %47& ‘éﬁ @9\,\%§h é{“lotl@ﬂls RR.wj, C
Getti nger, sidHebhar Abkdwhtz, SWadl) dRh&’SM B&ika, ByAt,

Sariciftci %n%, I—?E% | nt er nenJ. Mod. Phay yﬂl Mé%%%? (2%83%94)

Phot oi nduced Chal trét £AHs &r)- d‘ﬂ@\%@m‘*ﬁl"ed’rhb’y Lethesd; éé‘tﬁwﬁ@%)t Row Bifacks, .
stabilizes the]nmhange [§gg§ t t t he,car r uantum
yield for subse(iuenta col egl%ﬁ&'{eﬁ I{]ﬁ %}%éfﬁh% ﬁoprﬁ%se M,Clg d

Mbses, NSS. @rﬁtbﬁmdh%%)m,n Headeh B. Ghames, DY €. Bx@dl'&y, 921&13,1\4;3&9 (1993)
B. Kr aabel, Dy iftci, D. Mdses and A J. Heeger Phys.
Rev. B 50, 1854%4:1(3%8182% SCS#} ’Q'sto&@é@i G Yu, D Mses, K~ Pakba_z, C. '
Zhang, N.S. Sarici ffhcphotéseﬂmulvbji‘gﬂdirgﬁ’idsdﬁmcoﬁﬂﬂdtbrs d?lh)ﬁ%en}ﬁ%}fcd , 48, 15425

(1993)]. By Ug)l(cl’]ll%d sp e transﬁe bl ends as the photosensitive materials
i n phot odi odes, exte ALCHANSEEN LY XaRlG: BY sapsitizpgahe smigenducting ext er nal

quant um yi el dpolgfneB@ﬂBQ%e@ldr@&hch%‘s’@wl%‘?‘ﬁ@dmnew Fﬁ-?’c(})%m g& g‘ low reverse
- en :

bi as voI ages Heeger,

Sci ence ! 70 1’7‘%@%6( @%B}“emé 33ﬂu18éﬂdU1A19 199138, SariciApipind APhyfseegeﬂms 4510

1995); J.J. M 4 I Marsegli a,
|(:I’I el 2:1 S.C. N%Egtst§4a§m E\é I@B?)ﬁeng Rﬁcﬁ Céh§7 mErﬂggz (Aii)ng"]ger %&df he same
wavel engt h, tWadpiSetenseds, { #34 ¢1PIDF Lt lSemldeanNéHlmCﬁthl JEeowyphot odi odes is
-02A/V\att ngent, of bi [S. M _Sze, Physics of
Seni conduct orcglgﬁ%%vgges}{efﬁr 83% ;@Wﬁ ‘?(%M(‘" ifg B ATpA3 8355 993N, t he-
phot osensi t i viaricifofi ahdiiAr. fHdeger, pighodi RARS PRBdepW b1y @gb%?ze char ge

Wi

transfeg bI erﬂlo i.S cofr;pﬁlr abl e to that of photodi odes th i norganic
seni conductl nig SPPLesf Sharge, rapsferireysnts saxly Eme recompinajion @0@stabir 8989395

rg:ggsgsﬁ,gﬁffhggsggﬁfﬂ%:r’ e et R B O SRR epor t o
from 100 mV eq}iffri Bt dKraabel, CH. Lee, D. McBranch, D. Moses, N.S. Sariciftci and
A.J. Heeger, Chem. Phys. Lett 213, 389 (1993); B. Kraabc] D. McBranch,
| N.S. Sariciftci, D. Moses and A_J. Heeger, Phys. Rev. B 50, 18543 (1994); C.H.
20 Lee, G.- Yu, D. Moses, K. Pakbaz, C. Zhaﬁg, N.S. Sariciftci, A.J. Heeger and F.
Wudl, Phys. Rev. B. 48, 15425 ( 1993)]. By usmg charge transfer biends as the
photosensitive materials in photodiodes, external photosensitivity of 0.2-0.3
A/Watt and external quantum yields of 50-80% el/ph have been achieved at 430
‘nm at low reverse bias voltages [G. Yu, J. Gao, J.C. Hummelen, F. Wudl and
25 . AlJ. Heeger, Science 270,1789 (1995); G. Yu and A.J. Heeger, J. Appl. Phys.
78,4510 (1995); J.J.M. Halls, C.A. Waish, N.C. Greenham_, E.A. Marseglia,
R.H. Frield, S.C. Moratti and AB. Holmes, Nature 376, 498 (1995)]. At the |
same wavelength, the photosensitivity of the UV-enhanced silicon photodiodes is
- ~0.2 A/Watt, independent of bias voltage [S.M. Sze, Physics of Semiconductor
30 Devices (Wiley, New York, 1981) Part 5). Thus, the photosensitivity of thin film
photodiodes made .Wi‘h polymer charge transfer blends is comparable to that of

photodiodes made with inorganic semiconducting crystals. In addition to their



nWcn ; i.e., over eirght orders of magnitude [G Yu, H Pakbaz and A J.

Heeger, Appl. Phys. Lett. 64, 3422 (1994); G Yu, J. @ao, Ja.’q. dw%}een, F.
Wid] 5 and A J. Heeger, Science 270, 1789 (1995); G Yu an A’ 4 ger,

J. Appl. Phys. 78, 4510 (1995)]. The polynmer photodetectors can be

oper at ed at v‘rc-pggrgl?ﬁ9t5errper ature, and the photosensitivity is relatively

i nsensitive (0 Fho operating tenperature, dropping by only PETUS8YE2470f 2
fromroomtenperature to 80 K[G Yu, K Pakbaz and A J. Heeger, Appl. .

Phys. Lett. 64, 3422 (1994)]. 10 As i% the case for polymer |ight-emtting

devices [G, tafsson,. Y. o, G Treacy, F.. Klavetter, N
Col aneri , . andg-}‘,éi.ﬁ pgc.“oﬁé’é’é‘éft-,"* tﬁgﬁeﬂ%a’%%m%i??des(sh@gi‘}f ge dynpmi¢eaager and J.

Long, Optics l&ldﬁh@lqutfﬁoﬁ%iiivﬁy_ as Be8PepPred Hhom 106 gﬁh’/%ﬁpﬁlb&'i]\{# ty polymer
phot odet ectors _can, be tabricated in |arge areas nby processing from
sol ution at roY¥ehperwr gieh! orfesyolaeagniedaideY i, uPakbaakndls Js kpes, (e. g.

on a heni spheig,it ®,GoU ' Y oBRL i onponent .or an optical systen),
or they can bés%ggglgnp%t'e%’%lgzefgrgg%ﬁig‘tv’gj'gonga 'Fﬁ’émerr']S%g:tss\&H@

advant agés al sul edableegenriridne Dabri78A FOASREG. PHAtAS ANS e, 1 €AbhY ONt O
optical fibegs. Simdarl mer phot odi odes can _be hybridized-with .
optical devi c%@sorglg’nae%l@éwgéﬁfgh%}eqﬂl & PheipdRteglers£an b refrigd @broeny cuit s on a
silicon waf eriempbesge, 4AH e sERAGHEES réTRKR1PRLIHIRR ' speci al
for many novel applications. SSUI\/I\/AR\%QOE THE )PI\NEI\FFIVCOEI&%E%QE@HE ogress in
our group hasiCH@RBREE daerpina biaenly Bdaqserorf@sfeems iredny temperrature oo §AKi (6.

phot odi odes cgp be £PNANGE applyir r r [ l,t. was further 25
found that the 'photaogens:at“igj'g/'it}%{(i/%lgﬁg)gggpe Swi;éﬁ' ?’&32‘?23‘98@3 vol tage, with
the i nclBase bei ngAd isdlepend éntpobfmdrilighdemitting ddvices G € GabfalbsdriGY. Ytao, €. Zhang
and A.J. Heege |, -Phys. Lett. .64, 1540 (1994); A J. Heeger and G VYu,
U.S. Patent,eéls%oﬁ*fgg%ﬂ'%@‘%ﬁ“frxth?ga(}\%kﬁ”@ﬁoa?eg*ﬁ)&g%hﬁe%ee}%W/i ty of -90
MV VAtt in  pOPI2ATEHSahd (2o, ;h'rcb@(}’h&ziﬁﬁ}sﬂleég,m@;ﬁb@@ep.é’ﬂﬂw ene)

(" MEH PPV") ?1% based thin filmdeyices, such as | TQ MEHPPV/Ca thin film
devi ces, at IBERACHFILYRY RelyBleRBNQtadgiecton can by fabspmertindaree ereas uant um

ef fici ency ofpra2@dh@hbmMoldidn PRREPRIPURS.E AR ' |

pol y(3-octyl tphi ophener) , Ehg’; gsaen.si ti'\*ﬁbt y_gve?hgf%nj%% %‘#3“ Qﬁlbsﬁal WO 99/ 39395
PCT/ US99? 0224hapesde.gy tae henispherb e paupde withan pptital ofmporehbbreansypéicdlr al 1 ange

at -15 V bi.agyfGn) Yy hdd- 8z : % J. Heeger  Ap h Phys. Lett. 64,
3422 (1994)]. e iy o f:?oc\zlivn Egﬁﬁggflﬂg léﬁioé f?/ll_gzﬁ’?eaéqr@s'pﬁ ?B’?@%?i“@i vity enabl es
on- of f advantag_c-:s also enable one to fabricate the photosensors directly onto optical

fibers. Similarly, polymer photodiodes can be hybridized with optical devices or

electronic devices, such as an integrated circuits on a silicon wafer. These unique

20 features make polymer photodiodes special for many novel applications.

SUMMARY OF THE INVENTION _
Recent progress iﬁ_our group has demonstrated that the phbtosens_itivity in
organic photodiodes can be enhanceld by applying a reverse bias. It was further
25  found that the photosensitivity increases with reverse bias vdltage, with the -
increase being independent of incident light intensity [G. Yy, C. Zhan'g and AJ.
Heeger, Appl. Phys. Lett. 64, 1540 (1994); A.J. Heeger and G. Yu, US Pétent
5,504,323 (1996)]. This work showed a photosensitivity of ~90 mA/Watt in
poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene) ("MEH-PPV")-
30 based_.thin film devices, sut_:h as ITO/MEH-PP_V/Ca thin film devices, at 10 V

k4

reverse bias (430 nm), corresponding to a quantum efficiency of >20% el/ph. In

* photodiodes fabricated with poly(3-octylthioph’ene)_, photqsensiti\?ity over 0.3



vol t age- swi t chabl e photosensors. At a reverse bias, typically in the range
of 2-15 5 V, the photodi ode can be switched on with phot oserﬁiﬁ{l%%(y of
30-300 M W The photosensitivity at a voltage close to the interna
(built-in) potential is several orders of nmagnitude |ower, equivalent to
zero at thewoubpegosof a digital read-out circuit. This neaf,..ZzEer ate
can thus be def?ned as thegof_f state of the photodiode. Thgé%-r%gg%zg‘g'

vol t age- swi t chabl e, -organi ¢ _phot odi ages can serve as individual 10 pixels

i n passive diode arrays. These arrays can be in the formof x-y addressable

arrays with aaotaswaoonReieadyul Modi ANichRl Willka BlneE Ll 998y A0M; CFNgdes
connect ed V|pa_gol unm 1(‘]row) el ectrodes. Every piXel can bé selectéd, and
the i nf or mat i 7027 2tk Ads Hegeass Apmle Physcildeinto4] 34381 9%]. each pi xel can be
read out w thout okesgl , r ' , e vol tage-sw t chabl e, organic
phot odi odes can be a.rraeillilééé‘ {onﬁgt“%éﬂﬁ% {F\%g]#r{erjﬁg%ﬁ&r{SRWHégBahj?srodv can utilize
t he processi riglagirawitcigebl phomoeaisatse cht wirtverdeltéas, fyplailg athemnef ops.ggni c di ode

structures fr Ql ybl.e, seni conducting, conjugated ol ymef's (and/or their

precur sof poI\g%érs@30%{0{189%?@%Wﬂ‘ﬁ%@&%‘t‘%ﬂ?%ﬁ’%n%ﬁﬁ%@p 3<9aiQ0 mAfWmTdel uti on

t o enabl e t hehbaberisaatiyan aebith rcﬁlﬁe@&t_thieYrﬁe’rﬂﬁl%ﬁ»lt-iﬂgﬁ&erﬁ}é?Fstsre?e[g s wth 20
e In tlexi

. desired shapes. Thh‘ési al so enabl es active areas to e form
These phot oadf§§e0 BN ISR dovareayyaleat togerpeat themutpuof @ gigitabdehdrouwni f or m

substrate by cil®aNsn9hep Lt DRGK APEY 4e LS L OGON intjng, shadow
maski ng and the |ike, Ien%goo%%lé %(r;lg]ed e?*ﬁoﬁglaﬁ?ﬁseﬁ Dh%?attet ﬁéhwg‘?‘g‘?'@&regi on of
the spectrum the Tdgssstalage swigchableaongenit photadisdB@an serve s batduuhe pi xel s

are insgnsiti 0 .radiation. 25 The photoactive |ayer enployed in these
SWi tchalg)lne p \g{é(l)%'?g s q ésjfoérl%%ays'uﬁé%? g afﬁi’ge Hathe for & x-Thddsessabike |

nuner ous f or AgaysThily an@ies benrzowil ugabedcolGAA) AQUIMES iMaGaRliY Bhie Ry POl ymer

bl ends. For q,%nor-ag%egy{ blends with polyneric donors, the acceptor can

be a pol yner , nELFBNOPEL Gleetrodss i Eynepixst candivgeiecing) and Uhcsin{armatiorer s) .

Al ternat i vel YinteBie60haindARRAON P LHRY el 36F BPIE o3 RYRE 6B AL 59 Work

wel | . The higher nolecul ar wei ght conponent in many cases  provides

mechani cal stYEHGHNKE dridie pelagsrivitchibds ergahampemdicthecaldrairagecpt or bl ends

can al 96 be. nR&e WinhE smal | nol ecul e donors and acceptors that are well 31

July 2002 WD 99/39395 PCT/ US99/ 02247 -7 known in the art. Exanples of the
nol ecul ar and ol i §bessrarmreysiomariize the lpusbessiraddvinagR s tddtwind@ei vati ves,

e A U BT S bt e
- polymers (and/or their precursor polymers). Layers of these materials can be cast

 from solution to enable the fabrication of large active areas, onto substrates with =

20 desired shapes. This also enables active areas to be in ﬂexib]e'fonn.. These |
photoactive materials can be patterned onto an optically uhiform substrate by
means of photolithogréphy, microcontact printing, shadow masking and the like. In
a-prefengd embodiment f_dr the visible regib_n of the spectrum, the substrate is
opéque for A<400 nm so that _thé pixels are insensitive to UV radiatioﬁ.

25 ) The photoactive layer employed in these switchable photodiodes is made
up of organic materials. These take numerous forms. They can be conju.galedl
semiconducting polymers or polymier blends. For donor-acceptor blends with
polymeric donors, the acceptor can be a polymer, macromolecule, 6li gomer or
small molecule '(monomers).. Alternatively, molecular donor/polymeric acceptor

300 systems also work well. The higher molecular weight component in many cases
_proyides mechanical sirength and preventé phase changes. .T}.le ddnor-aéceptor |

blends can also be made with small molecule donors and acceptors that are well



| i ke, phenyl oligoners (such as sexi phenyl or octyl phenyl) and the i ke.
Exanpl es 5 of nol ecul ar acceptors include full erenes (such ﬂ%p thelr
functional derivatives), Al ga-type organonetallic nDIecuIes an % i

In additioqwugggiﬁgn enploy multiple |ayers of organic sem conducting
materials in donor7acceptor heterojunction or quantum wel |PGIwE99924at | ONS.
The organi c i mage sensors enabled by_this invention . can have nono-color 10
or nulti-color detection capability ''n these i mge sensors color (optical
wavel engt h) LRGLL n gaq#g chlgved by combining a.suitable color filter
panel with the organi H‘r"éOIS‘Hﬂa‘iaﬁﬁgéo@éﬁmonarsrlayed@l r eady

descri bed. |fantlﬂﬂ$l1éeﬁhn§diken@m&r ihadyhgd H@ﬂ? substrate
upon which t e .sensor is c}grrlye . ggﬁg‘g}%ﬁﬁ'\é V«SI gﬁ fSof the

organhi ¢ i mag S‘?bﬁég?’glh&;ﬁlﬂaq &b ape 09‘5“@913}@:1'@681 )ayd Umrmgnmmmmtheaw ty
devi ce structitesheasl (q%mg eag %]QP};CEH? e”%léF"Eéjc'ﬁ"hilbl nvention. The

organi ¢ i nage sensor arrays edipmples

wavel engt hs @amoﬂ)@ulﬁsecteﬁ@rs mpledé flﬁl@feﬁ@dﬁs@cmrﬂ(_g sRtth@PRintssRh as
flat-panel speggt S). 1n addltl on, enbodi nents of the present
i nvention pr g\@/rﬁdﬁéﬂgg)gg\% R gRomstRliemelsedleyandiing ke, -lo eiditionlenecen on

capabi lity. bmptd)eﬁelu@regawrs:omggﬁc SBNSHdRctirfl rhiikd s made up of
red, green agd bl.ue color filters which arqélpaftteraﬁgeld] @ﬁgg“f%"‘%t

cor r espondi nEEEITFEOR GF aantuss- “@”ﬁh@ﬁ@d&lm array. The panel of patterned
filters and the pat Bﬁ‘g’aHEngg@%ﬂger L&dh%ﬁvggcg (Eagglﬁéand coordl nat ed)

such that a - colored inmage sensor HMEBP-6910F i | t er
panel dfn peoymali- géomqt@@tbhyambxlnhelnshmnmageﬁscﬂiori &for (BBEE] sensor .

Ful | -col or dg t o .achi eved when red, green and blue colors
are -detect edggﬁ&% I?)e%legpgl %nsb aﬁﬁ‘SY%’aqyo‘i? iBing A sWifsBletqokr iespaneke cut - of f

at 500 rim w8bGthe drgamnimTRGensons aﬁdﬂﬁxﬂ@&édnycﬁ‘r'a)‘ra%glifefa% 8&5#,[2%1%?{‘58892383 ﬁnms

in the read- éﬂ;’ 'tﬁcu'lt extra(it the red (600-

and bl ue (40‘8 6‘3 ¢ Ry ol ppee Ca@ﬁﬁr@lasﬁﬁ"?ﬂm@lwonmmmthaxrhagasicnsaﬁpect t he

i nventi on prxs\cmdea Ths dkteeimbl & e tal,gapabl e of producing
%gmryf@heoé}gmﬁﬁ 52 aloRa08 {%P

a photlgmurreg(e \r}aresponse to i Mpi Ngi NG there nsBrS fsing a
phot odi dde afftf* r4SH réson\?@lO@al@ed@/wr%?tumaladd@‘hm‘ts&dﬂe@dethhavI ng a

built-in pot&atipds Rk G S .rst el ectrode,; hot oactive
organi c_| ayer d|psps>osed 1oné}}si)l§!1dlrﬁgor'§?"’gl"g?ﬁe e G ‘H“&‘«?Eé Beloect r ode

di spos ed on %&icdsqﬁhléitcmtleughs)czgam wed &yepectnagﬂlpﬁqa|agp1}eg{,(t,,§qguc§%r ce

flat-panel spectrometers).

In addition, embodiments of the present invention provide orgamc 1mage
20. Sensors thh full- co]or detectlon capability. In these organic lmage sensors, a filter
panel is made up of red, green and blue color filters which are patterned in a format
correspondmg to the format of a photodiode array. The panel of patterned filters
-and the patterned photodxode array are coupled (and coordinated) such that a
colored i image sensor 1s formed. The pattemed color filter panel can be used
25 dlrect]y as the substrate of the image sensor.
~ Full=color deteétivity is 5150 achieved when red, green and blue colors are
detected by three of thcse photodiodes with spectral response cut-off at 500 nm,

600 nm and 700 nm, respectlvely Differentiation operations in the read-out circuit

| | extract the red (600-700 nm), green (500-600 nm) and blue (400-500 nm) sngnals.



adapted to selectively apply a switching voltage across said first

el ectrode and said second electrode, said swtching voltagezf JpgR0029 2
phot osensitivity above 1mA/ Wat a preselected operating bias and near-zero
photosensitivity at a cut-off bias substantially equivalent in 10

magni tude to said built-in potential. Ifza second aspect, the invention
provi des a scannable array of voltage-sw tchabl e organic photodi odes each

having a huj kf:] ential and .a predetern ned photosensit.ivi ange,
said arr gly‘i %%trfa{p@sﬁ ?cg’i%tﬁeg':nv §°%Pr§n‘8%soaf ! §ET?2°[ EpRc prg’tqdleﬁe%tf” @pahls ?{%‘é‘{“f“é‘ ar
conpr i si nghatculrestsit respensk it dight impimging ah@ewios Romprdsiya photedisdepsadrd variable
substrate a first direction; .a.photoactive organic |ayer disposed on
said |i ne‘é(?}{ag?%)g Nl b%'ed;sphgg(sjleog%ﬁﬂ"@aebélflEBIGDé’?" yépgﬁclfﬂ‘%ﬂ“ﬁ ng a plurality of

| i near el ectrodésstedegpdsed on said 20 photoactive |ayer along a second

di rectd on transv%rtgaet.to sai.d] first di rect(iié)né and aé‘\a/‘fl t age source adapted
to apply a swif BRIV B fisaased o raudiisst eloctrodgiand | ode of said  first
el ectrode | ayea sandd alecttelastispaseé olseidtphotdactik gt lapeond sidemith@d@dulcayer

said switchin vol tage thereby.inpartjng at |east_one selected photodi ode
a phot 0s e?\c}épttelg Vit tsflle%ttB'gG'eapfﬁW \i%'étflgg% VOI(%g ragtash da‘ﬁ dirddy é%“‘l?ii%@" Add itecond zer o
phot ose gséledmﬁé,ys(a;m:) svatcamg-mftigebih@smlag bspmsbxﬁktivyty efbie/ Bh&NW dt1 préRlected

magni t ude_t o .sai uiJt-in potential. .In a thir spect, the inventiaon
provi des FRYPH AR asofszé’f’aé@f'i%vglf%}osﬁ‘ést‘tévd?'i #g? "l"é‘ﬂ& g“ﬁgisﬂlésfi’fmgh’ gopivalgnt 4y of
vol t afe- smagnithddosaid bgidtrin potpitiat.odi ode detectors, said array conprising a
plurality of photodiodes arranged in a row and columm matri x, each

phot odi ode having a built-in potential and 30 adapted to generate an out put
i N responivea tsecondaisptentthe demidnoprovidach sphimbisleliapde of OsREdesswighadld biggiic

el ectrode t gactive agrganic | ayer disposed on id first el ectraqde,
and a sec%hr?g’dgollagsc?arcgcilgvm%lias%g'ggldp((’)tﬁx'g[i? ﬁ%etdgtzfgf“in?fg?’i’%?fé?s,‘t“‘t'?fera‘?ger &

el ect r odearnf cempriisinghot odi ode in a row being electrically connected to a
co anode, d. el ectrode of each photodiode in a colum being
el Qgﬁr%i cally c%%ﬁgirf%%&[aée’a common cat hode, said nethod conprising: 35
sequenti al | y acfiisyeleétroge daysetagirsilg ao laastrone flinpdraleadbdeddispobad; on3said) stlppor2 002
7b appl yigé\gsta a(,)oqlgr 3 liNdeiops vol tage across the conmon cathode associ ated
with said select&d colunmn and all the common anodes, said operating bias
vol t age, i nparaphetpattive@sgshic lpkodismhsaim said links ebetredet ed col um a

phot osensi tivi} YE J: - offi. vol tage,acr.oss .remaini ng
cat hodes and al Fect e acnto esl%%rsg?rg&g% _a%h%%‘;tyvofgllinXar FIFEOLS ARerath at'cpi n

. : age beil ng SRGRate
magniZluderhowacsiag dhyprdlons-4 secqnd disertion kransvers¢ topaidtfirsidirectionstied  phot odi odes of

al | col ums oth\RjitatdBlirck REpRAISEHIpRa SORMTR VBRAe BRELa R 8 SREHA Y LYd and
first electrode layer and at least one electrode of said second electrode layer, said switching
voltage thereby imparting at least one selected photodiode a photosensitivity above 1mA/W at an
- operating reverse bias and near-zero photosensitivity at a cut-off bias substantially equivalent in

25  magnitude to said built-in potential.

In a third aspect, the invention provides a method of selectively detecting light incident on an
array of voltage-switchable organic photodiode detectors, said array comprising a plurality of
photodiodes arranged in a row and column matrix, each photodiode having a built-in potential and
30  adapted to generate an output in response to incident radiation, each photodiode comprising a first
electrode, a photoactive organic layer disposed on said first electrode, and a second electrode
disposed on said photoactive layer, the first electrode of each photodiode in a row being
electrically connected to a common anode, the second electrode of each photodiode in a column

being electrically connected to a common cathode, said method comprising:

35 sequentially activating a selected column of photodiodes by;



sequential |y reading out the generated output of the selected colunn of
phot odi odes. In a fourth aspect, the invention provides a h ?

sel ectively detecting |ight incident on an 10 array of voltage-Swtchable
organi ¢ photodi ode detectors, said array conprising a plurality of
phot odi odes arranged in a row and col umppmatrix, each photodi ode having a
built-in potential and adapted to generate an output in response to

i nci di ati hot odi.ode conpri sin first electrode

1y dent, 20t 2t on, a0 GRG0 COREL T 8 it oBbae haiceSong
el ect r ode said |Sdp®sb®ltum &Ell adl tphommami anoded, &y@bperzitimg bidsvaltage] Rxpaitihg o giche?ﬁh
phot odi Odghétgdng ebs%feﬁqu %oﬁ’ 3 egrboréésgﬁltglf%gq?{}gﬁ to a commn anode, the

second el eac oyt png electrically
connected to a commpplyvag houta;ff@cﬂnage mhm@a&mrgmuﬁummd SR @HeeRnbded) saM cut-

t n ted row hot odj qdes pl yi ng.an operating bias
\agl !t\ag{sal agrf?vcﬁsg %em%m%'ﬁ'agﬁt emég'ggjgf 49 esapéV\P‘E‘ﬁ ‘%aﬁoffgt’fge?"éctwmév&"aﬂ’d al |
t he commophaedibizs efall @hinths oprer éiti the sdiéchsl c\zsmhina@a-ﬂembtdséiﬁlﬁb .aa¢h 20
phot odi ode of tS above 1nmA/ plying a

hot t
cut-of f vol tagé & (e:'?tgige'celtag lﬁm{?fggeg 3 ‘géuetg‘fsﬁ:ﬂ’ g‘\féise %/%%’cemdﬁ@@m@aﬁa cut- off

vol t age bei ng equi val ent i n magni tude to said built-in potential and

di d f h t a t he sel ected row
nonr zer ot R AR axBICHEES Boulin a ele P sstaingetesioe el G 20 6

out put0 of arrdyeofswilagd-aritchable Ofgaﬁb@h&ddn@d&&tectczﬁ shid ﬂra@ﬁohﬂﬂnﬁﬁ@ﬁﬁﬂtgal{ltpg)f q

i nvention Prgani ¢ t odi ode detector .c prising. a photodi ode

and a vol Plgoré(g&{%%g?%aélge ST ‘fd’gll"BHB atH, pp %‘8 todipds having aptdl‘g‘ﬁ’cl?%m‘%}ﬁ‘dd

prescr i beetlapted togmasictan vsut'pyt in r&p@Re tolindidmpRdRtor, eadhmﬁbtd@ieae omiprising Q:Pirst sai d
hot odi od first,electro tlve organlc ayer

8| sposed %n&'g)glp cfJ Ellkor@(%f V8 LRI lgEer Spé’éeglo(?{dsaq g??F% i AW ExgoRhelegtrode

phot oact i dispasedyanisaid| pt;oe:acmanblyeratld first taageodsahfr &kh d;ﬂhd@ﬂi‘oﬂd in 3 ﬁﬂpwlggn

oper n e [OSS S first e.a ai d secan

eFecﬁsodgelmt@lg g%l g&st%ﬁ% Vol tage o peé(ra1 eHgde &%‘fﬁﬁ rl'ﬁ?"g?é? i gplumn

phot osens‘?qlﬁmlﬁoquaéhgmne@ﬂ tddbgm@@l@&thddb) s@iﬁ/nﬁﬂﬁﬁ&oﬂﬁ}'[s’mgs%/ 02247 -8 BRI EF

DESCRI P! ON, CrscHifeu BRAGNGR: TR NG pRIMAL wfe Turther described wi th

ref erence being mad eSb)fZ ig. | is a cross-sectional
schematic view of aaRPbi"Iga@gelpswwg:hmtwag'e q@hm thel comonfinddb hsodistvdwith g4id 10

assenbl eckeledied BuChiachll the IENANUAGHE" B o il FBagd hnpBiing (6Ll
neter._or a read-out device inserte
photodiode of the selected row a photosensitivity above lmA/W
applying a cut-off voltage across remaining anodes and all the cathodes, said cut-
off voltage being equivalent in magnitude to said built-in potential and iniparting to the
photodiodes of all rows other than the selected row near-zero photosensitivity; and
sequentially reading out the generated output of the selected row of photodiodes.
25 '
In a fifth aspect, the invention provides an organic photodiode detector comprising a photodiode
and a voltage source, said photodiode having a built-in potential and a prescribed photosensitivity
- range in response to incident radiation, said photodiode comprising:
a first electrode;
30 a photoactive organic layer disposed on said first electrode;
a second electrode disposed on said photoactive organic layer; and said voltage source

adapted to apply an operating biasing voltage across said first electrode and said second electrode,

said biasing voltage operating to vary said prescribed photosensitivity range/



Fig. 2 is a cross-sectional schematic view of a voltage-sw tchable

phot odi ode 20 in reversed configuration, in which the revers“!aldJul 2002
configuration refers the structure with the transparent el ectToUE

contacted with the free surface of the 10 active layer; Fig. 3 is an

expl oded scheaw$/zmoyi ew of a 2D i mage sensor 30 nade of an X '
addr essabl e, passive matrix of voltage-sw tchabl e photodi odé’sc, lﬁ“’&."_nﬁ"i s an
expl oded schematic view of a full-calor imge. sensor 40 made - with an x-y.
addr essabl e phot odi ode matrix coupled to a color filter panel; 15 Fig. 5 is

| oded schenat 0 mad ith
an expl oded schematic vi gNIpF pESERIP Y DF eac%e?ﬁﬁl%@%ﬁ;g made W an

X-y addressabl e phot odi ode matrix of whic pi xel is nmade

of three photosensi f‘is\)’é"eﬁmfewllbbesfunhsndwgcrdheﬂfx\emlrlgrdn@agen‘y‘\@‘{rﬂih@&g{hﬂ cut - offs
such as at 7@Rwihdlin QRF,0M and 500 nm Fig. 6 is a graph of the
photocurrent as a Tunctioh of bias voltage in a 20 | TQ MEHPPV/ Ca devi ce;

Fig. 7 is a graph big. lhB&ldrbﬁFkﬁdfﬂo&Sl sfaﬁerﬁé'ta:r@@\b%ﬁ”ﬁfl)hé‘g% QfirchAk - CSA and
PEDT- PSS,S\ conﬁ}yo(ité &F&OL% el ectrodes; also shown s the vi sual response,
V(X), of "huma 0 ' g“%¥“3 Wraspmbied intea pireio herpdotoc(oemekesy  and t he

dark current (eﬁd)bllld)y zQéimlehﬂﬁéterOJr a@eidTglt%cFF\éeﬁqBMtﬁgllophOt odi ode. The

photocurrent was taken under white ht of I nténsi PO mW cnp. Fig. 9
is a graph of the kgrs E?ri‘t“@ﬁéﬁﬂ&'@éal@hbmmtcemvsbf & soladge awitci£B1L30T/ Au

s a grap ted under - 10 mWcm at’ 633
IE])mo ?S::](Jareels)n pHdA&i %f&rjﬁ) 1(18é\{ef8§£(g§c}ﬂf §§ha§il8{a lpﬁng I%Fgerytelrjs\rglgg%g@lrgmrrgéﬁer ?stl cs

measur ed bet V\kl?é ﬁllwlum Mhehemanspdmt&mdtrad@@nwmedabl@&ﬁl‘éQQ% sfurfﬁ)cfg & x4
phot odi gge ”Bechn\ ]as,gr the dark (lines) and ynder roomIi ght ﬁ um natl on
(circles); 002 WD 99/39395. PCT/US99/02247 -9 Fig. 11 is a

schemati c repr eserﬁlgta ioan efplédea sednyatin Y i SeheBp hot adi ode |
matrix. It w]]l géaridescrl bepd in termsl ofl | TO I\/EI—@E’%% é%?é%f’/ig CP ifPchabl e

phot odi odes; ¥ § able, passiyespairin pf voltagpiswitohabdppmsediodesa
vol t age- sw t chabl EF’?h‘qE aflE G ed 3 l‘[%ﬂﬁ%ekhhofp?’ﬁ?- collzoeraé_g?enlsgr4 rg eph of 1 he

phot or esponse of vol t age-sw t cha ot odi 0des
with an x-y addressable photodiode matrix coupled to a color filter panel;

15 Fig. 5 is an exploded schematic view of a full-color image sensor 50 made
with an x-y addressable photodiode matrix of which each full-color pixel is made
of three photosensitive maten'_als having differing long-wa\}élength'cut-offs such as
at 700 nm, 600 nm and 500 nm;
Fig. 6 is a graph of the photocurrent as a function of bias voltage in a
20 ITO/MEH PPV/Ca device;
Fig. 7 is a graph of the transmission characteristics of PANI- CSA and

. PEDT-PSSA conducting polymer electrodes; also shown is the visual response,
V(4), of human eye.

Fig. 8 is a graph of the photocurrem (circles) and the dark current (solid
25 lme) of a ITO/MEH-PPV:PCBM/Al photodiode. The photocurrent was taken
under white light of intensity ~10 mW/cm?.

Fig. 9 is a graph of the current-voltage characteristics of an ITO/P3OT/AQ
- pho;odi_ode in the dark (circles), and illuminated under ~ 10 mW/cm? at 633 nm -
(squares); |

30 Fig. 10 is a graph of the current-voltage characteristics measured between a

row electrode and a column electrode from a 7x40 photodiode matrix in the dark

~ (lines) and under room light illumination (circles');



w th spectral response sinmulating that of human eye, V(?.); Fig. 13Bis a
graph of the transmttance of the | ong-wavel ength-pass fil t gl Jl@pgod.‘he

vi sual response, V(A) corresponding to Fig. 13A; 10 Fig. 14 s graph of
the spectral response of a solar blind UV detector operating at -2V. The
phot or espongg ¢9kesbd1e MEH PPV. C60 phot odi ode on |1 TO gl ass substrate and the
phot or esponse of an UV-enhanced Si photodi ode are plotted FeVUEBRPAT i son;
Fig. 15A is a graph of the response_%f_ a PTV photodiode; 15 Fig. 15Bis a
graph of the photoresponse of R G phot osensors made of PTV phot odi odes
coupled with a colmgg-qfii: . Flg. .15C 1 s.a graph of the transmttance
of the color fil teI?E' luls]%ag%hr%ﬂ?ﬂg#e%gsﬁ%%?q ?c)}rfh%fir'i"ﬂé S&?ﬁ"}f f9F agkEH in Figs.

15A and 15B; Hiotpdidi§matsx.ali grikph dedcribadt mBbinzed 108AELRP PV 8%RANSE, Of
PV (open squares), PDHPV (open circles), and PTV

phot odi odes nad 0 W t \

(solid circl er%lf;%hﬁ%%?hoi%cgo‘?eé’ a graph of red, green and blue col or detection

derived fromthe Fi¢.ades s 8sBRBEES phBioFd 2 vBltfbe-shhichshid oL, aph, show ng
emp phBtofdsBonst 0fa v?%%ed;;wrligha:%apﬁ?}&@?de 0]

| -V response of, a phot odi ode made with PPV in

i |1 umination; ™3 ahyP308 i s a graph showing |-V response of a phot odi ode
with a donor/acc ' tion structure in the dark and_under

i 11 umination; Fig. '3%29_3% a%ﬁﬁlgfp%ﬂ%esaa?ﬁs of ¥8’|‘?Eﬁ'5&'&£g?‘é§yh%@odes

phot ocur r ent svifltipedttabssparfse aimPRingdhahohosaodee, wqdpr 8 mW cn2 broad band
white [ight (400- q_.g)(plgg)ﬁ Fi gg &C)_A and. 20B are cross-sectional schematic
views of |inear photoat dtidsr2EROLihe pasitarceqlthe lopgavavelengthipeesidtect or s:
Fig. 21 is aasi@teoksuafresgt@s& Vit Pédired ifeQo @4 g At he organi ¢ photodi ode
array, July 2002 WD 99/39395 PCT/ US99/ 02247210 Figs. 22A-D show

i mges achi eved bgg/'ga%%rgf@m@%fhe prrstraldiesrdescaofrasplayblind QO @ewcedos over a 2.5
inch | ength. obé@ingZd VS ] o 22B.is .a reen col or

i mge; Fig. ZgC is&g bYugﬁf:g o?[%?dncglé%é;)ﬂgngﬂ}—}lﬁggvzé@ppgtoﬂmpﬁgp-coI or image
recovered by IEUfséspebistinge endthe ptiptogrsperse afiah bMuenHeat«drSiiphB@afodetireFi 9S. 22A-
5 C Fig. 23,igheds rcgjgpal%fonan optical beam anal yzer made with a 1x102

pol ymer photpodio e array,; ° - ) :

: Fig. 15A is a graph of the response of a PTV photodiode;

15 Fig. 15B is a graph of the photoresponse of R, G, B photosensors made of

PTV photodiodes coupled with a color-filter panel; ,
Fig. 15C is a graph of the transmittance of the color filters used in the
generation of the data graphed in Figs. 15A and 15B;
Fig. 16A is a graph of normalized spectral response of photodiodes made
| 20 with PPV (opgn squares), PDHPV (open circles), and PTV (solid circles);
Fig. 16Bisa graph of red, green and blue color detection derived from the

'diode responses in Fig. 16A;

Fig. 17 is a graph showing I-V response of a photodiode made with PPV in
the dark and under illumination; o

25 Fig. 18is a graph showing I-V response of a photodiode with a

donor/acceptor heterojunction structure in the dark and under illuminétion;

Fjg. 19 is a graph of the dark (solid circles) and photocurrents'(circlcs) of a
P3HT photodiode under 8 mW/cm? broad band white light (400-700 nm);.

Figs. 20A and 20B are cross-sectional schematic views of linear photodiode

30 arrays made with organic s'emiconductors;

Fig. 21 is a sketch of the circuit used to dﬁve the organic photodiode array;



Fig. 24 is a graph of the angular distribution of the |ight em' ssion froma
Gal' LED nmeasured with a flexible |inear photodi ode array; 20&? is a
schematic view of a spectrographer made of P30T phot odi ode arr g g. 26
is a graph of the transm ssjon spectra of a PPV filmneasured with the

spectrographﬁ; 9§é§ g. 25. Fig. 27 is a graph of the spectral response of
an organic Q%688 dor in - 15 nicrocavi ty (optic etal on) St I RCTWSE3/02247

DETAI LED DESCRI PTI ON CF THE I NVENTI ON  Thi's invention provides high

sensi tivity photodi odes with voltage-18wi tchabl e photosensitivity; the
phot osensitivity ca]En be svmtched on and.off by the 20 application of

sel ected vol tages, tKer@yDrdandmagesachissed by & PHOT woear p(hpbodiosle ra:rna;amf array

of such vol t agrosyikdis bad e thﬁﬂdgﬂ?e%ﬁ ca G5 ?(9' einlhagée g 22 1Isa

swi t chabl e photosensors enable t Ion 0O ofe="

t wo- di nensi ona&lreel(%b)r mpas\sﬁlgeZZCrmgénlmm&@nmaw tahd €¢J. APD-i§ PWMIKSG1or)

addr essabi | i ty; swi t chabl e phot odet ector is constructed in a
met al - seni cond B?tgg%cxg%re?g{ ﬁ)ﬁ@r‘f\f}s'% ?Fﬁd 8P fkRIHe eqlor enages eftfiigs 224y
organic f$I mstch as a filmof sem conducting polynmer or a polyner blend
is used as the: photPoactlve material. Selected-color or nulti-color )
detection in the vidBpidesardenicfangptica hease anad wies wade bytheolxp02 pgytnbe | mage
sensor to an Qotdiddefadalyer (s). Fabrication processes for red, green and
blue (RGB) and full-color imge sensors are described by coupl ing the x-y
addressabl e 30 polK&et4 idiaggwhraftthd sngolar Hisidatioanf ty light dinissiBFRoal or

filter panel, @p Pypf; %Eur‘égg’dﬂ% ﬁ&@blogh%gﬁ?tomog?cut -of f of the

phot or esponse at 500 rim an 8Pectively, onto

opt i cal | 40 uni f or m Jiigbriat eshentutic bievf atw dpeattd gighhePBaddo T ARG WO
99/ 39395 PCT/ lgg,?g/ 02247 -11 photodiodes in mcrocavity structures with
defined spectr responses in the red, green and bl ue regions.

Vol t age- swi t chabl e Fph@badlh @RS o rdﬁ%%&l@h@p%@:} o'ﬁ@%\’sﬁlpr?r% assuxfgswnny SSUCh

phot odi odes as,_ t he sensing elenents in a colum-row matri X,
addr essabl e, ;55 Sé’e?/‘é"&fﬂ%’[’géC’%ﬂs%-‘r can be constructed which operates w thout

k. B a o |
Shot ose oy o 2tm§ 3 H%gm\é%kg&%ﬁ ?ﬁ&%ggﬁprh%rthIHFBB%tof‘FEf‘Fi‘B‘( can be

photosen5|t|V|ty, a_ colum pi xel's
sel ect ed'Pand fHFREdViy{omie ¢talopy gpstureol t age bi as, | eavi ng the rest of the
pi xel s on other rows insensitive to the. - .

DETAILED DESCRIPTION OF THE INVENTION
- This invention provides high sensitivity photodiodes with voltage-
switchable photbsensitivity;-the photosensitivity can be switched on and off by the
20 application of selected voltages, thereby reducing cross-talk between pixels in an
array of such voltage-switchable photodiodes to acceptable levels. These
switchable photosensors_enable the fabrication of either one- or two-dimensional
(2D), passive image sensors with,column-ro'w_ (x-y) addressability. The voltage-
switchable photodetector is constructed in a metal-semiconductor-metal (M-S-M)
25 thin film structure in which an organic film such as a film of semiconducting
polymer or a polymer blend is used as the photoactive material. Selected-color or-
- multi-color detection in the visible and near UV can be achieved by coupiing the
image sensor to an optical filter(s). Fabrication processes for red, green and blue
(RGB) and full-color image sensors are described by coupling the x-y addressable
30 polymer diode matrix or linear array with a RGB color filter panel, or by o
fabrica_ning photodiodes with cut-off of the photoresponse at 500 nm, 600 nm and

. 7OQ nm, respectively, onto optically uniform substrates, or by fabricating the



incident light. Wth this type of operation, the physical Mrow, N colum
2D 10 matrix is reduced to N isolated |linear diode arrays e hl\éinég ?/I

el enents;-said isolated |inear diode arrays are free from thhe ¥89% o k
which originates fromfinite resistance between devices on different

col ums. Wyh ¢§44395 2D, passive photodi ode arrays, an inmage can be read out
with a pul se tral n scanni ng through each colum of the. nmatPGHUSHORAE t he
nunber of cont'act el ectrodes are redyced to 15 N+Min the x-y addressabl e
matri x, corrpared to NxM in the case k- i ndi vidual connection, |arge size,

hi gh ier rrays beco racti cal (corrparabletothe
hi gh Bi xel dgﬁls%l td¥0d§| 'snplln}f rgca?? ﬁét}g‘}/ﬁlﬁﬁﬁ%“ﬁﬁ‘p’ﬁgﬁp?‘é@ﬁfféP%%”‘ themsd, exanpl e,
for a 1000 byerddQMhdpilveedegidng.ay, the present invention reduces the nunber
or required el ectrodes by 500 tinmes. The polyner image sensor natrix 20

thus provides a un \Q‘g@éeébﬁizléﬁé’éﬂnpfto@dﬂ%ﬁp GPﬁ@lhl%t?-@emsgezgnsdm\hdsmgst hi gh

pi xel  densi toieh gRtbAIBER a§ﬂ{k§§§ﬂﬂn@51e%¥§%m i Qolﬁml;)g'g %eirrger gre

manufact uri ng process. I'dn to belng use §”ng el ement s
in x-y addr e§§é@$@blezm$assmvge whot ot bdammtld‘le(tﬁmch'fobaﬁ%s without
vol t age-sw t g R cge%anl o hot osensors can . al sqg be used to construct

| i near phot o & har't A9 ese OANGHRA VP Rgs dansdarcent thy phorassrsitivity. # hi s

i nvention, t helumat ofpindls inahé ¥YDrhholod!dab (At ¢arCsbeRe1cARh& Wrh@b Nk’ under
phot oexci tati on of mV cm . The |arge | ph(Voff)/Idark(Von 1) ratio -

a f
(>1.3x105) alPf Qj%ﬁé‘?lrl?egeg’bﬁsr lsaying edestiof g it en oiberyoys ansesutaledo tesol Ut i on
of nmore t hanncl@enbh%l% (in Bid tﬂ@%f&&?ﬁ oA @%é}h%{ illlm\tlﬁ]co umpg f odi-ode

arrays nade with ese materials:- can eus ality (over
18 bitsy0 fumapaisaedusedto Nosalatgd tla¢ardr¢dgerraysaamlemh I\@el&hfearsysaid) active

i mge sensor Spal g rive. these arrays. A
digital shi f?sogzgéﬂl IZIF%% 8%d§%géﬁ?%gg%écémqga?{offéal@&g'&h qrginagss trom g%‘Ff'ect i on.

31 July 2002 resiARroebS98en dRGTHs dRMBIQ2RA46lumrk2 Wile seh@VIDS @assiler UCt ure of the
| i near phot 09119: [ ra%, is shown i B Transparent glass or PET
filns can be usgg’ g%a? e YUaReF 4 efﬂéﬁ&&h\@l%t’w? HP@ scanmie through | i con

waf ers can aksh dofunusefthamaline SHASHhE alRbeBRbha@tt eléc'?roﬁ&' a?%f%ﬁ@ﬁ:'d bhe 1ight
is InCI ent glnb/géa e free surface side as shown in en organic 5

PET fill -¥ 3pdiessablednatpipcompaed to dixdlim tac casy of individuaiade | n
flexible foemn u u can al so be used as
ectidH, 'laﬁé‘é sﬁ@%ﬁfgngﬁxé’}‘d%&ug EIS%Qaf ;%‘Ia@??l e01e MRS array can be

the substrate for. hese arrays
coupled-to. a(ﬁﬂ’mnﬁ?ébﬂrfattbﬁhmh pixel derisay dmptay(aarbysdﬁvde(,\eﬁh LaDacémsiogey opti cal

arrangenent ﬁ@rdex\ﬁl}nﬁ)% ?or ael%ob% 1%86 plxel array, the present invention reduces the

number or required electrodes by 500 times. The po]ymer Image sensor matrix

20 thus provides a.umque approach to fabricating large size, low cost, high pixel
density, 2D image sensing arrays with aroom temperature manufacturing pfoccss.

In addition to being used as the sensing elements in x-y addressable, 2D |
passive photodiode matrices, these voltage-switchable organic photosensors can
also be used to construct linear photodiode arrays. As shown in examples
25 disclosed in this invention, the ratio of [h(Von) / 1(V ) can be more than 3x10’

under photoexcitation of a few mW/cm?. The large 1,,(V o)/ 130 (V,,) ratio
(_>1.3x105) allows the collection of image data with gray scale resolution of more
than 12 bits (12 bit has 4096 gray levels). Linear photodiode arrays made with
these materials can be used for high image quality (over 18 bits), full-page color

30 digital image scanners. Contrary to active image sensors, no analog switches are
needed to drive these arrays. A di gital shift register or a BCD decoder can be used

for pixel selection.



wavefront. 10 Linear photodi ode arrays can be nade in the configurations
simlar to that shown in Fig. 3 wth one row and .n col urm§1§él\l}y\%dd% one
colum and n rows. The cross sectional views of two typica 1'ce
structures are shown. in Fig. 19. The substrates can be transparent or
opaque. |.n wopoghsered configuration (Fig. 19A), the Iineaé _&@gt odi ode:
arrays (210) can be fabricated onto a transparent glass 15 G .?95[)(2%47(214)
with patterned | TO (211) or other trppsparent electrode materials -(such as
conducting pol yner electrodes, thin netal filns, netal/conducting . polyner
bi | ayer el ectrodes bl LG of Jel : tal filmdielectric film

bi | ayer el ectrode’g})@de‘?ﬁgpégggsdsftﬂdyf]lq-gg 85@%@%@{?&6@ Sglo\‘/’\“/'élllp%%d 1y in the
exi sting -art, TenepardnaglapearP EisBihstran adbsedian teGbiteehn DmghemateRAR

deposition of gani.c- | ayer 20 (212) can, be achi eved by spin casting,.

drop casti ng,s.utﬁﬁigsr_\?'?]g%?waefleréc%'l) aléﬂgﬁ]&{@é@s theyHptieds waispialy dpdhis gesgodEti on.  The

back el ect r odieghtiisuntidentfoatohefre@suraics Sive RadhowdhRPE:. (983 Wn&ARRE. vacuum
i k or patterned by neans. of :

deposited wi ;%fwﬁf?i nyl e-shadow mask or. terr . of _

phot ol i t hogr himsargyeqd ag sphstraies.i thhkinqae diode amayl qenfbermaderig @exiblexel  si zes),
no patterni ngoah. Uhec8ePs ;i i al 4 ary.. Thi.s sensi array can
be 25 nounted 0or]it gaac p(ralgﬁth &g? lrrﬁ}il%lﬁ;éd(aéll-'ifgi geb%g(rigs%\%f tu%edaaslc}bf Xs/li‘sqﬁﬂa‘@ir}grcui t.
Several exi stheg diedsrvers; il onthedvhar djetesarag vabasoupBiddo AHY tERNBEGAAT S, |
zebra connect , Lhg .tapes, MW r.e bonding, soldering bunper etc.) can
be used for iog{]%ro gggr?ge%'oensdréét Faed °p‘ﬁ‘-i‘éaﬂ?’?g\75‘%8‘i durithsa deired ogidcabe ar r anged

(surroundi ng whefreetnsor array) onto the. sanme substrate. This is especially
preferr%i in arrays w t{f a high pixel density 30 (e.g., >80 pixel's/inch).
In these cases, tn8"52CPRYPHLITHIRYB aRATIdE indhe sealiglrations swiat wabe, and t he

el ectrical conoesi PaS3 GAR JAE e BhEYBslutha 18 n SLENSl onal
conducti ng epoxy or, other exi gti ng 'con%ect?lz‘gm?gryhno %gf‘gds”%‘is-?ﬁ*rey 2002

WO 99/ 39395 [SESRF SESHONT 2pavs of 1w tymicalidevicesttmatuesd arenshole ieFanmbeshber ei n, t he
spectral respg r ljmge sensors can cover the entire
s i b e P A bl B EFBTRT RavanRis ToRe vi oi bl e

vi sible spectrumw t at res ]
spect rum can th bisabphoselietetacyw(210) eantherfabritasd on a irapRasSIRt i cal filter.

Mul ti - c@ or Ct in.the visi nd the near UV can 5 be achi eved by
coupl i nl(ggl t heqlgﬁrfg%{ee @E‘Hgg}h %??chllfél?%ﬁ) £ Phgs ranspasent electrade mekerialin . pr ocess

for full-col ¢suchamgmdaeiaqiotyrhé HRE6ddsb@sh M’httahﬁlﬁw&?nf&ta\r/céﬁdifcﬁﬁgab' e pol ymer
diode matrix_a green, blue) color filter panel."A simlar

di ode matri pgﬂggggﬁ%églgﬁgd@ﬁﬂi@w filV/BEQ pametahfilm/disdectphbinotilade ar r ay.
clectrodes). The process of ITO patterning is well known in the existing art, and
“has been used broadly in LCD technologies. The deposition of the organic layer
20 (212) can be achieved by spin casting, drop casting,'printing, electrochemical
- synthesis or vapor deposition. The back electrode, in the form of a narrow bar
shape (213), cgn-be vacuum deposited with a simple shadow mask or patterned by
means of photolithography. In most applications (especialiy for larger pixel sizes),
no patterning of the sensing maten'él is necessary. This sensing array can be
25 mounted onto a print circuit (PC) board with a driving circuit. Several existing
connection techniques (such as card-edge connectors, zebra connectors, Bonding
- tapes, wire bonding, soldering bumper etc.) can be used for interboard conﬁecti_on.
The drive circuits can also be arranged (surrounding the sensor array) onto the
same substrate. This is especially preferred in arrays with a high pixel density
30 (e.g.,>80 pixels/ineh). In these cases, the IC chips can be bonded to the glass
' .substrate, and the electrical connections can be achieved via s_o_lderihg, one-

dimensional conducting epoxy or other existing connection technologies.



10 Definitions and Device Structures In this description of preferred
enbodi nents and in the clainms, reference wll be made to s§ \{é{@ @ﬁrned
terms. One group of terns concerns the structure of the volt é' E chabl e
phot odi ode. A cross-sectional view of the voltage- sw tchabl e photodiode is
shown in Fivgo gglzgad1€ Vol t age-switchabl e photodiode 10 15 is constructed

usi ng the netal -sem conductor-netal (MS-M thin film devi &&T/US99/02247
configuration. Specifically, the devjce 10 includes: A "photoactive |ayer"
(layer 12) conprised of organic, sem conducting material(s), such. as a
conj ugat ed pol yner, r/ mol ecul e poI bl end, a | ayer
of organic nol ecuIAes%rn%%tyﬂchgclﬁ% g gmléa‘s h?f%e"}/ szﬁ)e‘fjr[ﬂ? fgspaRrePt ¥er uct ur e

conbi ni ng th@omwenawctensoak gan cobahe emire aﬁtbl@&;@@tﬂr@‘i@ﬁ"rel(ah@é{?'ﬂ§l 11, 13)
whi ch serve ??s% ode Fd\‘;cat ode of the photodi odes to extract

el ectrons and ho P%‘EB%{? { él'%/besﬁerc%ﬁ“tcﬁ'ea]ﬁ%bﬁ ghestadweith abad-pagne of the

el ectrodes (Ioa}oe\r paslo fcdtif@er. WiultScoldmd e L r,.semt sparent in
t he spectral r]ge of b| %tereerst tuo C205. Cdévﬁ@ﬁfe?él?ﬁlge edt ?neaﬁW@ "t o be
absorbed in Pﬁé Heted\hy conplats @iﬂ)lage'ﬁhlesof witbdedlogifidtet panel A&bdﬁﬁthd]ﬁd as a
conducti ng nptREd t 6L < tion. than t "cat hode" material.
Thi s sane rg?atr osﬁts)rhfyr])] % 33 Pﬂ lsl%g%ﬁ)dd Yithyt Q ’aé(taa ésﬁaak‘ié’rmyf?rand i ght

source 18 (oﬂloﬂis‘n)alm)smfdmﬁdﬂ (medjgmmeﬂua,eorozmzer?;ﬁnaoAaﬁﬁlrrr§,0fae§ca<i'1%9' cted in
Figs. 1, SC b res ctrY .. As shown in Figs. 1 and 2,

el ectrodes 1P 13 grfle'p{f’é’ﬁ‘?r@cﬁr ¢ B‘?aégh"‘(?@P@f‘ag’ansour ce 15 via lines 17
and 17", respectr vely. Detector 16 (that represents a 31 July 2002 WO

99/ 393%@ PCT/ U899f 0&247 -14 current neter or a read out device) is wired
in series into th he photoresponse generated in the
phot odi ode in resmngej gcql troglagc A& t woul d_be enpl oyed in
all of the devr ces 9836, PE0 ngﬁgh@@rﬂ%gtﬁiagg eﬁla”li‘f Jeferepcs; 5 The

devi ces may ¥i'kee 'i“ﬁéq llsrcfe\'%ml dt[ﬁncdmahs sQixsgroap ef ©fmsStoppehs thk4iru@dreshown i n

Figs. 1-5. Tk or flexible.layer designed to provide.
f obust ness o ft:kih essgjtlcgzg)rlrd toc{' éet hAecrr‘?ﬁst?elcﬂo V’&Vq{fth‘?ﬂ%@é@r Wien | i ght

is incident $witirabla@hotediode [saethewﬁludﬁrg tiherhe WoRideadngtcRiIb! Gbﬁot&ﬁoéé spar ent
range of interest. ass ymer

heet o "or 1 1BRV B Bels 45PE S A Ak e Gu et Masb M-S thin fim dovic
configuration. Specifically, the device 10 includes:

A “photoactive layer” (layer 12) comprised of orgamc |
semiconducting matenal(s) such as a conjugated polymer, a polymer
blend, a polymer/molecule polyblend, a layer of organic molecule or

20 molecular blends; or a multilayer structure combining the above materials;
Two *“contact electrodes™ (layers 11, 13) which serve as the anode
and cathode of the photodiodes to extract electrons end holes, respectively,
from the photoactive layer. One of the electrodes (layer 1 linFig. 1)is
made transparent or semitransparent in the spectral range of interest to
25 allow the incideht light 18 to be absorbed in the active layer (12).
The "anode" electrode is defined as a conducting material with higher work
function than the "cathode" material.
This same relationship of electrodes 11 and 13 to active layer 12 and light
source 18 (or 18') is found in devices 10, 20, 30 40 and 50 as depicted in Figs. 1, 2,
- 30 3,4, and 5, respectively. N '
As shown in Figs. 1 and 2, electrodes 1.1 and 13 are connected to bias

voltage source 15 via lines 17 and 17°, respectively. Detector 16 (that represents a



10 commonly used. Wde band sem conductor wafers (such as SiC, Si N) whi ch
are transparent below their optical gaps can also be used ify fff

applications. In these cases, a thin,. doped region can al so se¥ve as the
contact electrode 11. Devices with the inverted geonetry shown in Fig. 2

are al so usa&fylbedgies applications. In this configuration, light 18 is

i ncident fromthe i back" el ectrode 15 side, and optical |y JsdqiReymterial s
can be used as the substrate materi al For exanpl e, by using an inorganic
sem conduct or wafer. (such as Si I [ cor%j1 as the substrate 14, and- by- dopi ng
t he sem condugg,qg { ve s as defined. in the fol |l owi ng),

the wafer can serve be gqgadt% lﬁ%e AU NOHEI S HIA 4 mersbiescthe ode 11.

The inverted thum!smrsegérieeiwd fnhige p’;lii)\(@ﬂécfkgﬁ r@sfpohs!%ttggx fti ﬁngm,p%'an?eo
phot osensor Wi th .drivi ng/rea -out cCi rcwtry bui | Fg’e y on

i norgani ¢ sefl'e8hyoE BF cawhyed m 4l qlubg ﬁ’ﬂj‘qeﬁt(lébpétlid 4@|and:d{)1ddpe:mdninﬁl ogy) .
The i nci dent Fl@h1518 (or 1.8") is defined generally so as to include

wav el engt hs in visible (400-700 nm, wavel engths in. the ultraviolet

(200- 400 nn) wav &hedetiersimaytatse mdmdmnndmlo(xadzmﬁhnmc oragporyeengs in the

infrared (7005, gy er al ers.are designated as "transparent”
or "sem -tranglpa?ent§%l$glssae§’? ﬁé‘ éj‘géﬂ'efgeﬁ‘@f o P@th?éO‘?}rSWé?ty of a

mat eri al whi cte the divded arsl/a tsubsﬂmrn:t hrdy ofpmdelsow&fn HHoReis! 15@3&?%% ? '
i ncident on i '] "transparent' is used t describe a su rate
%ubstra ¢ 8\98le%

with transmttance siplg shqpdd 'Peeﬁr?ﬁspﬁféﬂﬁmtsﬁlaﬁa@araemt'in 80 spstrabed to
describe a sulaate aftiaterdst NGlaEaPsHicE HRER oP9E¥rF%'h1§s%%ﬁlr%P 2 sufstrafeanc uCtl ve”

| ayer mat eri al lQas a conductivity typica SUReSS em A
seni cond80t| NP THEPHY uggd- h‘é{sde@@ﬂfﬂmlmnduytoofwarfq:rsmutﬁ)MSKD S0y whisherg@ 31 July

2002 WO 99/ 9 L. t bi
refers to thg%gggaerg%e‘éﬁ Q{Cgﬁ’éﬂg lﬁo bggssegdb?ég'ga PU‘CFRS'%ZH’IE)\EII‘;W) -

el ectrode (cai@psdethen, ebpcd)dag)on cWhelno vﬁixumhef;om@cg%ldcl&@de yol tage are
t he reverse bias voltages applied to obtain

referred to, as in

enhanced phot osensf%‘?%fq ﬁ’tP%é"’?’é@a?PW&Wéﬁ’%’W‘gi 2i5ec ysqussfilim terns of -

absol ute 5 vappbsatiobfialn ths,coiﬁ@gurzemm@lﬁJS@s méleeM f(*&ﬁ\(}?er g}k’ba ?rohé greater
fessa passi ve

than a j V(raever ‘}%’jcﬁﬁé The structure of the x-y a
phot odi ode meide & d(S p &@qug@ﬁgegﬁlsgeq b¢ gseg@pfzhgsel@stme Miatgrial3. FoShovvn in
Fig. 4ist hEC)&le&ﬂJWuﬁmgfan%Jran'lc &Mi@nductor wafer (such as silicon) as the
substrate 14, and by doping the semiconductor. to “conductive” levels I(as defined
in the following), the wafer can serve both as the substrate 14 and the contact
- electrode 11. The inverted structure offers the advantage of mtegrating the
20 photosensor with driving/read-out circuitry built dlrectly onto the Inorganic
semiconductor substrate (using integrated circuit technology).

The incident light 18 (or 18') i is defined generally o0 as to include
wavelengths in visible (400-700 nm), wavelengths in the ultravnolet (200-400 nm),

: wavel_gngth in the vacuum UV (<200nm), and wavelengths in the infrared (700-
25 2000 nm).

Several layers are designated as "lransparent" or "semi-transparent". These
terms are used to refer to the property of a material which transmits a substantial
portion of the incident light incident on it. The term “transparent” is used to
describe a substrate with transmittance over 50% and the term “semi-transparent”

30 is used to describe a substrate with transmittance between 50% to 5%.
A “conductivef’ layer or material has a conductivity typically larger than 0.1

S/em. A semiconducting material has conductivity of from 10™ to 10" S/cm.

“



i mge sensor 40 nade with the. x-y addressabl e photodi ode matrix. In these
10 devi ces, the anode and cat hode el ectrodes 11', 13' are t R I'ﬁ@éw
patterned into rows and col umms perpendi cul ar to one anot her erni ng
of the photoactive laver 13 is not necessary for pixels with sufficient
space bet wagg oggysgsent el ectrodes. Each intersection of the row and col um
el ectrodes defi nes a phot osensi t| ve eI ement  (pixel) with REELRFct ure
simlar to that shown in Fig. | 2. The widths 15 of the row and
columm el ectrodes 11', 13" defi ne the5 active area of each pixel. A.matrix
of color filters I8.( LQxel of .1 r filter is conprised of red,
green and bl ue col or ﬁgﬁp\é} é‘e§atl‘§h)ebdifprlege5\RA‘Lﬁcﬁsﬁ%“'Bﬁblﬂ’SH?rd@éenﬁaheI A
separ at e sheds amﬂxedod) dre ahbdieteiécfsroad: (Gaihdte tlecttiRy. WaRH vfal%s&ﬂ{ gEtI\LECD di spl ays
[ For a revi ewt %A %da and T. Su(gl ura, Proceeding of O | ando,
Florida (1994f a%‘“&é 1 ‘asﬁd"fhfrcafﬂrﬁ dhetsvprse bias Valtagesrapmicdite bewaimed
enbodi ment, tdARaell Photbidntiality, RANE t he
substrate for the ﬁoto |oﬁeltyﬁatrli?t&@ﬂaelpgse\g{ﬂq}e gaft?dalrrl]gglg]r%o 25 ch ®€trodes 11
(for ex | e, ValHgerd ﬁfls iferckixamplel m=10XY 6@\erSé[F®)asoagrebmth‘aﬁbr-ﬁ(va(trmrggyer t he
color filter gpating. In this configuration, high pixel densities with

m cron-size feature size can be achieved. 25 A coating of "bl ack” materi al

(opague in the spdtesalcin@ngencoty hdiressgsit, pabdive pHoslliddeRaRR ?.“ﬁ‘?r'ﬁ ge?
sensi ng pi xel__can in front of the hot odetector plane,“formng a

"black matri x‘:"soﬁ@s's B%‘H?F‘ﬂ@ Big. febPhavin in I‘Hosér*r%‘h§|5tru<atulemf9 fuld-colour t her

reduce cross-xmagé%ebﬁir%%hde%ﬁhﬁ@f y%&h%ks%bl}}h@?o‘ﬁ'x&ﬁ%ﬂ& hlnatrﬂ Unpat t er ned
phot oact j ve. or anl ¢ layer. Black matrices ve been used I'nCRT monitors

and 30 ot her dF 15%S, B‘&ﬁ’éPdf‘d?l@ﬁPﬁlg?ée tlectiodey bHs 3’ chrsp'lpayillypmerrﬂédmtoalad/sar e wel |

known in theahdisph e e n he, "bl ack matrix" can be
achi eved wit ﬁn star;ggr%rggwgto |ti'!'10gar aﬁin; ﬁ;ﬂ ﬂtﬁ‘ﬁ p}’%‘f’aﬁ%"eéﬁ‘feéé% printing

t echni ques. I1nQ) pEgesPY for p\ﬁ@sgﬁﬂ&ﬁziﬂﬁﬁed?@%ddﬂi@&lf&ﬁ 2fjhcemt bfechrbdds- EQLPr

detection ca [ ern ve approach 50~as shown in Fig.
5. In this ag’ég’g%@ﬁh Ogﬁ%ﬁo‘f'ﬁ{’ﬁ? @B’PBF eﬁfr dfgnesc"o‘ﬂ’ﬁl‘qs§’é%"‘terﬁ‘1@éentphot odi odes

12R 12G and (128 with deViongruonvetinmat  (Batlshlh Bl 19 £i 09 PRARAR i m
respectlsvel Yof hese g&ot odi odes are nade of threé photosensitive material s

in 5 the def Phi§ Y 8L coJpmp glecuedssd } ad 3 define theactive ﬁiengfgdchtm:eelactl ve
l ayers can be -achimmad obyol&hmé?éié(&gg{ FREVof (3ELS g@JknPerr',s“ct ',%[gi F%P dow

maski ng and the |like. The correct green an rmation
can be obt ai Ffdd8155n #1d blue eqler flterold’ bis conpled wiithnbe photodioddyenerad- out

circuit) frogphhe HLBLGT SKP ﬁmrég]lnﬁlar PRt 02 P color%,%D %xsplays [For a
review, see: M. Tani and T. Sugiura, Proceeding of SID, Orlando, Florida (1994)]

20 can be used for this purpose. In a more preferred embodiment, the color-filter
panel can be coated directly onto the substrate for the photodiode matrix. The set
of transparent electrodes 11 (for example, made of indium-tin-oxide, ITO) can be
fabricated over the color filter coating. In this configuration, high pixel densities
with micron-size feature size can be achieved.

25 A coat_'ing of "black" material (opaque in the spectral rahge of interest) in
‘the area between each sensing pixel can be placed in front of the photodetector
plane, forming a "black matrix". This coating is helpful in some situations to |
further reduce cross-talk between nei ghbor pixels in devices with an unpatterned
photoactive organic layer. Black matrices have been used in CRT mdnitors and

30 .other flat panel displays to increase display contrast, and are well known in the
display industry. The patterning of the "black matrix" can be achieved w1th

standard photolithography, stamp, ink-jet or screen printing techniques.



demonstrated in the exanples of this invention. An optically uniform
material is 10 used as the substrate which is transparent |r5tmﬁ &b bIe
and opaque in UV. The col or selection can al so be achieved by co*blnlng t he
device structure. shown in Fig. 4 with that shown in Fig. 5. For instance,

wi th the pheooessssng material in the photodlode defining
spectral response, the optical filter placed-in front. f|ngeiéﬁg%”%ﬁ
response desired. Exanple 15 utilizeggthis approach 15 for a photosensor
simul ating the response of the human eye. The Photoactive Layer The

phot oactive |ayer Hdl-tdlot decyiohtagse Mné&ﬁ‘@.@ﬂh%n F}lgxtngﬁive 28’? acf sgagde of a
thi n. sheet of organi¢c sem conducting materi al e actl (fayer 4an

conpri se one ShOYNdp Frgnfe In s arprensbi ¢ashy fulbmipugaﬂdd pahpyrges shre@l one or in
conbi nati on WHbd; R 0 anl c npl-ecul es,
or ol i gomer SV\’S Theﬂg%tslqv% %Bﬁflgﬁ%ﬁ% VRS ﬂedi’ g‘fcuf \%@’gab{ PP GandofPugat ed
pol ynmers wi t hns, mspeativedy. "ﬂlﬂe‘sé ﬁhﬁniﬂloded ﬁéhfadﬂoﬁtﬂﬁde%hb!o@élsﬁﬂg nHd e iGNt

el ectronsc entﬁ%ﬁé(ﬁr%% Ei |ve l?’%/ can be a en ‘two or nore
organi ¢ nol ecul €8 W £h 28 PRl 8Fa“’d| atigming ofthe @fﬁ"’aﬂfﬂierﬁqah@s 25 and

di fferent el achiconl by SRESIHoGARS; st kOGP InaSR B Bl O

conjugated polyners and or%anl c nolecules™wth sim
el ectron af fiRIEFded gheen anf plusicelnr infoamaiongap e oitamed byﬁﬁ”fermfti‘aeéxsoSpeCi fic

advant ages i nhé Hahalt A ufdl I'E;(?Blﬁral'c%l @Lﬁ&r‘ﬁél?eqh%fefsl l';llptgclgga}ﬁl 0% ang ll; onents can

| ead to photoi nduced charge trans effonenon

whi ch enhancéignlon@ratmottmsenmpﬂesmfums irNefBion3 QArBayticail§ LiifortGaridl is Heeger ,
US Patepj 5, 3 N.S. Sariciftci —and A J. Heeger us

1.9. 1994
Patent 5, 454, 3‘3"05‘5?&@% rgtié’ﬁ%‘ih‘sﬂa Pake 1 the yistble and opagyg ndyy ¢

Heeger and F. WidIThe ScioesstectidhBan 44d B 682N byleomBiH 2002
WO 99/ 39395 PCT/ USa/ 0224 C17' NS, Sariciftain "“v%ﬁ%%é“&e%ﬁ%%r _
Heeger and F. %’&Ifn It With ghay shvn ipFig1 3gRey lQ%%B)WHNYSphMB@rrsnfotm and

A.J. Heeger, nlawrdl th thd phdfBliod BshinSpsh oft%@Zpe(c{11-?|9,é%§]0me:ﬂ1 3‘8 L, Iayer can

al so be a ser, es. of het erol unctions utilizing “haterial s
or bl ends as P36l vdram finpewnes U8 responshiesired. IBmmtpfe Orngainecthidppedaces,

ol i gonerss an@orrgg;%ﬁggrggr Qh]?‘%’(\?)% Qﬁ@r&sponse Sp{he%ﬁat ed with thernmal evaporation,

cheni cal vapor deposition HA" £Y9' s of conj ugat ed
pol ymers, pol yner/polynmer bl ends, polyner/oligomer and pol yner/ nol ecul e

bl ends can often Eg Eﬁgr i cat ﬁd by casting directly fromsolution in comon
sol vents or ‘using phase processing. =
- The photoactive layer 12 in the voltage-switchable photodiodes is made of
| a thin sheet of organic semiconducting material. The active layer can comprisé one
- 20 or more semiconducting, conjugated polymers, alone or in combination with non-
conjugated materials,_ one or more organic molecules, or oligomers. The active
layer can be a blend of two or more conjugated polymers with similar or different
electron affinities and different electronic energy gaps. The active layer can be a
blend of two or more -organic molecules with similar or different electron affinities
25 and different electronic energy gaps. The active layer can be a blend of conjugated
.polymers and organic molecules with similar or different electron affinities and
different energy gaps. The latter offers spccnf' 1c advantages in that the dlfferent
electron affinities of the components can lead to photomduced charge transfer and
charge separation; a phenomenon which enhances the photosensitivity [N.S.
30 . Saricificiand A.J. Heeger US Patent 5,333,183 (July 19, 1994); N.S. Sariciftci |
and AJ. Heeger, US Patent 5,454,880 (Oct 3, 1995); N.S. Sariciftei, L.
Smilowitz, A.J. Heeger and F. Wudl, Science 258, 1474 (1992); L. Smilowitz,



10 When pol ymers or polybl ends are used as the active |ayer, the devices
can be fabricated onto flexible substrates yielding uni que,y Q@éé:al |y
fl exi bl e photosensors. Exanpl es of typical sem conducting conj u’@

pol ymers include, but are not |limted to, polyacetylene, ("PA"), and its
deri vat i veswop9hssesot hi anaphene and 15 its derivatives,; polgyjt hi o hene
("PT"), and its derivatives; polypyrrole, ("PPr"), and itsh EV?S\? NWes;
pol y(2, 5-thi enyI enevinyl ene), ("PTV!), and its derivatives; poly(p-

phenyl ene) ("PPP"), and its derivatives; polyflourene, ("PF"'), and its

derivatives; NEOIsipHRMK SRR, ¥ HkENS) ’Ai ﬁg\éﬁ)al}dafpd\h}#gf PIGLIN ives:

pol ycar bazol e and its ‘derivatives; Pdl'y(1
pol yi sot hi anaphdA&35aaoix . ﬁe‘ﬁarmaﬂmmed;A R2Hepetrynwrnol eMpdarrys egigconduct i ng

pol yani | i nes 0 ral di ne and/ or the mer al di ne base form.
Repr esent at i viej p@?g‘gﬁuﬁ? nmla kaé’ﬁ APL1sQrhs 2EUES AL roInnayons utilmangent

5,196, 144 whileyers sf sran0e pRicaBCbrHeAL Bs PMichRfighgnce. O these materials,
t hose vvh ch exhi bl_ltd sol ubi l'i ty in organic solvents are preferred because of
t heir OCESSI ng H¥VARtiHgeo opmnymelptudes. oligopres awlmolatiluesendsicah ar e

sol ubl e in cqmmy;} )

b0l y( 2- et hoxy- 5 l&fé_agcp'l}?\heﬁ{? l‘é@%&o?gﬂor\ {:{%ﬂﬁcal vanor de O?'NP%H%YD) artd' VEH PPV )
[F. Wwidl, P. -9 TM”II ﬁh&ﬁmfCO@UEStEd@nkymersZpoll)dmedpdyﬁer Maﬁ’znsanch in Materials
for Nonl i near al, Perspecti edited b R Marder J.E
Sohn and G D @'gf?ﬁr an nPé’HY'B%{H“@ﬁ ﬁ‘&Pd%&BPQFQ/be%@ﬂﬁﬁtﬁ@bwsm 30
1991), p. 683111]eptl)pfrbxyl(52hb1uhyrh c&mindn 61MMts bmgyd:)su%uérmhgﬁm%@?%'e&}’rgg”e)
(" BuEH-ldDPV' E’M A. Andersson, G 'Yu, A J. Heeger, Synt tals 1275

(1997)],° polV ?‘%O'HFSYGGHBP@QFQ%W)JS@%Um\&ﬁyr ey thadexivey can(BeBCHA- PPV" )

see U S 31 fdstickted @8R L) nt -application
klo 07/ 800, 555, C?ﬁcorpo?éﬁg%%?‘ggﬁ fgﬁ{n %%géﬁ amcclgquhﬁéa’i'13al Exanpl es

of sol ubl e PPEOTORGISPIge pol y(3-al kyl't h| ophenes) ( P3AT"), vvherel n the

| kyl de chain ar bon ch a 5to 30
gar)l;ongl (e')rgan: cslﬁﬁragrg %QE%E%] %:eg’ﬂc%n%u?mbgrco@g‘{"%%gBglyﬁgﬂﬁg’ﬁ P RUEYBL or

pol ybl ends 5OHMtthb10thivm>tlenee( 1P:N§grandghes?apoéggbb@gga&,%phgﬁlam ends 01;] :
sem conguct i mar/ QLRI ends of seni conducting pol ymer wit
sui t abl 1(ej'suor ggtgldgﬁ\ au)(/ B@%‘X&%&F’o(r ﬁggg%ﬁ&%‘i"?‘i“’és rﬁﬂ]mYWOéﬂs? PEXargsides f or
t he donor of ltslderlvaﬂ@aQﬁ)bB,QEQﬂh@ﬂylmv)ﬁ{;h@iaﬂ%'pml)Lg;i,% xﬁ%n@{nﬁrf%}% gik mted to.

t he conj ugat eg np? $USt nentioned, that is PPV
pol y( pheny! eR&§Y %ﬁfi)j(tfﬁjé‘ agg jitg gpravatives; polyflourene, ("PF"), and its derivatives:

poly(phenylene vinylene), ("PPV"), and its denivatives; polycarbazole and its
derivatives; poly(1,6-heptadiyne); polyisothianaphene and its derivatives;

20 polyquinolene and semiconducting'pdlyanilines (1.e. leucoemeraldine and/or the
emeraldine base form). Representative polyaniline materials are described in U.S.
Patent 5,196,144 which is incorporated herein by reference. Of these matenials,
those which exhibit solubility in orgamc solvents are preferred because of thelr
processing advantages.

25 Exampies of PPV derivatives which are soluble in commbn organic
solvents include poly(2-methoxy-5-(2"-ethyl-hexyloxy)-1,4-phenyiene vinylene),
("MEH-PPV") [F. Wudl, P.-M. Allemand, G. Srdanov, Z. Ni and D. McBranch,
in Materials for Nonlinear Optics: Chemical Perspectives, edited by S.R. Marder,
J.E. Sohn and G.D. Stucky (The American Chemical Society, Washington DC,

3Q 1991), p. 683.], poly(2-butyl-5-(2-ethyl-hexyl)-1 ,4-phenylenevinylene), ("BuEH-
PPV") ‘[M.A. Andersson, G. Yu, A.J. Heeger, Synth. Metals 85, 1275 (1997)},

| poly(2,5-bis(chol¢stanoxy)_—1 ,4-phenylenevinylene), ("BCHA-PPV") [see U.S.



10 derivatives. Exanples for the acceptors of the donor/acceptor pol ybl ends
include but are not limted to poly(cyanaophenylenevinylen " Cf!DV‘)
full erene nol ecul es such as C60 and its functi onal derlvatlves an

organi ¢ nol ecul es and organonetal lic nol ecul es used heretofore in the art
for photore tors-or electron transport layers. 15 One can al so produce
phot oact i ve Ay} é?? using two senlconductlng organi c . | ayer sPEHU§9/02247
donor/ acceptor heterojunction (i gllayer) structure or alternation

| ayer =~ structures. In these structuré the donor layer is typically a

conj ugat ed po

pol y(cyanaophg%ﬂﬂne"iﬁ?g f Pé\%g)dm(wgijﬁ rﬁ’ora‘!" F@P%We’nﬁé?@léﬁ?’%s‘h%%% as 060

and its functiEamapledsr ionadié w&&m&g? 1?(53 anxmwea&@ (REBCER), widreiRuganNi C
nol ecul es used heretofore in the ar photoreceptors and el ectron

transport | ayeaky! sigselippiseonigin mpreghinet ear bf]llaml?h anfrpmybee 30sarbgot.ure for a

phot oactive | ayer i t PRV/ C60,

PT/ C60, P3AT/ C50, G E G Bt 08 hﬁ%brnaccgzt??\l}%g% gotoaf CeH‘OélF’Sgbbeéd?mde of

wi de band pol ymlesaheuoahnma\pml Yhdve pBSmem/daﬁae b&zxd& ef s(e'r'xﬁ’dﬂﬁdbxctﬁh@ped with dye
nol ecul e(s) to enh e phot i Vit n the visiple spectral range. In

nc ensi t
these cases, PREMW %]y Bshar gfe ds? cseglécrog@éc“ag PRIYMST Hyasuitabls erganic as wel | as

hol e (or el echfow&)xletbﬁdiﬁp&[@,ﬁndﬁ?étﬂﬁé %blecﬁ%ﬁrmlaﬂﬁalés%llM@%on&lﬁft}%re not
limted to, PVK/ o-chlorani PVK/ r hodam ne B and PVK/ coronene and the

like. 30 The BPRATGaEEPIAF@olvRieads mstnde bl asgn@ digaisddo Hsiceniugatsd p@llymgcsrrers or
mol ecul ar- bl epﬂ{imexhx'ibntealtﬁa@gbpd'ﬁ’?rﬁTv Lig &P&g@ O tdn}é?héﬂ SRlpi@l can be
0] B 03|

fabricated in thin chenical’ ion ecu ar epi t axy
or ot hed031 Jd¢ryapee? EX\mP%/f@QhBQﬁeﬁﬁﬁldﬂswomaﬂzﬁepterlﬁolymm include

filmd | ude but
e ot i + 3 S SANEES S pab i Ao u R CoERS L hfabrS cone. and

its derivati ma;culphtmmla@@g@mdna famlohalsjedmv\z@tah&eﬁg,ani@hmm%d and its
derivatives, fullerene ("C60") and i t§% derjivatives, thiophene oligoners

(such as si xe?’l%f"b‘ﬁﬂ"é'f‘llé’c mplecgies “é‘?ﬂf‘eé%? FHP SptEhor PhStoreceniers(of gleptron
derivatives phgipbrt Myegomers (such as sixephenyl "6P" or octiphenyl "8P")
and their derivatives, alumnumchelate (Al g3) and other netal -chel ate
mol ecul é3 (m q3) BDcarsqmmothDph@s@a@lvamfees usEEd wiotssmitenincaing wesingnd

bl ends such aﬁt ﬁ?gono@}gf:&%por hEP ot ’[l;)lgg 6Albﬂ eg%éﬂc&'rg ? Czﬁ%matlbn layer

phthalocyanlne or ani ant dene racene
structures In these structures, the donor layer is typically a conjugated polymer

layer and the acceptor layer is made up of poly(cyanaophenylenevinylene) ("CN—'
PPV") fullerene molecules such as C, and its functional derivatives (such as
20 PCBM and PCBCR) or organic molecules used heretofore in the art for |
photoreceplors and electron transport layers. Examples of this heterOJunclion layer
structure for a photoactive layer include but are not limited to, PPV/Cy, MEH-
" PPV/Cy, PT/C,y, P3AT/C,,, PTV/C,,and so on.
| The active léyer can also be made of wide band polymers such as poly-N-
25 vinylcarba_zole ("'PVK") doped with dye molecule(s) to enhance photosensitivity in
the visible spectral rangé. In these cases, the wide band organic serves as both hést
‘binder as well as hole (or electron) transport material. Examples include, but are |
not limited to, PVK/o-chloranil, PVK/rhodamine B and PVK/coronene and the
like. |
30 _ | The photoactive layer can employ organic molecules, oligomers or
| molecular blends. In this embodiment, the photosensitive material can be

fabricated into thin films by chemical vapor deposition, molecular epitaxy or other



10 chloranil. For the photoactive |ayer containing nore than two types of
nol ecul es, the organic layer can be in a blend form in b|| qyRs % or in
multiple alternate |ayer fornms. In sonme enbodi nents, the ag \%y ‘g‘{g}r
conprises one or nore organic additives (which are optically non-active)
to nodi fy amdobmsezpsprove the device 15 performance. Exanpl %1%89%

addi tive nol ecul es include anionic surfactants such as ether s with
a common structure, R(OCH CH2) nOSCB: My. wherein R represents al kyl
alkyllaryl, M represents proton, netal or ammonium counterion, 20 nis

nol es of et hykedien Omh-depdsitidhGahh¥lobic2- Mﬂplé@lshﬁzﬁﬂé Rl'ateﬂfa#s% 1r|deabm oni ¢

surfactants as additives for inproving the performance o
light-emtti n@'ed’iobh’é‘ste%@s‘n@é@ﬁltﬂ@mﬁstimhtl%@trbyu%s (éaacen[e |alndSlts Pat ent

Appl I cation, %Y\’aﬁlﬁg&thzg&\gﬁ%e%I]rgns H"”rlvgpv' f%l'{@c%zg{] Yt 6‘F$F%Z3‘Br ef er ence] .

25 Ot her types of t1ves include so 'FS:or gani ¢

salts. EXarrpfléqunn(:l(lmearnblllsyc(e&tvhly\henﬁloﬁkdrﬂ%)lgoxhhxtsmdémas sixethiophene’
trifluoregneth sul fon bl ends, tetrabutylamoni um

dodecyl bgnzenesulalngﬁ’&‘fl ’OBIﬁed’et ﬁy}l qnﬁiéhe”&?ﬂl‘?‘é‘éﬁ PBenYbPlisamerh (Ricket rol yte to
| 'um nescent pgkepreny "6P'doﬂd&\4§1% Ep'mp@iadaqmlwé}?vames' QQQEM"@%I ng devices

have been denpnstrated in U atents 5,682,043 an 30 I n cases
where the act(A@3)asgether mermkdbelat molegales 6nisj3enBBDvirtifo-PBD, atadimole phases

wth differeningelafhiAR.2hld Gbilesopndaet] aak hSpaK ARG, nanoseal e phase

separation commonly occurs, ‘interfacial
area. The 31 @Upyla%OQl le@@aﬁ%&&thnUSﬁM&EM -adthrideass(s) . W th

hi gher g} ect el rgm | IiY q{:ts as ‘lan el ectron acce tor(s) whil e the phases
with |over el S¥8h & f‘ HRYPEBYe ?ﬂé’f’"‘?@mgz‘a?ﬁedha”eW@r‘@iWSsﬁfmﬁé@U% an

el ect ron_donahé siganiEheaecarigansdIHkianas if 010cRdHhas5n BhifieLign4L ansf er

mat eri al s, ﬂ gnabl e the photo-initiated charge separation process.
defi ned by t FPPBwing 5 steps [N.S. Sariciftci and A J. Heeger, Intern.

J. Md. Phys. B 81y s .
D); Step 2ysl.3 ! g%e%g&q%}kt tﬁ&g&é @Q ?ﬁl%ﬁgﬁee?oc%ﬁeog%’cgtr\ag_zn o

conpl ex): St @gdgweq(\@@ are opjyeally IIOG-(aDdLe) to- mAdif¥ and(tohmapgeettiadsier
initiated); performance. Examples of the additive molecules include anionic surfactants such
as ether sulfates with a common structure
R(OCH, CH 2),080; M”
wherein R represents alkyl alkyllaryl,
"~ M" represents 'proton, metal or ammonium counterion,
20 n is moles of ethylene oxide typically n=2-40).
Application of such anionic surfactants as additives for improving the
performance of polymer light-emitting diodes has been demonstrated by Y. Cao
[U.S. Patent Application, Senal No 08/888,316, which i is incorporated by
reference].
25 - Other types of additives include solid state electrolytes or organic salts. -

- Examples include poly(ethylene oxide), lithium trifluoromethanesulfonate, or their
blends, tetrabutylammonium dodecylbenzenesulfonate and the like. Application of
such electrolyte to luminescent polymers and invention of new type of light-
emitting devices have been demonstrated in U.S Patents 5,682, 043 and 5,677,546.

30 In cases where the active layer is madc of organic blends with two or more
phases with different electron affinities and optical energy gaps, nanoscale phase

separation commonly occurs, and heterojunctions form at the mterfacxal area. The



10 Step 4: 13 (Dd- -- Ad-)* "'3(D -- A-), (ion radical pair forned); Step
5. 13(D " -- A) " U + A (charge separation) where (D) denq.'e‘myligofrganic
donor and (A) denotes the organic acceptor; 1,3 denote singlet or triplet
excited states, respectively. Typical thickness of the active |ayer range

froma few hwodg/sdesAngstrom 15 units to a few thousand Ang nits;
i.e., 100-5000A (I Angstromunit =-10"s cn). Al though the ZPE:C{E?‘QB@E/P%ZI‘%
t hi cknesses are not critical, device fperformance can typically be inproved
by using thinner films with optical densities of less than two in the

spect ral r egi aaghs)iwnitetigik cledRorferffic BOND: LBl ackeclith ke, OF 9ani ©

phot odi odes of this invention are constructed I n an: \ ure, in
which the or gatiiaees Pridtlowen dleatron affinityi (st lobouivettionetengy sirclRSs\wht h

conductive conga : ln t onfiguratiqon shown in Fig. 1, a
t ranspar ent sub.s?r F%tﬁ !ér%%ﬁg'gﬁ@%% aﬁ‘ﬁsg%{"rééﬁ‘fmezf datsd gharge-fransfer maemelss as one

contact el ect raodenablladic phetbiinitiaccd dRargé Sdphfipn F@aeg@em&gbya&gtf%aﬁh?ct rode
11. CIherstra Cpggﬁgt Sel.ﬁj:t.ro e materials include al um nim doped zrnc

oxi des ('Azorlf,p AnPAUFH EAE - Heeger-daisny JaNpd. | Phyisn Boki23@<129490): t he

| i ke.” These condugidpng coat pngg -arp+ : t al - oxi de . conpounds
whi ch are transparer}:t from lnea;r8£ UVEt g%?ﬁe(cei?lnr?ﬁ?lg?rggi?% The el ectrode 11
can al so be made WotR 2t her dBJedAi'ndMyam)t, Escptiondslocalizeabh@ya. These
conpounds canpgydeped into netallic (or near metallic) formby varying-

t he-conposition of the elenents involved, the valance of he elenments or 31
July 2002 WD 99/ 38895: PCT/ USADA0RP4AT (D21 Ahe, (RiRbekegy: iafiatde il ms.
These sepy conduct i 88, Qr et a.bhi)oc coppounds.- are. known in the ar " and are
wel | docunented (e gP. N.F. t . Met al “fhsul Ao Gep ragicahedir foomed); 2nd

edition (Taylor & Bepdcis, LOmion, A1990) + Al Rcndybd §e8?ﬂﬂo A, Davi s,
El ectronic Pr o&ess§§ in Non-crystalline Materials (Caredon. Oxford, _ 5
1979)]. Exanple&¢éP) denetesdmergimedonarand ¢b) davotes tpr arzanicratepioa) 153 whi ch

possess  suped&etitdiéndr i¥plalexh ¥ &) res (so-called high tenperature
superconductors). The el ercptrc%el 11&2?%@gsgg&lvgl?0r 13 in Fig. 2) can be

formed of a conductymie! thigingsseaf thaativadaypotapgnirbinnefeivhunbrdetvisabsli ne sal t
form pr asar eduiglipg b o MEIR Nl 0I4C 380 B00GE TP Rbtrtan unis < 108 °9Y

disclosed in U S. Patent ! _
: ¢m). Although the active film thicknesses are not critical, device performance can
typically be improved by using thinner films with optical densities of less than two

in the spectral region of interest.

20 ~ Electrodes
' As shown in Figs. 1 and 2, the organic photodiodes of this invention are . |
_constructed in an M-S-M structure, in which the organic photoactive layer is
bounded on two sides with conductive comaét_ electrodes. In the cénﬁguration
shown in Fig. 1, a transparent substrate 14 and a transparent electrode 11 are used
25 as one contact elecu_'ode. Indium-tin-oxides ("ITO") can be used as the electrode
11. Other transparent electrode materials include aluminum doped zinc oxides
("AZO"),. aluminum doped tin-oxides ("ATO"'), ﬁn-oxides énd the like. The.se
conducting coatings are made of doped metal-oxide compounds which are "
transparent from near UV to mid-infrared.
30 The electrode 11 can also be made with other doped inorganic compounds

or alloy;. These compounds can be doped into metallic (or near metallic) form by -

- ++-varying the-composition of the-elements involved; the valanice of the elements or



and in Appl. Phys. Lett. 60, 2711 (1992) or other suitable techniques. The
polyaniline filmwhich serves as the el ectrode can be cast f:’4'1o‘mI %b‘fi on
with high uniformty at roomtenperature. The organi c conductl ng

el ectrodes in conbination with pol yner substrates and organic active

| ayers al | owgd §y2ss1l5 phot osensors be fabricated in fully flexible form
Ot her conductive polymers can be used for the transparent BfT/US9/02247

sem transparent electrode (11 in Fi g.5,1 or 13 in Fig. 2) include

pol yet hyl ene di oxyt hi ophene pol ystyréne sul fonate, ("PEDT/PSS') [Y. Cao,
G Yu, C. Zhan ' - Jr nth. Mtals, $7, 171 (1997)],
pol y(pyrrol e) germﬁpgl%@gggtf@ggﬁlﬁ%frlh\;géﬁ%ggémgg%% 0\5»1'”3%' OEUERYIGH FEne 20
sul foni ¢ aci d knowBIAte 2t arct dnew el dodinjehted@ag,, NAF. MotreaeEr- insdla¥ng Lee and

g: e% tr gln;n pa%ﬁ?%sg%?a}ﬁ éﬁéi’toaﬁgy(lérgﬁ %Qﬁgisx‘?”dtﬂg’,el 9!&&%@%&2: ;ﬂdcraﬁ- al so be

used as the elDeots; Berdric PRockises inINoaqf@yslailih@M%iegials'ﬁ(claTé/d% 96&@%@5958835?'

i
for this _sem éj}f?)ﬁ]s arent netal electrode are 1n the ranae 0
a

with optital 32 AR es0{ Sucempesndssookidntie tustatemnpenpewhithgosety | ©

coating (ofteRgyd ' I Layer dielectric stacks) can enhance
t he transparenL(I:Ii/e?CiOtf?t}'?cﬁ{;(R g}e?ﬂtgﬁérgiﬁé% (?()o-‘f‘aqflcﬁth leg‘r%elg?’pfrﬁ%‘fe exanpl es, see S. M

Sze, Physics éfresoniesserduct or Devices (John Wley & Sons, New York, 1981)

Chapter 13). Atra rent, el ectro cgn_al be made from netal /conductin

pol 5rrer . g%O condu?ﬁ?%ﬁgﬁoo ejrlré'? F%?g‘?r/]?dﬁ%{ﬁi???ﬁj‘ttfofpyﬁ%dr‘)fc?r_c%ﬁéqtié’ét ric )

| ayer/ met al / cooiguet sue as polyyiTBiic HtthdiehethRfne sﬁh%ﬁ,{ﬁ@ﬁg{?&gi%ﬁh@r operties of
that o

t hese co]raposi te el ect.r&%es are inproved relative to a single netal
| ayer of the SHHTECTIORiIRRIFES Brocgssability jpganology disvlosaioin3d S OBat@CH/238%91 02247

-22 A netal | ayeEh Ap) PHYOW PE), 03 | h@\ﬁ/\'ﬁﬂoﬁ]ﬁe@@&ﬁatb‘rfegﬁ%c% L bg‘rgused as the

el ectrode 11 for some_ applications In spec re p?Sn €at certain
.wavel engt hs PY#linefilar which sarhes gshiot dewtrodi tinvbe gascaombelueiohangedsby

fabricating t g RA&YLE L ero-gavity.structure where the two netal
el ectrodes 11 and 1 aalg)t()hg[e%f)g?g&ées —fc;)hﬁtolr %’I’c ?ﬁrﬁtdf'%ﬂnsg.e]‘f_‘i‘rﬁﬂfs Pesonance between

the two el ect ¢elgsationhaticedymérsubpiacisasébgahic\ictiye Byers eNddigsyavel engt hs
opti cal i or B REFUIT REAR By IBaRF G, e Cpesiveapbenanae 13 i n
¢ O A ?‘”F‘nf:%fjjzgﬁﬁfzﬁﬁ“i%B%Tﬁ‘?“ak%f“ﬁ‘j?f?%y“? QLR Eb S i3 i, ST
ylene dioxythiophene polystyrene sulfonate, ( PEDT/PSS") [Y.
Ca_o, G. Yu, C. Zhang, R. Menon and A.J. Heeger, Synth. Metals, 87, 171
(1997)], poly(pyrrole) or its fhnction derivatives. doped with dodecylbenzene
20 sulfonic acid ("DBSA™") or other acid [J. Gao, AL 'Heeger, J.Y. Lee and C.Y.. :
- Kim, Synth. Metals 82,221 (1996)] and the like.
| A thin semitransparexi_t layer of metals (such as Au, Ag, Al, In etc.) can also
be used as the electrode 11 in Fig. 1and 13 inFig. 2. Typical thicknesses for this
semitransparent metal eleétrode are in the rangé of 50-1000 A, with optical
25 'transmittance between 80% and 1 %. A proper dielectric coating (often in the form
' of multilayer dielectric stacks) can enhance the transparéncy in the spectral raﬁge
of interest.[For examples, see S.M. Sze, Physics of Semiconductor Devices (John
Wiley & Sons, New York, 1981) Chapter 13].
A tfansparent electrode can also be made from metal/conducting polymer,
30 conducting polymer/metal/conducting polymer or dielectric layér/metal/ccjnducting
polymer structures. The transmission properties of these composite e_lecirodes are

improved relative to that of a single metal layer of the same thickness.
J _



10 be used as the electrode materials. These netal electrodes can be
fabricated by, for exanple, thernal evaporation, electron beanay2e¢sation,
sputtering, chem cal vapor deposition, nelting process or other
t echnol ogi es. The thickness of the electrode 13 in Fig. | (and Il in Fig.
2) is not cW@p¥¥B9sand can be from hundreds of Angstrons tpyndbsss, of
m crons or .thicker. The thickness can be controlled to 15 ac |eve a :
desired surface conductivity. Wien dexired, for exanple, for a phot odi ode
with detectivity on both front and back side, the transparent and -
sem -t ranspar ent rradteretaallas'edeﬁbﬂo\bepixoab@a'ri%nﬁ@éhce@&ﬁﬂsé)ge ueeds gz the "back”
el ectrode 13|nE§ 6\[& in Fig. 2). The patterning of the row and
col um el ect r SdE¥°8Hb sﬂmFFBPhOS“%ﬂ'?d“Fl‘ithh spogra resppnseat eartaireved by
st andar d pattewavel&ﬁgﬂhﬁ%W’f%t@&‘stesrh‘é’%brogé?ﬁwltgQan Eggﬁlﬁﬂpe%%Ct mdugﬁpy such
as shadow maskji ng, . photol i t hographi ng, primnti
(i cr ocont act YIHFS Ht 3 Wgcr@‘tcé‘“\’rﬂﬁ@s@lrmhﬁem; twoenwell dled(mvml Itz!hd Bhese
know edgeqabl e di ensor t echnol ogi es. To

afb ak Bgm.aa Pmr(?grs "% ?ééonanc%%{%% v eleicngEqSﬁghangss ‘B?)er ati on

i nprove the device ormance {for exa

speed. etc:), @hblmdnemmayecermnmoawessdnggxs@ﬁdﬂﬁhdﬁltté mg;elé@x'nYé”%E&ra@'}esB&%?
cont ai ni ng thgm? Qle i nserted {Rr; bet ween the el ectrode | 3) and

the photoactive: PSSR & QRIALBISTRFRY Y (ptic etaberidsyicksayer can be chosen

froma broad rangehéb@tcmeepa &Rt 36h Fihe 1 e 1I6aEYc ner, apd the
phot oactive mat erlsgﬁ% CondtCJctl Vi t l?e buf?m:ql ﬁa"y‘gw&l‘%%?ﬁwﬂ by

processi ng coftffahi YAk apFatSe Y’,d\'i%o‘?qé[lblqunégpbhylnéso 01t.OMetak sHéytan Sled vent
trit t j f th end, | t
Conce T ot A RS e 01,9 e B

situations the thickness of % er ayer a
response of tﬁ’@“ﬁﬂ@ﬁ%’@mb@r&por&moxﬂ,u:lle;traﬁ)ﬁéamHﬂp%%tﬁﬁmttm LRSREH2247 - 23

Color Filter icati Iticolor detection or selected
col or detecti gﬁ% g%o{‘d&n Eﬁlrn Foceslshoéé’ eégel‘?[{g%loéléﬁl Ehthidkyessobiper | y
sel ecting t heelﬂatceilellalm For 1Rl 1 IpRE 02 hd v ehm{zﬁran@t:?rpﬂe %rfuh’wﬁc?r%’é dg the

phot osensor wgth a co ilter coatin 5 One type of applicationis a
phot osensor wp %Stré’ﬁsé%gé‘&‘] ‘?‘&TO"F%%&?@E& Thephickasssieph be cdntolie&G0 to 600

rm One léffeCidh\@eanpglﬂﬂq;hrﬂa& g@hhag,@n organi ¢ phot odi ode with | ow energy
cut-off at 600 rim (for exa a phot odi ode made w th MEH PPV), and
pl aci ng a | ong-wav hehdesired) v\ﬁm!m ,6prtd preitodiodet with (imecttMtgrtﬂn -botH fromt 500

ri TT) inf I’Oht and Y36k SiREGHL Q'Lnslng%gtoﬂlﬁeser%l traslnesr}])1ar(%3(r)1 91%[%51'&1 S escnjbgt? Mers and

above can
_ also be used as the “back” electrode 13 in Fig. 1 (and 11 in Fig. 2).

The patterning of the row and column electrodes shown in Fig. 3 and Fig.
20 4 can be achieved by standard pattérning technologies well-known in
semiconduc_tor industry such as shadow masking, photolithographing, silk-screen
printing or stamp (microcontact) printing etc. These methods are well known to - -
those knowledgeable of the art of display and image sensor. technologies; .

To improve the device performance (for example, device lifetime,

25 ~ operation speed etc.), a buffer layer comprising conducting polymers or blends
containing' them can be inserted in between the electrode 1 1.(or 13) and the -
photoactive layer. The conductivity of the buffer layer can be chosen from a broad
range (between that of the pure conducting polymer and the photoactive material).

- Conductivity of the buffer layer is changed by processing conditions of the

30

conducting polymer (counter-ion, solvent, concentration etc.) and the composition
ratio of the blend. In certain situations the thickness of the buffer layer also affects

the spectral response of the photosensor.



10 polyners can be controlled by nodifying the side chain or nain chain
structures. For exanple, by varying the side chain of the l@y t he
optical gap can be ‘tuned from500 rimto 700 rim An alternatl e approach
to achi eving bandpass selection is to place a bandpass optlcal fllter in
front of anygug3sqbe photodi ode with wider spectral response.

phot oi magi ng appli cations, full-color detection is frequentT?”B?”oﬁyérest
This can be achieved by splitting a sinsor el enent (pixel) into three

subpi xel s with response to red (600-700 rim, green (500-600 rim and bl ue

(400-500 rim (R, m@m@g_regl ons (as shown'i n Fig. 4) respectively,

simlar to that commonly use in liquid crystal display (LCD .

col or - di spl ay t echincloogiapplicaBiOnsingiltigaller da:uicnexﬁ f)ﬁ‘ﬁﬂdc\éﬂ BRPUSRGINRPe of

full-color rr%ge?egeiﬁors |§ sci’etchgd in gl . In this . approach, the

phot odi ode matrix i & magd B3 adiqygd y?ﬁﬁ’éflyé? egtingjthemateriglder the t hout

patterning. TieiaelivyRyar fax Wiecspihpat @%t& B FQ/Wh%QgP??Iltmam?gLeCt rodes.
e

The spec%ral response of these organi ¢ photodio es shoul d cover “entire
vi si bl e Pegion (408verype pfmphc@mos a phdestrisonvitls saedidespedrab yespdrge ool or

filter 25 pangl [ rANSHALEN el ectrodes. There are many
organi c materi gn?%ofrﬁro ﬁooq 666 'ﬂe or ese PR RBFPRGT P& Ent i re vi si bI e

spect rum Exarh@lcei@derw:lhmm eriéﬂ'gyctﬁat bf/fam 60@ﬁnﬁlﬁ&hxaﬁple Pﬁﬁ%toc{]&le nfae et al.

Phys. Rev. " POPT" (4-octy nyl )t hi ophene)

[M R Ander sson %%%EE%’Z aé‘)d Placingglogé, %gfgthﬂogr&age%mal(ﬁ/hqr fydhew: O
iénner st r om arfflatS0B. nn{&h &oho| TRe s@@ct%%sﬁme%@%rﬁéor?dlcuﬁ%&?go 1ETe @d] PTV and
its derz atives and the like, Several color filter techniques ave been

devel oped and hAUES HHEhF Q%‘é"a"edol?)b@ﬂeﬂgfyma theotide chdinsesireas i straitrbs. | i qui d
crystal techrregifsie. b /3939

PCT/ US99/ 02247 -24§]f)| Pgﬁgdré?é’ 9‘053&%{;?%”%88 f\é\??ﬂcragg%?e%@ieu on [M
Tani and T. SH’@ﬁdlfF%in 50‘%!’@@!9t70©i1n18h®1 @lﬂer(\m\deapﬂmacﬂrdoabhlda)u]; ba¥paisher

approach usesgejidd ctrl C n d on optical. interference.
Because of better sltsg%ﬁalc iga_n% PgeRt wﬁﬁ? bB’?@? ﬁ%grgﬁ’é‘&?ﬁ%‘o?ﬁée Mfpor
process used w1deﬂspzcgsﬂ s&sabrsenanuf acturing. Color 5 filter panels with

desi gnegk patterns, tlen i n arr? ements in triangular, striped (simlar
to that shown in F §oUjaemgapgy Sagl?ﬁélf”HﬁQrééteC‘\‘/ﬁr‘tlﬁﬁ?ﬁ%ﬁbafmrefél ectrode

coating (suclThiscah B acketednsi splittigy aasrehscﬁ‘ré@en%n?(ﬁ%[o%?el th?ﬁifﬁé LvﬂRl eto

the display. industry. This type of substrate can use
fabrication &FPPRiet c‘,‘?ﬂ GPO7REF®), FesrsEPY-69A @ ahd bEie ¢4004500 nm) (R,G,B)

spectral regions (as shown in Fig. 4) respectively, similar to that commonly used

in liquid crystal display (LCD) color-display technologies.

20 A simple but effective approach to full-color image sensors is sketched in
Fig. 4. Inthis approach' the photodiode matrix is made of single sheet of active
layer without patterning. The active areas are defined by the row and column
electrodes. The spectral response of these organic photodiodes should cover the
entire visible region (400-700 nm). Color selection is achieved by the color filter

25 panel in front of the transparcnt electrodes. There are many organic materials or
blends with photoresponse covering the entire visible spectrum. Examp]es include
PT derivatives such as "P3AT" [G. Yu, et al,, Phys. Rev. B42, 3004 (1990), '
"POPT", poly(3-(4-octylphenyl)thiophene) [M.R. Andersson, D. Selese, H.
Jarvinen, T. Hjertberg, O. Inganas, O. Wennerstrom and J.E. Osterholm,

30 Macromolecules 27, 6503 (1994)], PTV and its derivatives and the like.

Several color filter techhiques have been developed and have been used

broadly in color displays made with liquid crystal te'chnoldgies,. including dyeing,



10 The photodetectors provided by the present invention can be adapted to
respond to.various types of ionized particles in addition tgqp

t hensel ves. This can be acconplished by incorporating in the oto et ector
structure a scintillating nmaterial adapted to emt photons in response to
ioni zed par Wa99e®39sThis nmaterial can be present in adm xt UEJET BJQ) 5
active layer, it can be present as a 15 separate l'ayer or can be present
as part of the substrate or the transparent . el ectrode.. In one exanple this
scintillating material is a phosphor, present, for exanple as a phosphor

| ayer. Exanpl @sgrménudmpbrzecﬂ pﬂaﬁﬁd &ldegetol &fodiBon 8. F81eGEd ﬁ{ pdevi CSS of
i’oni ze

this structure are g}ég ]g Fshotons el ectrons, X-rays a
particles are D&tAL %t@réatl e Kerida)} a@@thﬁtielpampdmsmmml@md diedarirzed
particles arecslipofat&s ti lications of the

c oHal dlﬁéﬂlﬁal%terfgx%glﬁt%% al, fBéherAt%En%&%%des or ovi des

| nvention The i.nventi on of e- e or gani
the 25 founddispersiondes bedoniegla¢ najor pfocbsarugﬁi ifil12zrg@e-s¢maMshctdfhd. "@GIGr Sensor s

based on«<x-y b e(t)ss 've diode nmatrices. This type of phot odi ode
shows hi gsh ph@gxgégﬁg%t !hv‘?‘{g' DBICEL PYCT 1R aRRESEAAD biangplageuined/ W ,

quant um ef f i cigmdyr tO(tl%il@ﬂoWﬁtrF 1@0@P/<bﬁhﬁ§éﬁapﬂr%éd?&0¥vﬂﬁ t3hs éﬂte‘ﬁ?gle&?%’ rse
bi ases) and vi rtual l&?h response at a. bias vol tage close

bui lt-in pot efPIUEE (s 10(3) ‘F%W‘é‘l’“&ﬁﬂ(@?dsaft ?Pfams!@lad:lmlauwhbtedwthmdnsplxy of such
phot odi odes caaubey. Sﬁt@gxpe@rtt)bse@ttmge L8 iS6k ?{&%911& P suftleglofBagee D) 28

and the pixels on the other row biased at a vol 8 f HBa%Sui I t- in
potential . | nSYNRPIS SWWH indrigsdt al k from pixels in d| fferent rows is

el i mnatgd. The 31t VO 99 5 PCT/ US99/ 02247 -25 inmge.
information at the %éljé téé)e?%totr?t%rov'é{feigt'gtf RrERRNIOaYEsan Fambr ¥aptedderect ly in

both the serieispandde. vmnoushepqsalf&inhzeh paRidkes 1ﬂ-£tﬁhtlld?1ft@rpﬂ@ttoh@?h<?1§'s LJ%? pixels in
the other rosltxﬁscannb e reag 105% in sequence or in selected fashion by
setting the row 6f O Hf@pRdthe yr"é‘\?&?"é@"l&'ashePhﬁ@diteyloaﬂdrcetssabl e organic

phot odi‘ode meddirititREnghmaeridPadapfd AWl pREoRS indE: lchycan be
made in | arge_ si ze W th | ow ?abrl cat ?{)on0 c’c')]st Hog%tqg xégtﬁ%e%f]{ag“"fes deS| red

shape or fl exPREEal 3RYe RYASENt AR adBEIrQMith ths avsive laorprt, itcah boprestmat koni ¢
fhe “30'7 ol o nat (1 ganrcrahor suekaht dReHERy beabnafto ' 17 %0
phot osensi t i V& ecyrodpﬂ btone example this scintillating material is a phosphor, present, for
example as a phosphor layer. _ '
Exémp]es of iqniZed particles which may be detected with devices of this
structure are high energy photons electrons, X-rays and ionized particles are
20 charactenstxc of X-rays, beta particles and ionized partlcles are charactensttc of

gamma radiation.

licati ‘ the Invenii
The invention of voltage- sw1tchable organic photodiodes provides the
25 foundauon for fabrication of large size, low cost 2D image sensors based on x- -y
addres.sable passive diode matrices. This type of photodiode shows high
photosensitivity (typically in the range of 30—300.mA/W),' quantum efficiency
(even over 100% electrons/photon at given reverse biases) and virtually zero
response at a bias voltage close to the built-in potential. Thus, a row of pixels in a
30 column-row matrix of such photodiodes can be selected by setting the selected row
at reverse bias and the pixels on the other row biased. at a voltage close to the built-

~inpotential. In this way, crosstalk from pixels' in different rows is eliminated. The



phot osensitivity can be switched on (typically in the range of 30- 300
mMAV/W at a selected reverse biasing voltage. The phot osenshquYli);%(od‘zan be
switched of f effectively when the diode is 15 biased externally at a
voltage closed to that corresponding to the internal potential. (ii) 2D,

x-y addr esssblogzezpassi ve i nage sensors fabricated with the r |
phot odi odes with sw tchabl e photosensitivity. Crosstal k- frpgg’lggglbiﬁgut can

be achieved with these passive inmage,sensors by 20 means of proper - .
el ectroni c pul se sequences. (iii) Miulti-color detection and full-color

i mage sensi ngingaR iBmAGRh AV 8 pikdYs if PtUeiRd E&@eéd@&x‘%aé’-‘éhr&do’&e‘c’@ Iy a color
filter panel or by fabricating the inmage sensor matrix direc )H? onto a
color filter prihdic seqighmodergsr narglebmodet Brtioformatiaym tha poehdih aat i on Wit h

ot her known 2 S ich characteriz vi ces made wi th organic.
material s su@ﬂagéa’g%?ﬁ{% rgx\égglﬁj'ﬁg%cfugﬁcepoél”ﬁ?&gge%(%%%@ DY Setifig e B ©h i nt o
large areas iartesteserest Shapie 00 addredssbiObrghhie yhdbeiodd REERL BFvideGOM

tenperatyre processi F%D,ease in hybridization wth optical, electro-
opti cal , ~ opt o> BRE Pi T2 YPags seBoF Mg e Bipdoiflage sizeniisle dvofabticatige 30

size, | ow cosdost, Bhlﬁ@uwlﬁégels ir?'@&?r}a@ yhapg:gr B a{nﬁﬂanéi‘?%:ﬁg(\/?thgg{;f use in

office automation, in industrial autonmation, I onedl Ca ces and in

consuner el ecAPligHi glecBanigdéyice2002 WO 99/ 39395 PCT/ US99/ 02247 - 26

Exanpl es Exanpl e | Vol t age-swi t chabl e phot odi odes were fabricated by
evaporating a 5000A calciumcontact (13) on the front of a thin MEH PPV
film12 which was Spiific adaintaghs dfithinis@htidri &fer HatpPioah TEdi@eans substrate 14.
The gl ags sul}ﬁég“git e had been previously partially coated with a contact

| ayer ‘11 of in UNFt i n- oxi de (ITO. The active area of each device was 0.1

cn@. The MEH- PPV (i)l m @agari@sHotddeRibrawlh Bwitehab L QB0 vy $f1g, SOl ution at
roomtenperature. Details -onﬁ}z he synt hesi sl ofa %EIE—I- PPV"CV:'gt '%g ound in

literature [F. Widl, PPptosgnsisiviinean g swdichedhen/(typicallyGn Mie rangedofB30- MeBr anch,

in Materials for Nonli@g@h@g;ig;gg%ﬁg 8 ectives,, Ed. S.R Mrder,
J.E. Sohn and G D. Stucky Amgrai cgm e’r%h %:r%{ lé%lg? ‘é%lglafe' T}_’e
photosensitivity can be switched off effectively when the diode is

15 biased externally at a voltage closed to that corresponding to the .
.- internal potential.

(i) 2D, x-y addressable, passive image sensors fabri.céted with the
organic photodiodes with switchable photosensitivity. Crosstalk-
free read-out can b¢_ achieved with these passive image sensors by

20 ~ means of proper electronic pulsé sequences.
(111)  .Multi-color detection and full-color image sensing can be achievéd
by coupling the image matrix with a color filter panel or by
_  fabricating the image sensor matrix directly onto a color filter panel.
(iv)  Organic phbtodetector arrays in combination with other known
25 advantages which characterize devices made with organic materials
such as soluble conjugated polymers (ease in fabrication into large
areas and desired shapes on rigid or flexible substrates, room
temperature processing, ease in hybridization with optical, electro-
optical, opto-electric or elét:tric devices) offer promise for large
30 . size, low cost, high pixel density, 1D or 2D image sensors for use in
office automation, in industrial automation, in biomedical devices |

and in consumer electronics.



Washi ngton, DC, 1991) p. 683]. The thickness of the active | ayer was

adj usted by varying the concentration of the solution, Qthgoéﬁe spi n
speed of the spinner head and by applying nultiple coatlng ayers. 15

El ectrical data were obtained with a Keithley 236 Source-Measure Unit. The
excitation g 3gh@s a tungsten- hal ogen lanp filtered with a. bandpass -
filter (center wavel ength of 430 nm bandmﬁdth of 100 nm) ERTUSEV4224at ed
to forma honbgeneous 5nm x 10mMm ar g ﬁe illum nation. The nmaximum opti cal
power at . the sanple was 20mWcn® ‘as “neasured by a calibrated power neter.
A set of 20 ngﬂ&hikﬁdensity filters were used for measurenents of intensity
dependence. 1 g. 'shows the magni tude of the photocurrent (absolute
value) as a function of bias voTtagabmmﬂﬂ@ 2OmNcne illum nation at 430
nm The . photocurr as was -3x10-8 A/cnR, increasing to 9x10"4

Alcn2 at -10V r evgl}’itégeo?‘%‘é‘:?‘élﬁ)‘f? PaUBHAETSYere fabiicpisd by suanoratingia P0BA 45 mA/ W
and a quant Umczl@uﬂ‘f $dn@dc?{]§3¥09fhe]f?bﬁi g4 ﬂlfh Pf-’@’tﬁlﬂ'x w}n}aﬁ wphOt OseqSI tivity
a

bet ween the two bias es was 3x10" t the p ot osenst ti Vi fay at 1.5
V bias was prden wdntjop ongr d Q{glﬂﬁmbﬂ@mjlfbu’fhe:glnsswubstraTmnazj tegr ee of

diff
Fesor ot on. TR SRRk 880 b Aobee Py of PRSI catda TT0G e

intensity (I ogct)vecnmrof e&ﬂl devize@nk Orlecni’ange MYEHSRH\eﬂlrﬁ ARG, 6.9 of ens
nWVcn2. No SI? #56 ofl saturatl on was observed at 20mWcn® (the hi ghest
li ght intensi Gﬁ’i‘ PH&Ylene SR AR ARg™ tempemiinsg. Ristwls opthoomivegef

PCT/ US99/ 0224 MEH PPVQaR®E f6Ridah Sitesa6d (RS vAlal, P . |y ke vere
al so used for the count er el ectr ode 1£ (see Fl er{}ﬁﬂl ﬁqur&{]ﬁ)e Zéat hode in

these deli ces Nigndil}- aYicBrsreh, G%M?éqrtals\fpt Nenlinear Oha¢s @lhﬁmumahmrdﬁegweﬁ wer e
observed in akh espafieyessonliif cobf sabgl payeklags, L halanced of

thelnternal otenti al ot0|odev ¥R function of
the metal ; th %hmg@ma@@ l/iﬂlhagéSE]s THetéckmiessst thy adiive lé/yQF Kas hajaéd BN
dlfference bet, l%gtltiec n ngr{ P&‘E and the 1 TO anode. Table'| lists the
of f-state voltégg FOURECFBRURERE BRI B bYivAREE Ui sPnsases of thesinger

el ectrodes. Thiag aed pgrppiping nvxaﬁplabwmgemag ed with a thin layer (0.5-20nm
of one the netals listed in T with a thick Al layer deposited on

top as afscur rent 1 e&‘&ﬁﬂ@é'@l Yge PB‘?’é‘Fd ""‘I"I“Pé1 Iﬁ%W%Y&%é%?%M%@W Ynkinilar to
that di scussethabeit@tiondolrte wal@ téHghteRindlogey M PERerBRIWithY% HIGESIHRED by the

thin nmetal layer at the interface.
center wavelength of 430 nm, bandwidth of 100 nm) and collimated to form a
horn'o_g_eneous Smm X 10mm area of illumination. The maximum optical power at
the sample was 20mW/cm’ as measured by a calibrated power meter. A set of
20 neutral density filters were used for measurements of intensity dependence.

'Fig. 6 shows the magnitude of the photocurrent (absblule value) as a
function of bias voltage under 20mW/cm? illumination at 430 nm. The
photocurrent at 1.5 V bias_was ~3x10® A/cn?’, increasing to 9x10™ A/em? at -10V-
reverse bias correspondin.g toa photosénsitivity of 45 mA/W and a quantum

25 efficiency of 13% el/ph. The ratio of the photo_sensit.ivity between the two bias
| voltages was 3x10*, thus the phoiosensitivity at 1.5 V bias was practically zero in
the read-out circuit. This degree of difference erabled an analog-to-digital (A/D)
convertor of 8-12 bit resolution.

The photoresponse increased nearly linearly with light intensity (I°°*) over

30 the entire range measured from nW/cm? to tens mW/cm®. No signature of
sat}xration was observed at 20mW/cm? (the highest light intensity in the

measurement).



Devices were also fabricated with other photoactive organic materials,

i ncludi ng P3AT, POPT, PTV, PPV, BuUEH PPV, BuHP-PPV, C60, 6Tg446f4, 3642 - 6P
Al ga, anthracene and phthal ocyanine. Simlar results to those shiown in Fig.
6 15 were observed. This exanple denonstrates that high photosensitivity
can be achi R gk h MEH- PPV organi c photodi odes under reverse bias. The
desired photosensitivity . can be achieved at a given rever sSBCHUEY/02TH1e
phot osensitivity can be switched off __at a proper bias voltage which is
dependent on the. electrode materi ard’sel ected. As 20 shown in Table 1, air
stable netals vvitho\g%rkejﬁxnct' on (}ve(él 4 V can be used for the el ectrodes
in organi c phot odi 6d&8 M B€ ﬁ%{%bl B G- tuhihe likavers dloatsed Fetlef f - stat e

vol tage is deteumdrsiecirddy 18 Q& wos Kifwinieh iQRe Pfinddis: rode ¢lose to the
interface area, This exanple also )dem)nst rat e thgﬁger%gg%i\g%eﬁhgﬂ“ 4range of

the polyner PRYPHAFEWESS loghatyhewn in Figngevahiobterves is ufi thest gaticds0TRAAbI e
i mage 25 det egtfisoife Wiitibe WUl 4 i l.s. Table 1: f-state voltage in
| T MEH PPV/ et al ‘pﬁ“éiaa%?ﬁl és?ag?k/g‘%éa‘ifﬁégt‘ (srpal pasengi ?ghAPﬁ?‘ﬁdlﬂae Fafiedof f (V)
1.5 1.5 $. 5 1withghewakZutian o8theddetdluity c200zte vmg&aéa&s%ng’ﬁwgw 02247
-28 Exanple 2 t\{(%cg@ of Eg<angle | were fabricated onto flexible I'TQ PET
substr at es. & UhT CRIFBEPhY cenhe petp! sbedecanddbgl T3 arnde s Teabie d distsake 5- 7

m s (125- 175offfstate Giliapd Rund Q¢MEHREN B IBNGE WA, 2. 1hi s exanpl e
denonstrates that ,f-he vol t age- swi t chabl e o_rgaensi c pﬁ%?%ii%{]g’eglec%ogﬁs'be
fabricated in a thiHS StheUBEDy¥as 3lsp repestedowsh  drimlayer (0.5+26nmpsficneds shape to

meet the spegi#etIERIS a8 LG |y} i ons.. Exanpl e 3 10 Devices of
Exanmpl e | were fgbri cat ed Snggﬂé;sdégé‘ﬁgpéé@%h egf’f"éet%)e(oél.r?&? AS 2 tHE®E devi ces,
t he | TO!'8nodecandyctingdayee pTlzecdsntionipetfoonay@aiiCsimimcioahit dgscGR8A bRES Wiy, Wi th

| TO over coat Ft b € ucting organic, fil.ms.. PANI-CSA and PEDT/ PSS were
used as the gﬁagﬁ% Iéé?ﬁ%#?%n 3‘%’ %r{gmﬂﬁﬁ by thinyastal lgyer at hpinieréasst from m

cresol sol ution [ dedvieb sveechtet fabii AT @ith @fh_cpf)h&&m%tiB@‘Nggﬁl{elnlrgtér%gs, and
PANI - CSA 15 fi | %Q%?A’PGFSPF' sGlosed in United States Patent No. 5,232, 631
]. The PEDT- Iﬂg%l‘ g , , PTV,~ PPV, BuEH PPY, BuHP-PPV, C0» 6T, 6P, spiro-
6P, Alq,, anthragene and phthalocyanine.' Similar results to those shown in Fig. 6
15 were observed. | |

This example demonstrates that high photosensitivity can be achieved.with
"MEH-PPV organic photodiodes under ;reversc bias. The desired photosensiti\/ity
can be achieved at a given reverse bias. The photosensitivity can be switched off
at a proper bias voltage which is dependent on the electrode materials selected. As
20 shown in Table 1, air stable metals with work functioﬁs over 4 V can be used for

the electrodes in organic photodiodes. This example also demostrates that the off-

state vol;age is determineq by the work function of the electrode close to the

interface area. This example also demonstrates the broad dynamic range of the.

polymer photodiodes, a dyn.amic range which is sufficient to enable image

25 detection with multi-grey levels.

Table 1: Off-state voltage in ITO/MEH-PPV/metal photodiodes
MetalcathodeCa  Sm Yb Al In Ag Cu

Vi (V) 15 15 15 1.1 09 07 .04
30



films were cast from an aqueous dispersion (1.3% WW which was supplied by
Bayer [Bayer trial product, TP Al 4071 ], details about the ;ﬁy‘m,pggbf can

be found in the literature [G Heywang and F. Jonas, Adv. Materlals 4, 116
(1992)]. The <cast filnms were then baked at 50-85 C. for several hours in a
vacuum ovenwarssisgsogt 20 N2 dry box. In the case of PEDI/ PSSpctrhQoedid2his Were
finally baked at a tenperature over. 100 C for several mnutes to conplete
the drying process. The thickness of2gthe conducting pol yner el ectrodes was
controlled froma few hundred Angstrons to a few thousand Angstroms. The

optical transm ssion spectra of the potample anode el ectrodes are shown 25
in Fig. 7, incl udi@ .data% from PANI - CSA and PEDT-PSS. Al so .shown in Fig. 7
is. the spectral re g\'ﬂﬁ"ssé) dreampes hyerrdrbnigatadipnis Bexible AT O/PHTesusirates ndi cat e

that these orgaiikn i - sed. . f or, nsors. for

applications _in vi sF%Fg%ge:)%%??}géle%ﬁ%%g%eﬁlﬁ/%?%%s\t}garsgs?ﬂné{sg’ED#th%%ZI ect rodes
can al so be uS@ilar dpvicaparfaamanteeray@50~vdd0 nm) and for near infrared. Thus,

t he pol yger el ectr can_ 30 be used, i hot osensors with.fyll-co] or
(hi e Loror or R Egeyifie dempEits dud bl nES RGPl Srebi Phais 680305
PCT/ US99/ 0224dan beXSbricateddf athiaRtrh@uich i fdxalé FRahesr madsitbd thaPAN m&SA or

PEDT- PSS al one, .devices were fabricated with | TQO PAN - CSA and

| TQ' PEDT- PSS ‘E'FISQV«E’? needsdp sResHEAPPiFAoRese cases, the pol ymer el ectrodes
were cast in a thin layer (thickness of a few hundred Angstromunits) to
maxi m ze the optical transmssion. 5 Oganic light-emtting devices with
bi | ayer el ectrodes have denonstrat ed Exampleded devi ce perfornmance such as

carrier.ypnjection e stability, . F L es_arg-shown in U S Patent
Appl i cathons Seri al?mN%ég%\f&g;? 93&?15‘%"62{# cagg% g%g"‘,sii'g{ Fﬁ'ﬁé‘(ﬂbsﬁ@teﬁs nsitivities
of the devi cebesdidehices, glanliTO anddd | v aaetplade svidrorgdflc birldaygig Rhgsdsiopdes wer e
simlar tot own i i 6;,1.e. tens of Wat reverse bias

vol tage in t %51?%?@8"%{6%{;?5‘5’% CW-qlﬁHﬁ%f’rg?ﬁ‘icéﬁ’é‘%a N RERT/ESSt hat
conducti ng polsrersecd @it orghsic eRRbEe. UBRP ARBCEAGaydréReRAb SN asEhGifi f-0des of
t he phot odi Ode%@??cﬂw:im e sensors. These gl astic ~electrode materials -

provi de the dp ndetgils pbmyt pecpertion ghthe ® ADHsebiensnd BANKCSA 1 exi bl e
ol o88 S g s el o O TR PEDIRG
as © films were cast from an aqueous dispé_:rsion (1.3% W/W) whicr;)h was supplied by
Bayer [Bayer trial product, TP Al 4071], details about the synthesis can be found
in the literature [G. Heywang and F. Jonas, Adv. Materials 4, 116 (1992)]. The
cast films were then baked at_50-85 °C for several hours'ih a vacuum oven or.i.n a
20 N, dry box. In the case of PEDT/PSS, the films were finally baked at a
temperature over. 100 °C for several minutes to complete the drying 'process. . The
thickness of the conduéting polymer electrodes was controlled from a few hundred
Angstroms to a few thousand Angstroms. _ _
The 6ptical tranSm_ission spectra of the polymer anode eléctrodeé are shown
25 in Fig. 7, including data from PANI-CSA and PEDT-PSS. “Also shown in Fig. 7
is the spectral response of the normal human eye, V(A). The data indicate that
these organic conducting electrodes can be used for photose.nsors for applications
in visible spectral range. Moreover; the PEDT-PSS electrodes can also be used for
ultraviolet (250-400 nm) and for near infrared. Thus, the polymer electrodes can
30 be used in photosensors with full-color (white color or R,G,B three color)

detectiqn.



I TO and the active layer to nodify the interfacial properties and the
device performance. 20 Exanple 4 Devices of Exanple | were g4e beg A
thin buffer layer was inserted between the |ITO and the MEH PPV 1ayers to
reduce the | eakage current through pinhole inperfections in the active

| ayer. The wabegobsl s used for the buffer layer were PAZ, TP éds}é ared via
chem cal vapor deposition) and PVK (cast from 25 cycl ohexarﬁﬁT t"i on).
The thickness of the buffer |ayer wasy 100-500 A. The photoresponse of
these devices was simlar to that shown in Fig. 6. However, in these

devi ces, the dar K 15sdsh o iWbleebirbds SRS AUNER! o i pIbEL croshor ts. due

to plnholes in the active layer) was reduced i n irag _ Phese
short-free diViceewerefapivatednvifi IRO/BANI-<I8a1 bndaISerPBMirCPH:S masedet ect ed under

direct curre peration of f - st oltage was 1.61.7 V in these
devi ces, sli %t ?,9 ‘% d ﬁ‘ese ﬁ%&%r}i‘eﬁ"’t‘%ﬂ ‘?Fi"ei\i & WHE Essh it thinlaygl July 2002

VO 99/ 39395, (FPEEM]USQ)@/aGQ\Q%anm@QnIﬂt&n e RaaNBOSE G a_buffer
| ayer c ap be nserhed bet ween the -act i vgdyr)daygr and thghconr%'t%%lssmn

el ectrode(s) 16 By Eyisds VBB Vith bilper elsciregss bees ddmeonsttated ce r esponse t o
weak |ight. Tﬂbﬁwb@lfiév‘%e ;Bé‘%?ﬁ]ar?&’luaﬁasr@g‘? r?rEJI cqro% ﬂﬁgrml ecus j2s via

cheni cal vapor deposition or polymeric rmat UGhS R e ast i ng 5
processes. BXXamples 8repdoivo s Ut P@eanabmhc.‘anmsr&rraENe@.t(mdzos'ﬁ’l@ aﬁ&?tl ve
material, MEkgRRY, yas bl ended with an anionic surfactant. -C0436 in
nol ar ratlos of 0, 1, 5, 10 and 10 20% The Li-CO436 was synt hesized by a

substitution reacﬂhophdmmﬁhhﬁabfth%éﬁ@es(\axmlghhimaﬁéééelEb‘?r%X!:sOJ?enoxy et her
sul f at e?\?osupglll ed gé/ I?Jﬂone Paqul. enc Co. [Y. Cao, U S. Patent Application
Seri al 1&qdes Nerg,pmilgsiodhoss shown incBigh 6die. TheofmhatWsiensi ti vity

was enhanCEdrdersEstdﬁMédIﬁ§t}YU-tSrlol%&ﬂdﬁgVLrhn 436. For exanple, the
phot ocurrent increased by a factor of 2 in device nmade 15 with

MEH PPV: Li - OC436 (116 evamjle dompnsteaeswhat isondusting pallyneiaceialsade byiiddaout  t he

Li - OC436. Mo hifted f 1.1V | TO' MEH
PIPV/ N devi Cgﬁfﬂ%ggrésptaﬁﬂt Qgétr&ﬁsﬁgﬂh%ghélvg%dgst#}g 11%?5 %?%;nPTPP@ ?ﬁe!p%@ll‘?ﬁ

(20% /Al dev P'@@SOdCSPmrlaés pre¥ide ¢hiesopperteniay ity or@shit Bhéle¥nsisiNavi ng an

I TQ MEHSPPVI hkmm%?%lﬂblg Foring ! ‘Hthiz ex;rnqgle%;so d%';n%%stra\{gsl t%lz?tgtﬁe ;'331%13& ses from1.1-

electrode can be inserted between a metal-—oxxde-transparent electrode (such as

ITO) and the active layer to modify the interfacial properties and the device

performance.

20 | : Example 4
Devices of Example 1 were repeated. A thin buffer layer was inserted

between the ITO and the MEH-PPV layers to reduce the leakage current through
pinhole imperfections in the active layer. The materials used for the buffer layer
were PAZ, TPD (prepared via ch_eihical vapor deposition) and PVK (cast from

25 cyclohexanone solution). The thickness of the buffer layer was 100-500 A. The

' photoresponée of these devices was similar to that shown in F ig. 6. However, in
these devices, the dark current (which is caused frequently from microshorts due to -
pinholes in the active layer) was reduced in magnitudé. In these short-free
devices, a photon flux as small as 1 nW/em? was detected under direct current

30 operation. The off-state vohage.was 1.6~1.7 V in these devices, slightly higher

than in the devices in Example 1.



20 to 1.6V. Devices of Exanple | were also fabricated with LiF, Li20 or BaO
| ayers (1-30 nm inserted between the MEH PPV and the Al cayh 9002 M | ar
enhancenent of the short circuit current and the off-state voltdge was
observed. Devices of Exanple | were also fabricated with a TiQ2 | ayer (1-30

nm 25 i nseid®@odvet ween the MEH PPV and the Al cathode, 'ang ,}(\;gé% %Q}Z
nanoparticles dispersed in the MEHPPV film (form ng a pha & et ed

MEH-PPV:Ti O blend film Simlar regylts to those obtained with o
| TO MEH PPVBaQ' Al were observed.  This exanpl e denonstrates that organic

addi tives can be agtdRGxifplehRnRatiyg 1A Uumﬁlg?/g;ca{l Egﬁ{séﬁ‘g{ g%?\%/&:vﬁ??%t he

active player and the contact electrode.to no evice p r mance
i ncl udi ng phoRQW&EAYYef Y4 thy capldctstidctradets)go vaslutadeiceTdhoss andaphprovakieo

denmonstrates jhat. @ ' | ni iel.ectric or sem conducting 31 July
2002 WO 99/ 39395 ¢ @ﬁ@gﬁ%ﬁ%‘gﬁaig%@ﬁ%ﬁa@ ReRed5:0T B BRI B oen t ho
active |ayer w@agheheabapbadépositiesvr pelgmete makdhlsYhdem &6 RaLfor mance,

i ncl udi ng phO%r_%sensi tivity and off-state voltage. The inorganic dielectric

. CESSeE . . .
or sem conducting .csorrpounds can al so be nade in nanoparticle form and

bl ended with the organic. photosensing materials. 5 Exanple 6
Vol t age- swi t chabl e phot odi odes were fabricated in the structure of _
| TO' MEH- PPV: PCBM netal , similar to tFaamgodn in Fig. 1. The PCBM (a Cho -

derivative). servedpas.a S rl pok- accept or ihr_wth the MEH PPV
10 acti ng.)as donolr).@_ﬁgl' (rab f}f:;‘tg ?lg}eeqavrv%rgr%’fegltg ﬁ'egge g‘&%é‘&eﬁ#ﬁé‘tl’f e The
bl fan;:l. sol ut | *éiﬁndgdswmgpfmi@d_c fx_;rfd&ia#ihlnigCOﬁEf/quEbiaPﬁ_\lo?@m,ZEVQ;H_@E%XW eng

sol utiong wi : ratio. The solution was clear, unifor and was
pr ocesséébl e aétd%rg%?nﬂfg%é?é"faﬁf‘@m§8%f’¥ 8 ALPSHBtiondeastier from Aling lranox f or
over 1.5 year€O&id(anomoraggrselyabihydphesx PHAGSuFRRAARPi Qb EIH PRSRRYEd. The
active |ayer S\ SPLN- ¢ §t 15 fromthe solution at 1000- 2000 rpm Typi cal
filmthicknes es[ﬁ\é:%o’l?ﬁ tiasent Spghicayien SengdVo. HEHEA.316h, Alavas usgy asGe  and Au

were used as dati®deOTRE ﬁl’iot@eﬁ_ﬁti@i@ﬁ@aslérhalll&d lﬁ%megﬁ?[%\aﬁﬁ BEB%%!A{‘T'-\IAﬁSanOt her

deposi ted by vacuum evaporation W th thickness o
experi ment,  t4Hed4 o s sramapieothe photpdrereativersewed HyGRM A 2 inardeeide hizam 0 t o

1:1 ol egul arwifipkied-phVANEHCT G038, ROALARE MRt by A0 L OUer L
' the Li-OC436. Moreover, the o_ff~slate -voltage shi.fted_from 1.1 Vin ITO/MEH-
PPV/Al devices (see Ex'ample 1)to 1.5 V in the iTO/MEH-PPV:Li-OC436
(20%)/Al devices. Similar effects were also observed in devices having an
_ ITO/MEH-PPV/Li-OC436/Al structure. The off-state voltage increases from .1 BRY
20 tol.6 V. ' '
‘Devices of Example 1 were also fabricated with LiF, Li,O or BaO layers
(1-30 nm) inserted between the MEH-PPV and the Al cathode. Similar
enhancement of the short circuit current and the off-state voltage was obéerved.
. Devices of Exampie 1 weré also fabricated with a TiO, layer (1;30 nm)

25 inserted between the MEH-PPV and the Al cathode, and with Ti0, nanoparticles
dispersed in the MEH-PPV film (forming a phase separated .I\/I_EH-PF‘V:'I‘iOz blcnd
film. Similar results to those obtained with ITO/MEH-PPV/BaO/Al were
observed. _ | | |

_ This example demonstratés_that organic additives can be added to the active

30 layer or inserted between the active player and the contact electrode to modify the

device performance including photosensitivity and off-state voltage. This example.

also demonstrates that a layer of inorganic dielectric or semiconducting



20 on-state operation voltage were observed in devices with higher
concentrations. Fig. 8 shows the 1-V characteristics of an g4 July 2002

| TO MEH PPV: PCBCR/ Al  device in the dark and under light illumnation. The
t hi ckness of the blend film was 2000 A. The dark current saturated at -1
nA/ cn2 bel ovwd dy/3e89d t hen increased superlinearly at high bias voltages
(>Eg,/e). Zener tunneling can account 25 for this effect. ThHECBHEPH2 r ent
was neasured. The photocurrent at 0.6 1V was -.1x107 A/cnR, increasing to
5x 10°4 AlcnR at -10V bias. The on-off ratio was -500. Devices wth

t hi nner bl end §dnh il , nsi.t1 Vi ‘and hi gher on-off
| ﬁ@nﬁb@%ﬁ%xh@(e@%@ﬂe@?ﬁ%%ﬁ velayer éﬂw&g%a%t LeCtrodeio cat ed

ratio. Simlar photosensitivity was al SO obser ed"
wi th ot her met #Pdifipdevies pdrfoambunesinalmding@homittsRiviig beE b iFAARSyoliERES £y 30

i ncl uded Ag, i Pb . LI A, Ag, BaAl. Qther organic nol ecul es
were used as t 8rg§ﬁ'5td§§%:%ré%f’rC)slr\é%"for?gPﬁHﬁg’\rf/_gm@GB’?d5 ceR e berimgdaimes wer e

prepar ed usi ngnanhparGeI@ fole hveBlbvRd wGBNE Wiehhic Shih&hant nade il Y 2002 WO

99/ 39395 PCT/ US99/ 02247 -32 sol vents. Hi g“herc%péfot Ssg%é’%ﬁ“\?hy was observed
from MEH-PPV: PCBM processed from 1, 2-di chl orobenzene sol ution. The
photosensitivity reached 0.2 AAWat 430, %416when biased at -2 V. This
exanpl e denonstrates that the photosensi PRV ty can be further 5 inproved by
bl endi ng a donor poYSiage-switthabde piolebadea weachabidaed is uehsuasuss  PCBM
PCBCR. Hi gh phe S bb{ W an _be achjeved at relatively | ow bias and

| ow fiel d-(-105 :vI/chrﬁ HD ¥\r/ﬁésg“é§“éa 3 @MUREE bR natigs -t Ha PGB (a C,

phot osensi t i videyivatoan sdreedsas dncloesptdran BEdRdrYacEPid P SRR \ vice at a
vol t age R@I-an%i {]nlggdghqe‘o i nter nal built-in pot eﬁ{i (EI (-0, égwl?gfqﬁl '

cat hode) .~ The “GAT%%S 1P"Phi Sheacknp pisa ehthgserdsvicsawas dubemd Thesblbwedy dar k

current |evel solubien pak Pf@ﬁreem%qs?{cng%@%m%puﬁgqt t)épgg%g}é% Jeak. | ght

down to intensi.t yj_l evel of tens of - hus, ‘Y988 odes
have a dynam ¢l csghriondheselutiomans slear, oitems aral wHgeidssitis ay fr om

nWcm to 10060/ D ices sjiml to those of Exanple 6
were fabricat ed w%eé%grggﬁlﬁ g%ogsn%e Iﬁéﬁqe'-f]ds]gul?)oﬁ%h‘f‘@é]i5r?’eﬁr.55m€ﬁﬂ4 cm (18
cnR) and in_328LEEHBNLT phaseAdpaationByere usiengda Thakitive MyicPRaPEREESS SiMi | ar

to that 16f EX@@R| e CoruliaV. CE@ acteristics simlar to that shown in Fig. 8
were observed. T eep%lgtlg%fuol Q"_&%B”W #HP’F?S]éﬂ]H_“BP’ékIP_ESFS 2@reinbhe raagesl wer e
bent into cir ¢Q(D(hf20§®l&péla, ANAWCUtAE WeRARed &% thE&unter electrode 13. In

each casg, the film was deposited by vacuum evaporation with thickness of 1000-

5000A. In another experiment, the concentration of the acceptor PCBM was

~ varied from O to 1:1 molecular ratio. Higher on state photosensitivity and lower

20 on-state operation voltage were observed in devices with higher concentrations.
Fig. 8 shows the I-V characteristics of an ITO/MEH-PPV:PCBCR/AI
device in the dark and under light illumination. The thickness of the blénd film
was ~2000 A. The dark current S_aturated at'—vl'nA/.cm2 below 3V and then |
increased.superlincarly at-high bias voltages (>E/e). Zener tunneling can aécount
25

for this effect. The photocurrent was measured. The photocurrent at 0.65 V was
~1x107 A/em’, increasing to 5x10 A/cm’ at -10V bias. The on-off ratio was
~500. Devices with thinner blend films showed improved photosensitivity aﬁd
higher on-off ratio. Similar photosensitivity was also observed in devices
fabricated with other metals or metal alloys as the counter electrodes. These

30 included Ag, Cu, Ca, Sm, Pb, Mg, LiAl, MgAg, BaAl.

Other organic molecules were used as the photoacceptor, inc]udiﬁg Ceo

cher mixtures were prepared using the Cqo derivative, PCBM with different



phot osensitivity. This exanple denonstrates that the high sensitivity,

vol t age-swi tchabl e photosensors can be fabricated in |arge g00¥ th
flexi bl e PET substrates, the photosensors can be bent into desiTed shapes
for special needs in optics, physics 25 and bionedical fields. Exanple 8
Devi ces si nivoa®;:9st hose of Exanple 6 were repeated with the active |ayer
made of MEH PPV: CNFPPV, a polyblend with two pol ymers as theCHENSO2HAd 30
acceptor phases. Ca and | TO were .use Has the cathode and anode el ectrodes,
respectively. The nolecular ratio befween this donor and the accept or was

char acteri st oo e gt G s Patbled T NigbspGaib®l mascienose

shown in Fi g. fremvie?- élebs@qeumesaudmlmm&&lynm@rﬂa(%@b@ AR gCA R
rati os. The ]%w] asc?/l Jge shifted to -1.2 V as anticipated fromthe
change in the enttal *oarri er’ between the donor and acceptor phases. 5

Exanpl e 9 Devi CeS 'Bhlmz)kaarﬂpl& @exﬁm&@teQEaﬁ%@gﬁ&gse@sM@[}fcﬁnelpeeﬂﬁ'\ﬁgr wi th the

active | ayer . nade of sexi thi ophene (6T) end wthtwo organic
mol ecul €3’ as. MARRVeddyhbendigs daneeprl Mmeqo\halséglol&uhrlaeqepﬂowsmdm&qg eristics

wer e obt ai nedp S 0 ) cated in the
formof ITQ 6P§BC)%4E)?%?%R @%ﬁbtgﬁkﬁﬁ@ﬂ]‘o a[f?ﬁ'e\fﬁ??}t%&ef?l% oy h?é?“‘horrprl sed
two types of lowdiad c-1fbVéol €$uS|erxambbtadsroajeuma§trm thalthe pieRnGMvither mal

evapor ati on V_characte ics to. those shown in Fig.” 8 were
obser ved. Exa‘s‘lh:pgéa heddoﬁeﬁg’rﬁf‘%‘f"ﬁﬂ’t g Hafetfeidctolioes balgnsingdhe t he vol tage

15 swi t chabl enphm butltda @steana (b@swgamccmd%fwrﬁédﬂ {natnﬁeeq ﬂfq@ ghé,\ Jyer or
rmltlla a bl end of organic nol ecul es % n

?/ fl ﬁét ures,
conj ugat &d pal§m8Psto ifsow 3 qursnt ltebe]athﬁBP’y’m@F phespdiodd @nbiee.mcld ®s

derronst r at ed deteceWail g GonT REALI kel ot IS B RYATR) b that in
the Exanple 1 al so derr%ns??latent al'fy or0 %%S:s%n ?ﬁ'o a%lP{mﬁé Ca, the

of f-state volPha@dioges have a\m’ﬂﬁﬂlch@@semm@moreshamm urcﬁr@dfmkﬁmu&@ active

material . Exgrgpi ﬁWlQn\{E}']b@QRN%%tCham e organi c photodi odes was fabricated
with P30T as the

15 . ' Example 7
- Devices similar to those of Example 6 were fabricated with g.lass/IT.O and
PET/ITO substrates in 4.5 cmx4 cm (18 cm?) and in 3.8 cmx6.4 cm (24.3 cm?)
using a fabrication process similar to that of Example 6. 1-V characteristics similar
to that shown in Fig. 8 were observed. The photodiodes made with flexible };E-T
20  substrates were bent into circular shapes any without change in their
' p_hotosensitivity
This example demonstrates that the hlgh sensitivity, voltage—sthchable
photosensors can be fabncated in large sizes. With ﬂexxble PET substrates the

photosensors can be bent into desired shapes for special needs i in optlcs, physics
25 and biomedical fields.

Example 8
Devices similar to those of Example 6 were repeated with the active layer
made of MEH PPV:CN-PPV, a polyblend with two polymcrs as the donor and
30 acceptor phas_es. Ca and ITO were used as the cathode and anode electrodes,
respectively. The molecular ratio between this donor and the acéeptor_ was v#ried

from pure MEH-PPV (1:0) to pure CN-PPV (0:1). Similar I-V characteristics to



active layer in an I TQ P30OI/ Au structure. The |-V characteristics in the
dark and 25 under light illumnation are shown in Fig. 9. $4nNfify b2 Wor Kk
function of Au is higher than ITO the Au el ectrode serves as the anode in
t hese devices. Positive bias was defined such that a higher potential was
applied to WP ®asrode. Light was incident fromthe cat ho@'%TﬁJ'Sds@zzn
electrode. In this experinent, a He-Ne laser at 633 rimwas used as th
illum nation source with a photon density of 10 30 mWcnR2. The built-i _n
potential in this photodiode was reduced to nearly zero volts. Thus, the
of f-state of thwse pivotroidiFogle8 was: absérféciel deoiced @aﬁuhemwﬁemhécﬁ}ar{mss31 Jul'y
2002 WD 99/ 39?31?5 /U 99/ 02§EJ -34 phot ocurrent at -12 1 md cne,
whi ch was 10’ g Bge SR ol 2 ¥tas Aptigpated fram tb'alcl@gemththe ratio-

I ph(-12V) /| phpBentid b@%ﬁﬁ&ﬁw@én the goﬁ%r]agéa&%ﬂt%r ?8%95 real i zed .in simlar
devices. The photosensitivity at 633 nmwas - my W correspondl ng to a
guantum.efficiency of --20 % ph/el. The dark current in the test 5 range
was bel ow 5x 10' A/cnR. The phot ocurj}rent/d@rk current ratio was greater
than 1000 over a broad bias range ( V). This exanpl e denonstrates

that the off-stat eDe‘flcetshmm.hobOﬁb@dﬁEmrplé)eweV@rreb@Qech'nHrt%'fnéﬁggCt' on of
the active mater This voltage can be set

i a trode materials
to a voltage ¢ a%%%rlst%n?%‘?}t?”?/afé %}bﬁ’(ﬁ%%H’é‘%@’i&awcf@@ﬁ@d@ta@@elo with

this type of phoaesi adepsahad. dimyen. C¥nd j o-polarity,
thus sinpli fylog%dt he ?)rlwhr?g ci rc]w try. T%éé%g&gge%z b"éﬂ,@ FC%%I ng ratio

and the | arge pPéir& ent/ darkcurrent ratio permt the photodi odes to be

used injphe fabri C]@&\h@ers' we?)é[ fa%{lé(atgéjquﬁésﬁ)%gl ?I’P@@/%ﬁﬁﬁéﬁ@ﬁf Bvl\f-t h high

pi xel density and with evel
Two- di mensi on%I?D//’dhJﬂ]@dh@d@twaﬂaylecemumﬂe@t»hatypegatt@garm: hibl&QwgH, rows ~ and

40 col ums. yas 0.7 mm The_space between the row :
el ectrodes an hum’l eTaedc?tbggmla Yapqrayon. ninufpr ey yharqgigristiet @l acti ve

area 20 was -tzbsecshaﬁdmlrgpuswdre dbs¥érvehar acteristics froma pixel are shown
in Fig. 10. Wit t froma fluorescent lanp on the ceiling of the |lab
was used as the 54tand 1} depvnstertaibehthe actevedryer ofthe wiggef WcmZ Thi's

i's muchl S\Bakedi_vitchﬂﬂe phdiSdibd3Rbn bOb RIS Io1428A ah@ngézicl ry?lg;/erso(r: AnnGL yer
structures, a blend of organic molecules, or a blend of conjugated polymers; in
addition to a polymer/molecule blend as demoﬁstrated in'exampie 6. The data in

these examples a]ong with that in the Example 1 also demonstrate that, fora given

cathode such as Ca, the off-state voltage varies with the electronic structure of the

20 active material.

Example 10
Voltage-switchable organic photodiodes was fabricated with P30T as the
active layer in an ITO/P30T/Au structure. The I-V characteristics in the dark and
25 under light illumination are shown in Fig. 9. Since the work functioﬁ of Auis
higher than ITO, the Au electrode serves as the anode in these devices. Positive
bias was defined such that a higher potentilal was applied to Au electrode. Li ght
was incident from the cathode (ITO). electrode. In this expenmem a He-Ne laser
at 633 nm was used as the illumination source with a photon density of 10
30 mW/cm?,
The built-in potential in this photodiode was reduced to nearly zero volts.

Thus, the off-state of the photodiode was shifted to close to zero volts. The



Thi s exanpl e denonstrates that pixel ated photodi ode matrices can be 25
fabricated without shorts and without crosstal k. This exanmpl® alig2002
denonstrates that these devices can be used for applications with |ight
intensities equal to or nuch less than a mcrowatt/cnR2. Thus, polyner
phot odi ode MR PY398%5 are practical for inmge applications urrtETUSYRb R Vel y
weak |ight conditions. 30 Exanple 12 A scanning schene for. the phot odi ode
matri x was devel oped (see Fig. 11). -Bue to the strong voltage dependence,
of the phot osenS| tivity, a colum of pixels in 31 July 2002 WD 99/39395
PCT/ US99/ 0224 Photogareiyat 2@ ﬁéh‘caﬁddil/b/dm nehich wag b0l tindsehi e érh et angrdt ur ned

on w th propery;xohtA98 | xel , acent rows

i nsensi tive toltshe mmozentrap (ff/f\{lﬂ.ﬂédﬂ S O(S)(dearéwﬁﬁ‘ve f TBHzEd cal
row, N col urm i@Bnmiar dexicéss "l?ledihoadeﬁsmvNylaS@jﬁﬁ:ﬁd/aMI@d fEBWL | inear di ode
arrays which are fregwfrom crosstal k between. colums. This'5 is. :

rem ni scent off CFRPOBINEANE appmEmicdiengy of n2& RW‘Hg The QEIklclhltfelgmalhebgst |
di mensi ors I eauucivedd,beldv ¥x D0 DA/’ #ﬁ&ﬁﬁ&&%rééﬁ@ﬁ%ﬁ%un% Gy &‘Ssh ofemler PASSI ve

phot odi-ode arrays, an inmage can be read out w't ra| A “SCanni ng
through each é'&ﬂ"u‘rﬂ@o%ﬁr‘ihf@aﬁhtaﬁmme(;ﬂg 12V)shows a |nstant aneous

“snap-shot* of the el Lae hSIAERL BT Mo ol Co TS gRTa gL ot matrix, A

aspeC|f|ct|net Wer e bi ase €t he pixels
in colum 1. Theehbyxpiopei selacobmaﬁhé astbfeanaérial bﬁcﬁﬁﬁdleatrodelrgatVnaﬂQ TS 1O
achi eve high Q;hf?;}o sen%l tivity (tens-hundreds,. of rrA/ Watt). The information

at each of . the pixels °f ACIBRURHA4e GISE 19 zsIg valls A Rh ‘E)‘Bf“ﬁd?)maﬁlxlfébm(amth N

channel 10convevithithig tgpd sAphbfodasid oM B &Mnytpﬁﬂs%)lraﬂ{s Wit hgho-bdth g Jﬁh&ha““e'
anal og sw tchelé%H \15‘5 sequences. Pixels in other columms were sel ed

swi tching thes 8 Hredriving girguitpy. 7The lerge-onpfhswitchgqatenarel theladiegi t al
shift regist ebha@&ﬁ&%a&%nm%&% thePHoRRAddR 1o HeycBh L Tt O | Ve
circuit, it was preferable that t Hﬂﬁ ¥ gnsordggg)n ebused it %883 YR and of f
between 0 V aftx-y addiessable prssise m@trtca:gwltb hizhtpixel B€nsify anSudth rdulti@e-gray
mono- pol ari ty. ¥Rl t age- swi t chabl e phot odi ode was denonstrated w th
| TQ' P30T/ Au, as shown in Exanpl e 10. Exanple 13 An inmage of mul ti-gray
| evel s Was sel ect. ed, the image was scanned with 25 the 7x40 phot odi ode
matri x foll ow ng the scanni ng schene di scussed in Exanple
_ Example 11
o Two-dimensional, photodiode matrices were fabricated w1th séven rows
and 40_columns_. Pixel size was 0.7 mm x 0.7 mm. The space between the row
electrodes and the column electrodes was 1.27 mm (0.05"). The total active area
20 was ~2"x0.35”. Typical I-V characteristics from a pixel are shown in Fig. 10."
White light from a fluorescent lamp on the ceiling of the lab was used as the
| illumination source with intensity of ~tens of uW/em’. This is much weaker than
the light intensity used in document scanners.
_ This example den_ionstratés that pixelated photodiode matrices can be
25 fabricated without shorts and without crosstalk. This example also demonstrates
that these devices can be used for applications with light intensities equal to or
much less than a microwatt/cm®. Thus, polymer photodiode matrices are pract1ca1

for i Image applications under relatively weak light conditions.

30 Examplé 12
A scanning scheme for the photodiode matrix was developed (see Fig. 11).

Due to the strong volitage dependence of the photosensitivity, a column of pixels in N



12. The original imge and the readout inmage were recorded

phot ographically. The readout inmage reproduced the origi nal3fiJuggooer t h
excellent fidelity. This exanple denonstrates that the voltage-sw tchable
phot odi odes_can be used as the pixel elenents of a colum-row matrix (as
shown in Fi YO %#$93%nhe 30 phot odi odes at each pixel can be addreseagis
effectively fromthe colum and row electrodes. Image information with
multiple gray-levels can be read-out 3i-thout distortion. 31 July 2002 WO
99/ 39395 PCT/ 897 02247 -36 Exanple 14 Devices simlar to those of Exanple
10 were fabri E%t2dPipiedipdempatrxseuid b scleced pot senadam witlaptopediolbzcbisgver se

bi as of -15V. o ; ' ' 9. . 12.. In. contrast to the .
si gni fi cant see-rgts}ﬁt’ ?]\?ﬁ @?agglc@ggg{gc%{? rész\ksglrn P en\R}é\)EfOeW'@t"FF’#er‘?"Eg]lioh\’/‘é‘ﬁtspﬁhal
i nor gani ¢ phofeaidotie e phiyeic30Towhs totinadHS nawhi birdRded BN IsbMeliy f! at

response for | engt hs shorter than 630 nm the apparent decrease in
sensitivity beé %%@%%W?*R&?m%ﬁéﬁw T8 éelﬁB“%%%ssfaﬂlégﬁéW?@s@djmrﬁutThar_f of the

| TO coabed glsasmisstostdfaheconktddt thal % MeliRSIvibHE 2 biad ¥l o8l o240 nm
reached 0.35 A/W (a quantum yia{el d of ~80% e_VIl/ToE) ,Eq?ﬁgltagg%%fg ‘0% as
obt ai ned wi t h"EYiWnKanesddsr Loxbixoties)dy SWith such BRopasieaphétbaibdy val ues

persi sted intgrdhe 4 | , rim. ln sone devices, quantum .
efficiency of oﬁ%df?%g/g gﬁ %ﬂre%é@%@g%}g%ﬁs‘% %1?1‘5’ SCM?%B@%Q/E@G?‘ GHYBY rever se
bi as. Devi cesofibe mattixso fabricated in the formof | TQ P3HT/ P3HT: PCBM Al .
VWhite |ight was usgd q? Sﬁhg illum nation so%r ¢ge. Quantum efficiency of over
100% 15 el ect rons/ phot SA° wad "SBRBRYRG. SAaRehAT g dh vollagqdistobateanvad - was

- 1100% &0 ect r br9/phhuiiile nfaugai At AHERATY B2 TBY 1R AXcIewbR!Rask L2 (HEFE

mul til ayer deyvices. anpl e denonstrates high photosensitivity

This exanp : .
or gani ¢ phot-oed‘gf%é]?%‘Plégs\‘/ﬁ tHumad pdie @ixedsy &y qohemn & iwend alhbiesedsit 10 W ke near WV

and the entirg wu&iiblethi SRnsitivi X trates that.

or gani ¢ phot odet ectors’.iﬁﬁﬁﬁ%e %nn@%gfjorga%?% n@%ﬁ%g};mﬁla T8 Pct ure can
have quant um®£ihcq{dhenixely én columadowasirewt-owris bph puniliz] (wid.N cl@sgesses a

gai n nmechani s, & - | -switchabl e p togi odes were fabricated
to achieve. a réspg%gg&i%%%/%ﬂ?grgg\teg eﬁslgr @ﬁrgﬁgﬁ”n}o@sc Yirgkansiogisiétchasiran eye,
V(A). Tht devkewncee Rixdaimdtoatethmivyveosdiédg by andmbanebaingh b.pass filter

onto the fro Iy, of . gl ass substrates
S rH‘onp-erla.%VPo-lt()r{?m(‘:]sequence. Rc}ngna_l_shift register was used for the column

selection.
To sjmplify the driver circuit, it was preferable that the photosensor can be
switched on and off between 0 V and a reverse bias voltage (-2 to -10 V). Such a

20 ‘mono-polarity, voltage-switchable photodiode was demonstrated with

ITO/P30T/Au, as shown in Example 10.

Example 13
An image of multi-gray levels was sclected, the image was scanned with
25 the 7x40 photodiode matrix following the scanning scheme discussed in Exémp]e
12. The original image and the readout 1mage were recorded photographically.
The readout image reproduced the original image with excellent fidelity.
T_his example demonstrates that the voltage-switchable photodiodes can be
used as the pixel elements of a column-row matrix. (as shown in Fig. 3). The
30 photodiodes at each pixel can be addressed effectively from the column and row

electrodes. Image information with multiple gray-levels can be read-out without

distortion.



of devices, simlar to those shown in Exanple 15. The coating material in
this exanple was a |ayer of PPV which was converted from itz Rilp2e6s0r
filmat 230C. The phot oresponses of the devices with and without the filter
are showmn in 30 Fig. 13A The visual response of the human eye, V(A) (see
Fig. 13B), amaousmos transmttance of the PPV optical filter parfsshipm, for.
conpari son. The photoresponse of the P30T diode closely coincided with
V(A) for wavel engths 31 July 2002 W3®9/ 39395 PCT/ US99/ 02247 - 37. Ionger
than 560 rim while the optical transmittance of the PPV filter followed
VOL) over a broad range between 450 nbxamgle 390 rim This exanpl e

denonstrates a pol YT f:ghot det ctorﬁ/\nth Vi sual response essenti al | y :
equival ent to V(A), WATERMA Ghoy: ofdixampledasire fabrisped and theigpessrel i ng and

5 bi ophysi cal /rbkpbﬂﬁﬁW@ﬁhe@Dféh'a@ﬂév@ﬂ@b Etsmver%@d 14 | tectors
were fabricated with P ybl end MEH- PPVIaC60 I T §§ sr{%l\\rﬂﬂpﬂN pﬁs anode
and cat hode nelfEPRUEASEo tirp aigaidigan sensiteitey dtﬁéésabtﬂmat\ed/elmomnnuv bandpass

filter puschasgdvddigha C . Fig. 14
~ shows the spectr:'j o es]gﬁgn %ﬁ%&#@élo%@ eg) Qéf&otogﬁgb a?h%ﬁtj‘eg?elalz Y The '
spectral respdi eesmnsl: e, wavietdn IRV sidGer han 630t dee @pparént Qe&le@Sn SUbSt r at e
and the ‘response.o hanced Sl phot odi ode are plotted for

conpari son. Thé 'Q'aberllo“\?v:‘ﬁ:%’t] YHEe Wﬁéwwrn@fréa%rcwwéf@éwm ve to W

15 radi ati on tmehmegnss’sa@stﬂ@@ Férm 3t thad HRORARTytak Yhd ¥mQ .
conparable taqg that of UV-enhanced silicon hmo?l ode. The ach Cztggg%so show

that the phot &F SUPGHE ¥kt of tRO%A/ERpRRe pmst o e@aebmds’ummm(edser 103
times) byo t heicRL.i Siadil k enonst t hat -hi gh
sensitivity, sol ar - bl |lr?ga%9%2t§]telg{t o?@ﬁesnggﬁzsger?qﬁt%wé Ewdre t°83’ [?9"‘?@ egrating
vol t age- swi t cfbl 18 somg davicespherntuin effesenoy ofoviel/] 003a8BploAUOSBR0% EV/BIBT S.

Exanpl e 17 Ex Bseld peat ed except that the active layer was a thin
PTV | ayer. %oes sgeg\(lz}@raglr rersse%lnse of a PTV photodiode is shown in Fig.

15A, whi ch covers mercemagelsforfatmca&e if the 76h SITTO/PBHT/PSPEWEBU /AN entire
vi si bl e range . eelggltied col,or tecti.on was achi eved by inserting a -

bandpass filter or WSﬁ&S%é‘]eéﬁb'PH‘af‘?’P favree; Ruapugneffigienexhel aver Ee%r s.
Fi 9. 1585showsletiensiphdRaneasbrvéd. Btddn RbialuliobSrvePwsll eﬁf@m% '

elec_trons/plroton. A gain mechanism may play a role in these multilayer devices.

This example demonstrates high photosensitivity organic photodetectors
with response covering, 51multaneously, the near UV and the entire visible spectra.
This example also demonstrates that organtc photodetectors 1n the
20 metal/organic/metal sandwich structure can have quantum efﬁcrency over.100%

electrons/photon; i.e., possesses a gain mechanism.

Exant_ple 15
Voltageeswitcha_ble photodiodes'were fabricated to achieve a response
25 - similar to the visual response of the human eye, V(1). The devices were fabricated
| _by coating a long- wave]ength -pass filter onto the front panel of the glass substrates
- of devices, srmrlar to those shown in Example 15. The coating material in this
- _example wasa layer of PPV which was converted from its precursor ﬁlm at
_ 230°C. The photoresponses of the devices with and without the ﬁlter are shown in
30 - Flg 13A. The v1sua1 response of the human eye V()L) (see Flo 13B) and the -
| _.transmlttance of the PPV optical ﬁlter are shown for companson "The -

' photoresponse of the P30T diode closely comcrded wrth V(/\) for wavetengths |



color pixel and a red-color pixel nmade with a panel of color filters and an
array of 30 PTV photodi odes. The transmttance of the corregpoul peoR G B
color filters is shown in Fig. 15C. 31 July 2002 WD 99/39395
PCT/ US99/ 02247 -38 This exanple denonstrates that by coupling the pol yner
i mge sensof OPBH9s a panel of color filters, R G B color regegpidbjoascan be
achi eved with a panel of - pol yner photodiode matrix with response covering
entire visible spectrum 5 Exanple 187Red, green and blue (R, G B) col or
detection were achieved foll owing the approach shown in Fig. 5. The
material s uselnehamEolauni whild ty eptcahenreniRNMcwo! the PRV IR RVl engt h
cut-off at 5 MY i hexyl ox enyl ene vinylene), "PDHPV', with a
ot Sl Bt pdB B R 4R35

| ong wavel ength ‘cut-o @ Amy ong 10 wavel ength cut-of f

at 700 nm Films vBrieecasilc emong@leshipgmer hdb&icdhE /Y QLB Wi th
t hi ckness bet vgg%gl OOOA-(%OOOA. Conver si on tg t he cconj\ugatlgglFi ?eél?oqrr]ée- was

carried out at SPAtYR e 1B & @ichsno Dgeat mterElen opngali gagindrifig b f or med

in this Sy vsoghysemivklkgichiGpghgaBhe sol vents. Thus, patterning of these
materials on a single substrate in dot or strip shapes can: be. achi eved

wi th standard 15 photolithography, screen printing and the like. The
normal i zed phot oresponse of these phot odko%es is showmn in Fig. 16A. An
| TO gl ass substrate was used in this x%'?B_ Prent which is optically

transparent in vi §Oﬂﬂr€blialdCU‘(Z)ldaxquersiWkré’\fabﬁeﬂe@wﬁh%{)@g]}nég,tﬁ_?_?{by,% col or

det ection wer? achigved by differentiation of the'signals rom%hese
phot odi odes (l R .ésgé?eéff‘ fif a8 #RoJserngd sABodgmatgdals e Abe device8®verd rcui't). The
differeltial faerpeo®asnaly bhesRsoMaL Sdi An,Fg. 16B.  Red
col or detecti nog;vg h ;equn,g(gﬁsbet vvegn Cg%%ﬁﬁggwwsvﬁmﬁ%&%h@WEH by
subtracting t¥e Wi'driall 77} drigt hé sioms thhspeoulil sekpohsearmtlidiey siegtat from t he

PDHPV  phot odp&dene £7-6¢n 16l .o (W respanse bet ween 500- 600
rim was ac'hFevelzf ﬁ/ gut}?lrge?g%ﬁt%ﬁlte%?ot"ts %“%X@"%’?’Sﬁ‘g@ Photedipéqen PPV si gnal .

The bl ue col &FO/2irsgsubstnicand Wasresivned ofe W-emﬁc@msiﬂﬁi&%eq}eﬁﬁ?ﬁédw Thi s
i ' ul'l

exanpl e denogst.k, h G B sel ected col or detection and f - color
i mage sensors gaﬁ]bglzsotgcﬁithéevgg %}?wﬁgﬁttﬂéf’r'?ﬂlﬁﬁertlﬁy@é‘%‘ﬁbt"é“s@ﬁ@lltfﬁi todUVat eri al s

on a suBst r atadiaion betwrich G0640PtairoRlth ?Iﬁ@bg%ﬁ.ﬁiﬁ{}iictf&fﬁl%o nﬁ&/%%lag )
Vol t age- swi t ghabl ?LN/]OBJOd' odes were fabricated with the conj ugaPed.
-~ tothato -enhanced silicon photodiode. The data also show that the
- photoresponse of the MEH-PPV photodiode was suppressed (over 10° times) by
the optical bandpass filter.
This example demonstrates_that high sensitivity, s_olar-Blind uv detectors

20 can be fabricated by integrating voltage-switchable organic photodiodes with UV
pass optical filters. ' '

- Example 17
Example 14 was repeated except that the active layer was a thin PTV layér.
25 | The spectral response of a PTV photodiode is shown in Fig. 15A, which covers the
‘range from 300 to 700 nm; i.e., spanning the entire visible range. Selected color
 detection was achieved by inserting a bandpass filter or a long wavelength filter in
front of the detectors. Fig. 15B .shows the responses of a blue-color pixel, a green-
co!or pixel and a red-color pixel made with a panel of color filters and an array of

30 PTV photodiodes. The transmittance of the corresponding R,G,B color filters is

shown in Fig. 15C.



pol ymer pol y(p-phenyl vinylene), PPV as photoactive material. The PPV filns
31 July 2002 WD 99/39395 PCT/ US99/ 02247 -39 were spi n- cast3qQijip 2002
substrates from a nonconjugated precursor solution and then converted to
conjugated form by heating at 200-230C for 3 hours. Al was used as the
back el ectr J¥@99/3%85 active area was --0.15 cm. The |-V chara Qﬁ%{g&%f?s of
this photodi ode in the dark and under illunination are shown in

The 5 photocurrent/darkcurrent ratio3ss in the range of 104 for vvhlte li ght
illumnation of a fewmNcm. Relatively |low dark current was observed in

forward bias as coﬂpaweldmﬂmmmetrn&aﬁﬁt\b@ctouﬂn@hﬁé ?Ql'yﬁfé?ﬁnﬁfe,seﬁs% gxanpl e,
in Example 1. ,Thi of%l k}_?\%v? ghlgcgﬁetectlon in both torward bias and reverse
bi as as shown iR" He GPIBE EERgNitiqn ¢ap b@e’[‘ﬁhlbéedswlln eihewtlof and of f
by varying. th@o@xﬁ&rplhaiodmdaﬁi Bk i Y&hbAYRovdrflle der white (or
LTV) light illumination, the apho\t o::urlFent g;frﬂﬂ%e@ﬁ%m%{; Slpgc 2050 tines

hi gher than that at +0.95V (or 0.3V). This exanpl e denonstrates that the
phot odi od¢ can be swi tched on by ap h'g’q ?f%forvvard bi as (beyond t he

vicinity of the voltage correspondi ngxt state) or a reverse bias.
Phot odi odes oper abIRéfdl gretmanld tdwd (RoBLBP oblar ddieceion avepe bRdvdl félfbw:ﬁétlﬁe”a' n

circuit desig li.c n 20 Vol t age-sw t chabl e
phot odet ect or s %Bé %88%"(': § W?F Eﬁt%%f used frrtlas asfiyp dayersvese PB‘&’tvuﬂe as
their active Iadwwavdldmgy] maff@ﬂSdoTr%%ﬂﬂxh@%lb@&{é@&ﬁ?%&[% ayer/ net al

structure: The ]gg% ials used for the donor ‘|ayer and PPV.
The material - us orw’t‘lhé AeEYElspeth sytedt! alet0d nDBGldePa'\ﬁwdb\Mng by physi cal

vapor deffosi t ivaRelangh BGRF adoREB P casting or spin
casting. A data set@f or a MEH PPV?;:i })Sa‘b%oto B‘Yso‘f] 3 é’ﬁ C”irr?? qepEgor 18

Ml tiple. 1uncﬁ@ﬁé*’l(belh@kwséﬂwedllwoﬁhm/&d@un@asmn/iohwdoelmg@rea%%ﬂt' al of

25 --0.5V (fo as t ve bias to I TO was seen
in the I-V( c&?@é&l%gﬁ a|var31e§n §urgsr1}ﬁgwec?f’l"}35e)3§q§tl Bﬁcﬁ?ﬁggq{“éi/@msefézmhbn t he

devi ces were il thurwayat/edmsiﬂmeleouefgahxb seifv&agtw@s RErhifh of fhese atjeﬁys changed

sign). The current ratio was 1 over a broa I'as range.
Vol t age- swi t{;}ﬁ!; gﬁwes r&eelﬁéf’wr\?frt%/mﬁ%@ cap bp aghiewsdtwitlf ssandardd and rever se

bi as. Fdb 30 pmﬁlah@gap}tyhﬁ:r&lﬂ/ﬁﬁ]fm Ald fe Oke.t P t is -1Q' between
+2V and +0. 15 This exanpl eé denmonst rat es E%ﬁ%\%‘{h{%gbreewgweo habl e

phot odet ect or 55’ OE?éi‘OdFélfrsl’“E‘éi’t‘ EFipnl Gfet An bTQmﬂSs subsfr@uemasnutztd fnwhis( or nor e)
organi ¢ sem C%@Hﬁﬂeﬁ’t”ﬁhllé‘ﬁ isQ)ptlcal]y transparent in v1sxble and opaque in UV.

Red and green selective color detecuon were achieved by dxfferennatnon of
the signals from these photodiodes (this operation can be done i in the read-out
20 circuit). The dlfferentlal responses of these photodiodes are shown in Fig. 16B.
Red color detection (with response between 600-700 nm) was achieved by
' subtractmg the signal from the PTV photodiode from the signal from the PDHPV
photodiode. Green color detection (with response between 500-600 nm) was
achieved by subtracuon of the PDHPV signal from the PPV 51gnal The b]ue color
25 detection was obtained by PPV photodiode directly.
' Thns example demonstrates that R,G,B selected color detection and full-
~ color image sensors can be achieved gy patterning three photosensitive materials

- On a substrate with uniform optical characteristics. \

30 Example 19 .

Voltage-swnchable photodiodes were fabricated thh the conjugated

polymer poly(p phenyl vinylene), PPV as photoactlve materxa] The PPV films



31 July 2002 WD 99/39395 PCT/ US99/ 02247 -40 different electronic
structures. The photosensitive node can be achieved in both31fJuly20062 and
reverse biases in these devices. Exanple 21 5 Voltage-swtchable

phot osensors was fabricated in the configuration shown in Fig. L G ass

W th patter neyool3dsdswas used as the substrate. The size of each test pixel
was --0.1 cnz. The sensing material used was pol y(3-hexyl tﬁ?BHﬁ%’f?Q“" P3HT,
whi ch was spin cast at roomtenperatgge froma 2.5 wt% solution in tol uene.
Simlar to the spectral response of Or (see Exanpl e 10) t he

phot or esponse @ke splfd Lre.visib nd near W
spectral regi (;n %Ep(];hCfs:lﬁgﬂ-éto?‘gﬁ%%sé@fe%‘é‘r?;rrog]n%ﬁc&c&% A prc?%‘l‘rﬁ?r SPR8PANY i on can

be achi eved byhedsayerteiiite eorjumteddetmbybesing ki 100-709 °choms hbhe. AhaLe- and

dark currents device.w th 3150, filmthickness. The data were
taken with Wmu%('re EP ﬁ%‘f’%m“‘ﬁ?dﬁ?afﬁhfsﬁ“bvf agea Wi Onld hethhsdny amaqtmsamj 700

nm and with nﬁrlnm;lstrommddeﬁn tHe@fatk An@QRdEMI&hinkRorlard sHWx? ig. {9 e dark,

t he reverse cu[rent saturates at low field re |on and en lncreases vvlth
t he bi asi ng vBIgETeny darkcurisnirapgysapphegangexs fwaéme'ﬁgbt llamiaatidn o€ ur r ent

i ncreases expaf@nhivichy. RGeS t;,y\@; vol.tage , reaching -1
md/ cnk-at 3 V bi as. Tt]te exp onee%'it%l ?(%Llrajrvxeg’? gzglgsreeﬁfi ”&gWP ® than 5

orders of na@?ﬂ‘?fti%tollhattoheeno&dlmag@odladeg;e)fffbomainﬂe i EXfifipleqCtTHid cati on
ratio at 2 Vi \%Vﬁotode%&,olnf%“ Ogl[tr on d hot o enS|t Vvity was observed in
reverse bi as. otocurren ° aFé Fragrse! @eamomndfmér? 8 mWcne,

V\/m te |ight i Fhuqunnnvndeam;e swHTEIRE onGAA Bﬂ?oﬂq'@l%ﬁné fhex {00 BLERRONSI Vi ty
ine ess of 0.5.A/W corresponding to a quantum efficiency”larger

than 10 % el etf agﬁs]/: PHEEBRlE. Yodsf }jh"?L@ﬁWdrl)gM ﬁlﬁvwm)l, the phptochiengar at i 0 was

al so achi eved+ﬂ’10t 5i\sis 260 GRS highd fhanh Y QU'%V 'g'g 25V) /1ph(0.5) i's
-4x107. This SV\AtChI ng ratio is equal to or eve % r than the sw tching

ratio of TFT-based! Bh@taﬁmé%m@stﬁﬁ@eﬂmthhphmm©®nan teami CHaTsICh ! S

101-10"). T b a high 1Ph(\V)/1d, Tk
Catior the 1apBiRr SRIEAARBAAGRR BLiR0y SER Shlad Rhfbeniibgie of ()
il 1 umi nati on, SRl @k rF‘fﬁpﬁ’m@& Phb@tliodey epetdbdeninbdtHdwisch(pdifitied aR)usBfuf)y | evel s

can be fesol ver ications. 30 The high switching ratio inplies
that for an x- alfn%rdrrc{e é) 5t ode matrix of 400090 pixels (refer

to Fig. 3 of the 2D patent) nore than 256 gray |evels can be resol ved.

Adopting quad-matrix desi gn (four sub-matrices arranged 31 July 2002
Example 20

Voltage-switchable photodetectors were fabricated which had a
heterojunction structure as their active layers. they had an ITO/donot
20 layer/acceptor layer/metal structure. The materials used for the donor layer were
MEH-PPV and PPV. The material used for the acceptor layer were CGO, laid down
by physical vapor deposition and PCBM and PCBCR laid down by drop casting or
spin casting. A data set for a MEH-PPV/C,, photodiode is shown in Fig. 18.
' Multiple junctions were observed in these devices. A build-up potential of
25 ~-0.5V (forward bias was assigned as the positive bias to ITO) was seen in the I-V
curve taken in dark. The other junction was revealed when the devices were
illuminated. The overall effective barrier is ~0.15V (changed sign). The
photocurrent/darkcurrent ratio was 10° over a brdad bias range. Voltage-
switchable photosensitivity was seen in both forward and reverse bias. For
30 instance, the on/off ratio of the photocurrent is ~10° between +2V and +0.15V bias.
This example demonstrates that voltage-switchable photodetectors can be

fabricated in heterojunction form with two (or more) organic semiconductors with



WD 99/ 39395 PCT/ US99/ 02247 -41 in each quadrants), nore than 1000x625

pi xel s are possible with the sane resolution. This pixel dessidly2082even
better than the SVGA standard. The drive circuit for these photodi ode
matrices is sinplified; digital shift registers and BCD digital decoders
can be used.wbodfmsr phot osensors can al so be used to fabri Cﬁé-ﬁugg Bhy4pi xel
density linear photodiode arrays. Since only the pixel at t 3
contributes to the pixel dark currenygg.there is no restriction on the.
nunber of pixels. Hence, the gray level of the 'sensor array can be as high

as 2' R=3x105. diffesat ¢lesioniSstAdaeEs THepabobiRitVE Gte Gan BOMOSERSPEoRT T aYs
constructed fr@m | TO' P3HT/ Al can be used.. for high quality 10 image

sensing. Mor eolPEYard@Rdreyersg biases ‘Péhﬁsﬁiel’léﬁ col um sel ection are sinplified
considerably and digital shift reglsters or digital decoders can be used
directly. ~This exanple denmpbnstrates an organi ¢ photosensor with high
switching ratio and high Iph/ldark raEMmthhH phot osensitivity of such

phot osensers cover e , These sensors are
especi al | 3?} suit abl sv?lﬂ eé‘oﬂ ffarbﬁec? Qi?jensfés ‘F%%t[;l ‘H’giﬂ"gb‘l SHfafign shoyyid 2D
phot odi ode matiniFeed. fGlasshiighpditealed YOl wRABed SEAS k3 raRP IThe &bk 9fSch gl e
22 Linear photodiode arrays. were fabricated with 102 sensing el enents, each

20 made with PPAETVES~ He"“ée?ﬁ‘%iﬁ'i’ﬂk!lét"l%@labéli%ﬁdrmﬁs polxkérhexyitiigphese), BéH[ﬁr es of
the phot odi Odﬁhlé‘l{ (&@é’ﬁnﬁl‘:@st §h%\64?, tEﬂp%:r’anﬁe 3'91% aaﬁgiv)t:%gblu%gn in toll]l{Nggl xel size

was 0.635 mx0.635 mm: - The | eng sensi ng pP2.5",
| onger than arﬁ)m”Ff ‘ﬁébﬁswmﬁ%lo@ﬁp@d@ AH3OT @o&rﬁmnplalll))ytm\pabloaab@tseAf

Filg. 21, b0 analng oo terrag e SR BGA Snetlun) sBedlRamifen bt sedng ot or )

Fig. 21, no anal og sw tching
were used in tdieen add bluerfull'EbR)r Feadnidth cai beabhieve@by colofikériRdediide8 bit

with 256 gray Ieveé:s I;{eﬁ ?reen and blue color filters were nounted on a
panel and was swit dhed iSAOVT BiiPhaio- apddark qumenty frapmes BIH Bgeviprowith coI I ecting

t he correspondilBQA ifiFag&iskneEN EThd M@wemgﬁ&dbm@hﬁé lig% iM@indBHMNS a
conput er controlled translation stage for the inmage scanning. A uI I -col or

i mage 30 t akem W9k (Peveen dQhmmang §8§ Rewand withimpnopieomati¢ lightd60®mowver ed by
aken separat ol e S 1h i e BTt B4y SR sea TGRS it )
. increases with the biasing voltage, to ~7x10 mA/cm? at -25 v blas The forward
current increases exponenually under forward b1as (for voltages >1 V), reaching
~ImA/cm?® at 3 V bias. The exponential forward current covers more than 5 orders
of magnitude in the voltage range from 1-2 V. The rectification ratio at 2 V is. over
20 10 Strong photosensitivity was observed ln reverse bias. The photocurrent at -25
V reaches 5.33 mA/cm’ under 8 mW/cm’, white Ilight illumination. This number
corresponds to a photorespoosivity of in excess of 0.5 A/W, corresponding to a
quantum efﬁcnency larger than 100% electrons/photon. A high Iph(Von)/Ip,‘(Vo“)
| sw1tchmg ratio was also achieved in this devices: under 8 mW/cm?, L
25 25V)/Iph(0.5) is ~4x10’. This switching ratio is equal to or even better than the '
switching ratio of TFT-based -photosensors made with inorganic semiconductors
(10%107). These organic photodiodes also exhibit a h.igh Iph(V)/Ida,ka) ratio. The
Ll at-25 V is ~4x105 for 8 mW/cm® whne hght illumination, Wthh 1mpl1es
that more than 18 bits (2 6x105) gray levels can be resolved for image applications.
- 30 -The high sw1tchmg ratlo mmplies that for an x-y addressable 2D photodiode
matrix of 400x390 plxels (refer to Fig. 3 of the 2D patent) more than 256 gray

“levels can be resolved. Adoptmg quad-matrix design (four sub-matrices arranged'



image quality was simlar to that achieved. with a comercial col or scanner
in the same pixel format (40 dpi) wth so-called "nulti-m |34y bog»bc)
colors" format. Linear photodi ode arrays were also fabricated in 40 dpi
and 50 dpi forns with total pixels of 200 and 240. The total sensing |ength
is close tay§'gegkke S arrays were used for inmage sensing experinents. Large
size (5"x11"), high quality (8-10 bit), full-color inmage sEM<YIYI4s. '
denonstrated. This exanpl e denonstrates that organi c photodi ode arrays can
be used for large size inmage sensing applications wi'th full-color :

capabll L and Sl B 1 ROOLEHS) 8, 49, E1apLE, 23, e |1 necr

phot odi ode. arrays nonstrate

vi si bl e- bl i ndem}‘lltsmns’ﬁMQpnélrﬁehhl)slsexaetﬁdttléﬁmtan R SV&iDligndat P CieNgive UV pPass
filter .was pl ont. of the array. The UV image generated with W

ink was 15 pr olcgﬁcgdl’?fﬁtp otofieds grganes IsTaplifted; diggfel shal rezsiets et BGDL h t he

organi ¢ - photdigitddecodersa¥n bd iy, exanpl e denonstrates that visi bl e-blind W
sensors gan. be achieved w th organic photosensors, and that image in U
spectral >region cahesepineessosossican 20 texaeptoefabrcald Imghpnph@etn@ldy Rekar arr ays

were fabricatgpd 0 ur at hat .0 nmpl.e 32 (1x102
pi xel s, 40 plﬁe}dgﬁdkgﬁag@mfc {}h%g’ e&?tntgF VS ébutfééﬂa}& Pixehdakpt i cal
beam anal yz ercutrentt iste is he rnmdtmalonfthexhtdnlﬁhr&ffnlxblldtllia{beathl: %?a@r]e\Q?Me The

intensity di |but|on the te qptlca field is shown in Fig. 23.
Thi s exanpl e%gl'i‘sora'ﬁ%?'n%af‘ aéé’gtht?é £ Izlg“bol ﬁsérresfb‘ﬁéﬁ‘éﬁﬂeéidbatahqmamfan be used

to detect spahbmkenseii &tdyk Boris@BedFrofTTANPIER) nis of
br oad agcﬁl ications in i r%ldustrl aIe r(gl)utomatl on. AngﬁlB?: F;gaéé %gﬁi l? er 1 x 102

li near phot odPB%c cafiP&yMeazoverbig drites dirayits IﬁH’Itowh)smiamen @ik snrﬁplif dédn
t hi ckness Thssid I n n.a se i rcul ar shape.
) g U Sir heaBeRsale R PRI IREH GRS ST ELICH o TheP

A point light source froma green t1rng Yed at the
center of 31 Ju|yT2@c¢zammb®gfoww& ngﬂ@ﬁﬁdﬁ&szﬁs?orw1éﬂxlglh§vl¢dhirﬁv|e and the

angul ar d| st he enS| tested wth-the curved
g H“—?hggld?‘g%hoﬁzr{ Itdark ralé%g'@h cr;sf!@m Wwafssuch photosensors covers the

sensor arr ay
entire visible spectral range. These sensors are especially suitable for constructing
15 | linear photodiode arrays and 2D photodiode matrices for high quality i image

sensing applications.

Example 22 |
Linear photodiode arrays were fabricated with 102 sensing elements, each
20 made with P30T as thé semiconducting polymer. Two typical strucfu_res of the
photodiode arrays are shown in Fig. 20A and Fig. 20B. The pixél size was ~0.635
mmx0.635 mm. The length of the total sensing area was ~2.5”, longer than any
linear photodiode array commercially available. A full-color linear scanner was
constructed with a sensing circuit shown in Fig. 21, no analog switching elements
25 (such as field effect iransistors) were used in this driver. The read out circuit was
digitized into 8 bit with 256 gray levels. Red, green and blue color filters were
‘mounted on a panel and was switched in front of the lineér diode array when
collecting the corresponding images. The linear photodiode array was mounted on
a computer controlled translation stage for the image scanning. A full-color image
30 taken with this scanner is shown in Fig. 22D. It was recovered by a superposmon

of the red, green and blue color images (Figs. 22(a,b,c)) taken separately The



Thi s exanpl e denonstrates that the polyner |inear photodi ode arrays can be
fabricated onto flexible substrates or on curved substrates iy oot o an
optical 5 apparatus or to probe the spatial distribution of an optical
field. The fabrication process and the thin filmarchitecture of the

pol ynmer pho ' arrays also allow themto be integrated with electronic
drivers on %éﬁﬁ?gn wafer or integrated with an adapted oPET®E99/02247
conponent. 10 Exanple 26 A P30T phot g%i ode array was used as the detector
~of an UV-visible spectroneter for transm ssion neasurenent. The setup i s’

shown in Fig. ;25 A . Y §Si.0 ctrym.of a thin film of R

pol y( p- phenyl éﬁg?ev?%r?)l/’f){a\g%)ssfpmﬁ% > mg&?%gﬂ‘?‘e’&o\mf’ﬂﬂmﬁh@lwﬁmf n thpear
phot odi ode ar sayspix¢hrmasad tpi) vithkReWAIldI ki1 G-millbh (286 EBios ﬁ?&'{'}?' €
denonstrat es t hat ItLhe orlglﬁ@.cphot odi ode arrays can be used fore

spect r ogr aphi ¢ appl ¢4t Piidiodeamays wersalspdabyisiated e 4@ dpitank S0Idpi flmms 0sensor s

wer e fabr i cat adhiotrpixBEbAbdJ TR LG (AR Ry SLIVEL URE, | n one

case, netal (]) was Au and nmetal (2) was Au | ayer

was varied fr8mYSOrefe tesdgor mrage aerdingleepaphintal Largegisdisssi (0N hodh quagAu | ayer
was vari ed frfyn@% 9 -Eélo'?i'm-léhg o&ti caId reflection of the Au | ayer varies
correspondi ngl'y.  Thé P eURTimage sensing wvag, ew8n§ialedr was more than 100 rim so

that its reflectanthiswasmple dembnsh@RYahabuania phomlialil %Q%Q%Hbé ayQre, et al
structure for{ns an: aoptical mcrocavity 'é)? tical etal on) evice in the

spectral regi O WhEr82BRECTSHERRRICaLPRSGY Yt fullrFolsr capadiliy gadhivithinaylgplei S
relatively | ogvay fwefs. a mi crocavity structure possesses optical resonance at
sel ect e_(il wavel engt hs. The center .wavel ength and the bandw dth of the
sensi ng %0 profile can be adjusted by changing the reflection of the netal
el ectrode, by the absorption coeffiﬁg@%le he dielectric constant and the
t hi ckness of the organic |ayer. Fig. Shows t he spectral response of
such ‘devi ce. 31 Jullye 1PBaPhoi 92/ 233 3OGerREEIrAIED BY Dddtble 22 d4reMIsS RE@Vi ty
devi ces were i@l’§8'bl§mﬁrﬁ 0 Lhe Sreverse structure similar to that shown in
Fig. 2, i.e, wthTront Uy iEig o s snerment. aisible blacking) Wy tnassiliqri3) .
The devi ces wWesseglammden frontudttie fepf imulmtilﬁ)%g: efer &S WA (PO N AVEH

u I'n

PPV/ Ag( p9nm) p%ﬁgctgcll %rsl_lso/tﬁ‘eqée%)(s)é)r. m%ﬁazg\aas_ rea?i%rllmv'ith the (Ergaensice SYLEeS. A

- photodiode array.
This examplc demonstrates that visible-blind UV sensors can be achieved

with organic photosensors, and that image in UV spectral region can be detected.

20 o _ 'Example 24
' Linear photodiode arrays were fabriéated in the same confi guration as ‘th.at.
of Example 22 (1x102 pixe]s, 40 pixels/in). One.of the sensor arrays was used as
an optical beam analyzer to test the optical field distribution a laser beam. The
| intensity distribution of the testing optical field is shown in Fig. 23. This example
25 demonstrates that the polymer photodiode array can be used to detect spatial

dxstnbution_ of an optical beam. This function is of broad applications in industrial

automation.

o Example 25 _
30 Another 1x102 linear photodiode array was fabricated on PET substrate (7
mil in thickness). The flexible sensor array was arranged in a semi_cifcular shape.

A point light source from a green light emifling diode was placed at the center of



5 acts as the anode and Ag as the cathode. Sel ective spectral response was
observed in both structures. These results denonstrate the3filJaly 2002 ty of
fabricating the wavel ength sel ective sensors on either transparent
substrates or opaque substrates. These results also denonstrate that the
devi ces can“§:99@8¥isgned so that the light is incident ontop@jiERnide
anode or cathode el ectrode. 10 Wavel ength sel ective photosensors were al so
fabricated with substrates containi#y-an optical stack (sonetines called
DBR, Defractive Bragg Reflector). The transm ssion of the DBR was -.2%
The phot osensBesirgler andfthbanignat ddirittition of 1heWsht intensity was tested with the

gl ass/ DBR/ I_qu Q;SPPV: PCBI\/I@IE. _V\?v,el ength sel ective spectral response was
observed with -- 2Nm BaAHAN Grdresubishesn wdagdde al so denonstrates that the
or gani ¢ phot osensoTlss eampedersSRELEY b Ffd h.selectivity of
narr ow bandwi dt-g Bui | di n'h such a pﬁ]tg)‘te@aip %@Qaﬁﬁéﬁb@@gw%ﬁﬁn&awn whi ch
each pixel' hal bricatgdegnem bl shibatraiss of o1 eurvddomubstragesfib &t np@BEbptical
spect r ongt er . apkh i j.ces have eat .potential for image

sensi ng, spec€§o§§§6ﬁ?Qﬁ%ﬁ?@ﬁg@%kﬁﬁ%"%ﬁ%“ﬁ%%ﬂéﬂﬂ@ﬁﬁegbﬁﬂFéBWW@ﬁgn 20 31
July 2002 - 4Bosenand e QnFIMERrchifectire ofrhe\WolyataBh@odibgent £ s RBLAgEt ect or
capabl e of prgduci B&inq aﬁh({)t,o'ﬁulrarent. i,n response to |ight "i npinglng

t her eupon conpri si NG a phot SHF GEETOURETETSLfr 2 Hhfaw wafkt ergetegmtadoeith sai d.
phot odi ode haaniadaptad bptidat cdnipopetient i al and 5 conprising: a first el ectrode;
a photoactive organic |ayer disposed on said first electrode; and a second
el ectrode di sposed on said photoactive organic |ayer; and said voltage:
source Exlapted to selectively apply @ 'lg%ﬂ ng voltage across said 10
first electrode and said second el ectrode, "said switching voltage inparting
a phot osensi ti vi t YA BHOUehatodindanraty wasprsed ad the taccionsmatingHas and

near-zero phgt itivity..at a cut-offbjas substantially equivalent in

magni t ude to gaﬁ%%lﬂﬁrﬁa?’%mlﬁ%lf’ A remat: hl?"pﬁb‘{l’daﬁléﬁi‘éﬂ drfigy25c ohpri sing a

plurality of Ushoviedensecrahech aiis finh of poly@ pHery tndiayRhd): pFei P, det ectors
iehe),

sai d’ pﬁsot odi odes

having their 0 iog s arranged in an array, each-0

bei ng sel ect ingeg?@eé; 4 ﬁ?s"z?ﬁ?f’%er wear phptodjodg prrays Tharesait.is shown in Fig.
15 26. : _ ' : _

This example demonstrates that the organic photodiode arréys can be used

for spectrographic applications.

Example 27
20 - * Voltage-switchable photosensors were fabricated in a
metal( l)/P3HT/meta](2) sandwich structure. In one case, metal(1) was Au and
metal'(2) was Al. The thickness of the Au layer was varied from 20nm to 80 nm
and the optical transmissiq'n of the' Au layer was varied from 50% to ~1%. The
optical reflection of the Au layer varies correspondingly. The thickness of the Al
25 layer was more .than 100 nm, so thaf its reflectance was almost 100%. Such a |
metal/organic layer/metal structure forms an optical microcavity (optical etalon)
devicg in the spectral region where the optical absorption of the organic layer is
‘ relatively low. Such a m'icr_ocavi ty structure possesses optical resonance ét
selected wavelengths. The center wavelength and the bandwidth of the. sensing
30 profile can be adjust_ed by changing the reflection of the metal electrode, by the
| absorption coefficient, the dielectric constant and the thickness of the 6rganic

layer. Fig. 27 shows the spectral response of such device. -



said array conprises at |east one row of photodi odes and at | east one

col um of photodi odes, each row having associ ated therew t h 3 s@y2002anode,
20 each colum havi ng associ ated therewith a common cat hode, the first

el ectrode of each photodi ode of a row being connected to said conmon anode,
the second wbegkéwee of each photodi ode of a columm being connected to
said common cathode, said voltage source adapted to apply sEF HUSRI02 4R ng
vol tage across at' least one common appde and at |east one conmon cat hode
to thereby selectively 25 activate at [ east one pixel. of said arny. 3. A

scannabl e array of yed L2987 W : | ¢, phot odi,odes each having a .
built-in potential ané a pt gé%%%?ﬁ‘l@ér]g]égéﬁggB]Stggsrief7r\s/?t%}m%’ﬁ%ﬁf’"_léhﬁ‘)d array

conprising: a Yappers islitssriat.eyitBlgta ifdidest oeb eiet fr@d@irfagy @EcifRIER[3)si Ny at

| east one line rode dj sposed n said support substrate along a
first directi o?{]e (géygcﬁgo?g'g&]?({?éggf’@éﬁp@g‘fr%ﬁ}‘f&s' HrspbyOmn/MERY | i near

el ectrode; a jsléle.‘ﬁmmnﬂmah@gﬂsmg@UO'Wﬁﬁlmf/ﬁu@o%g!_'1,1'1 We®d 4d ,5Crgga§u
electrodeg di sposed on sai d photoactive |ayer along second directi on
transversg to &3 g 3node anbAgps dercpibade. afalecsive sectigloesmus e waadtapived t 0
apply a swi t chinngv@htass 366QS - Le5iy ofe, of said first

el ectrode layer and at | east .oﬁgsug% g%ﬁé&g& 383o$e gg’i@%be%gﬁam%'lné&er ode | ayer,
sai d swi t chi ng"¥6lanagectepiévesioysarapacitliengarisparatt ubftdtesstOps@lcasbaids. 31 Jul'y
2002 -46 photpdi.ode hot osensitjvity ahove 1 mA/ Wat an operating
reverse bias aﬂ%ké)%glg?-agsé)r%mﬁﬂ8%%@?1’555’%/F?/Y,‘fif cgp bg dgsignegdrsp that she light is

subst anti al | y iegdént aherithemheagide bHe@hddR el@@bde bui [ t-in potential. 4. A
net hod of, sel ectivqg%/ gﬁ%t ct'l?n_g light incident on an array of 5

vol t age- swi t chabl e '0F ‘GHED S5IE6Y BehItRscrpersewers lso fahicdtedrwitlysubstngpes si ng a
plurality of coh@inili HOgsicArstRRISkhdihea cAIf @%ﬁ e TR apSach B
phot odi ode haﬁi nﬁ a built irf 'pgtentli ael Cal??g a a’pl"tﬁgrqﬁt-'oeé'éa }g‘%ﬂé‘:tﬁﬁ) out put
in response -t o EA@nHBstion althea DBRwasal%h. Thhpbwdsenste's aerdfabaidig & fir st

el ectrode, a ghwRaghiySpRIGIMEH-B¥EpHsPosed. on said first electrode,
and a second el_e(:\tr%deS d?sposedq%éinpggi%’{gprﬁ8‘903@?\4}3@&‘%%?,“‘.’? pRECERlr st 10

el ectrode of é&&PhANShos olsarda with a2nmsahéwiigh.el ectrically connected to a
common gnode, the d el ectrode of each photaodi ode in a colum being
electrically conngﬁ{%(eégpl{'gﬁﬁ%mﬂs@é?ﬁgﬂg}e UZHIUC RBATASUS /BT b ng:

constructed with wavelength selectivity 'o_f narrow bandwidth. Building such a
'photo'diode array or 2D matrix in which each pixél has a different sénsiﬁg profile
forms a flat-panel spectrometer. These kinds of devices have great potential for

image sensjng, spectrographic, biophysical and biomedical applications.
20



[ [ [ [ ; l yi ng an
ntially activating a selected colum of photodi odes by; apply _
zgglrjgti ng biyas voI-tagegacross the conmon cat hode 15 associ apﬁdJM%EP?faled
sel ected colum and all the conmon anodes, said operating bias Vo _?g
inparting to each photodi ode of the selected colum a photosensitivi yd .
above | mAW applying a cut-off vdiSt-age across remaining cathodes and a

' : . ' equi valent in magnitude to said
E)B?I t???g;“éﬁlﬁ’ﬂ}&@Lé@ﬁﬁE?;ﬂﬁ%:??i ﬁel ?g tﬂe phot odi odes of all col ums
ot her than-the. ?el é%f %lmmlﬁe todefeefontapableed praduvingys;, and

. . ¢
i al | photeadirers iwrdspérze t@ HERY indpRskiny tRtupsh cbisqsel ected ;col um of
;ﬁggggit Iogesp P VA.erigtl'ho'?a;%f selgctl' \%&H %et ecL| n& @?fq‘ﬁ'ﬁgf‘ épg)gmdleon an
array of 252Vofta3aY s P agsspREe o8 %Oﬁﬁ@bﬁﬁl@mébw&mwmdmﬁﬂ d array
conpri sihg eompusiagi ty of photodi odes arranged in a row and col urm matrix,

[ | ' [ ' dapted to generate an
each phot odi ode hav LIt in potential and a : r at
out pulto I n response %%t%&cgggﬁ radi ati on, each photodi ode conprising a

.« . . - . . i b . f i rst

first electrode, a phbetosstiviewegamiganercdispoay®bn Sid PRSMEABIS AT I

d e de_di sposed .on said 30 photdaq ive |ayer,
The T rst eloct roder aront BELR Byt R 8 RAY Bhofittie petnielorrent |y
connect ed tB QYR SAUER adrpted toseleetivaly ap;blgtalmﬁhimgfvoﬁag&a@@%tsgg{ ﬁgg in a
col um‘ibei rmseéleafdcjecaahlsy,dcgemceg&@ogg, sg_l(pg,mggﬂ] cat@gge said ne s
conpri sing: ;sequenti.al | a(itlv ting a selecte rgoW Bﬂ%‘ﬁi%édes_by, _
appl yi ng a'rPh8§°§F‘é~? 'Y@' Tﬁé’é(g M@éaa’é‘#@?ﬁeﬂme@aﬂgﬂ)maﬂdd@-mpm at edI \tM tg
sai d sel ectpédtqsmiﬁvityailalcut-bﬁblh@@ﬁ@dﬁarﬁﬁll?@@ﬁi%leﬁ?i‘nqnﬁ ak {onsl%iicf' as voltag

[ [ glﬂﬂﬁ [ ity above |
artin 18 odi ode of the sel ected row a photosens Vi t
ImrAT‘/pW 3% thgflf;% -47 applying a cut-off voltage across renai ni ng anodes

. . i ' ' ni tude
s e oo o oo ot ity sl gocf g0, |
ot her than the sel ected row near-zero_ photosensiti vity; and 5 sequenti al L\y
reatl ng out e geRBHAFEBSG,AAE beirhelodindss maangedin oh amhabcitbpdes. 6. A
organi ¢ pheridghodiades beibpseleqively &idisabl® a0k BllePI R k.
' said array comprises at least one row of photodiodes and at least one
column of photodiodes, each row having associated therewith a common anode,
20  each column having associated therewith a common cathode, the first electrode of
each photodiode of a row being connected to said common anode, the second
electrode of each photodiode of a column being connected to said common
cathode, said voltage source adapted to apply said switching voltage across at least
one common anode and at least one common cathode to thereby selectively
25  activate at least one pixel of said array. :
3. A scannable array of voltage-switchable organic photodiodes each ha\\'i}é a
built-in potexitial and a predetermined photosensitivity range, said array
comprising: _
a support substrate;

30 a first electrode layer comprising at least one linear electrode disposed
on said support substrate along a first direction; '
a photoactive organic layer disposed on said linear electrode;
a second electrode layer comprising a plurality of linear electrodes
disposed on said photoactive layer along a second direction transverse to said first
35  direction; and .
_avoltage source adapted to apply a switching voltage across at least one
electrode ot: said first electrode layer and at least one electrode of said second “

electrode layer, said switching voltage thereby imparting to at least one selected /



vol tage source, said photodiode having a built-in potential and a _

presc?i bed photosensitivity range in response to incident rﬂ:l‘lj@'&lz(apz Z?I d

phot odi ode 10 conprising: a first electrode; a photoactive organfc _gy

di sposed on said first electrode; a second el ectrode di sposed on siau -

photoactive organic |ayer; and sai _d—\ﬁtﬁ!-t age source adapted to apg y an 4

operating bi asial?‘g voltage across said first 15 electrode and said second
4

el ectrode, sai @Qﬁimpwﬁlea@év@wpm | me‘:ﬁa‘g?mmg%?i iri,g{ad y
Phot od ode. det renr aedhotoleqsti Ry 3t 2GR SRR coixeniia Pgidiot oai ode

i ode detecgtors | | ¢ _ _ _
gP?;gggg in an® ] bujl-in gateptiadf  sai d phot odi odes bei ng sel ecti vel y -

addressabl e as a pi xel AQfiethd é}*s@[egtﬁzé%ﬁg‘&gngggﬁgggggtég%isﬁlyﬁ#di_ ng pixels

. A radi ation
}c ot ﬂgt Sftel nre _ %é&g%ﬁ&abﬂﬁéié lggt@&%giﬁ_eg@m sald atriyoeonistrige: ;ﬂlluuﬁtyiroﬁngg :
5 e et e o b, S BB IR 2
asponse. to IHal AR kCa-R shiosut rvereds iadmerghsonnaciei ng
detected by t pho8iodr gampusipdo fis electedde) a pibtoakile Orgaie 'l@ep(gi?%og?degx‘i’?aridom hi gh
det ect or of Gfﬁét@}e%tr?érf%ﬁéfbg cg;ﬁlg glteclét?olrygt%iilesgo %I;lgglg.il%ég)gtyogégtcja)ﬁérthq firses and
ggmyr ggrél? Pg};_ct?q&cofﬁq@h ﬂ”p@%_ﬁqﬁdﬁ iphoowdeing eteotrically egthecitd (3 Pdointon Whe]t ein
the swi tchi nganéfR, #elst@Ba elRirb&Sof% obddided §%oﬁ1&%é§e§%he?em9cgﬂg 'ty o
Photosensitl Yl intcd & Sommon Rathods. < tethad comprising; |
sequentially activating a selected column of photodiodes by;
applying an operating bias voltage across the common cathode
15  associated with said selected column and all the common anodes, said operating bias
voltage imparting to each photodiode of the selected column a photosensitivity above
| mA/W; ‘
: applying a cut-off voltage across remaining cathodes and all the
anodes, said cut-off voltage being equivalent in magnitude to said built-in potential
20 °  and imparting to the photodiodes of all columas other than the selected column
near-zero photosensitivity; and
sequentially reading out the generated ou-tput of the selected column of
photodiodes. '
5. A method of selectively detecting light incident on an array of
25  voltage-switchable organic photodiode detectors, said array comprising a plurality
of photodiodes arranged in a row and column matrix, each photodiode having a
built in potential and adapted to generate an output in response to incident
radiation, each photodiode comprising a first electrode, a photoactive organic
layer disposed on said first electrode, and a second electrode disposed on said
30  photoactive layer, the first electrode of each photodiode in a row being electrically
" connected to a common anode, the second electrode of each photodiode in a
column being electrically connected to a common cathode, said method
comprising: ‘
sequentially activating a selected row of photodiodes by;
35 applying an operating bias voltage across the common anode
associated with said selected row and all the common cathodes, said operating bias
voltage imparting to each photodiode of the selected row a photosensitivity above

I mA/W; /
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applying a cut-off voltage across remaining anodes and all the
cathodes, said cut-off voltage being equivalent in magmtude to said built-in potential
and imparting to the photodiodes of all rows other than the selected row near-zero

photosensitivity; and
| sequentially reading out the generated output of the selected row of

photodiodes.

6. An organic photodiode detector comprising a photodiode and a
voltage source, said photodiode having a built-in potential and a prescribed
photosensitivity range in response to incident radiation, said photodiode
comprising:

a first electrode;
a photoactive organic layer disposed on said first electrode;

. a second electrode disposed on said photoactive organic layer; and
said voltage source adapted to apply an operating biasing voltage across said first
electrode and said second electrode, said biasing voltage operating to vary said
prescribed photosensitivity range.

7. A photodiode array comprising a pluraty of phbotodiode detectors of
Claim 6, said detectors having thereon photodiode arranged in an array, each of
said photodiodes being selectively addressable as a pixel of said array which said
pixels mcludmg pixels for detecting radiation in the red range, pixels for detecting
radiation in the green range, and pixels for detecting radiation in the blue range.

8. The organic photodiode detector of Claim 6, additionally comprising a
scintillating over layer, said scintillation over layer emitting photons in response
to incident high energy ionized partxcles said photons being detected by the
organic photodetector. .

9. The organic photodiode detector of Claim 8, wherein said ionized
particles are selected from high energy photons, electrons, characteristic of
X-rays, beta particles and gamma radiation.

10. The organic photodetector arrays of Claim 2, wherein the switching
voltage varies among pixels so that inhomogeneity of photosensitivity can he
compensated with external bias. / '



