WD 2011/ 066396PCT/ US2010/ 058015 1 DESCRI PTI ON METHOD AND APPARATUS FOR
SENSI NG | NFRARED RADI ATI ON CROSS REFERENCE TO RELATED APPLI CATI ON The
present appl2oviaicssda cl ai ms the benefit of U S. Provi si oralr/tApgloiossts on
Serial No. 61/264,071, filed Novenber124, 2009, which is hereby
incorporated by reference herein inits entirety, including any figures,
tabl es, or drawi ngs. BACKGROUND OF | NVENTI ON Exi sting night vision
goggl es require very hi gh operat PE§ORIPTAGESs and cost thousands of dollars.
Typi cal night vision goggles are conplex el ectro-optical devices that
intensify existing light instead of relying on their own |ight source.

Ni ght vi si onMEGEHBSAICBM BRARRTSISH (VR SENSANDY 18R SREDIRAD Af1dN ght, from
visible through infrared. In a typical configuration, a conventional |ens,
called the objective |lens, captures anbient |ight and sone near-infrared

light. The gathered || i 5 Tﬁﬁ?‘ t0-a "ﬁqggji t hfier tube. The
t ube outputs a hi gh vol éﬁ%ﬁEF§§£Ca ;Oa gﬁ¥T§,0 'I&gfﬁg, o the tube
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t he phot ons of Ikggt ener%y into electrons. As the el ectrons pass through
the tubEZ0hBrle TaskPYEMET AN HE: oIS Berchy Birpaosted by rafprengaissein in 1ts

mul ti pLyi AR Te T sl Ju firgliggt rons by a factor of thousands. One
met hod 0 b%onp ?gh&t i's %ﬁﬁﬁﬁéafﬁgh is through the use of a micro

channel plate (MCP). The MCP is positioned in the tube such that when the
el ectrons fromthe photo gat it t i ectrode of the MCP, they
can be accelerated into tﬁ%“é?gggﬂﬁ¥gﬁgggﬁgﬁﬁ@V§ by hi gh vol tage (about
5,000 Vol t sk shighPekiag hg%ggﬁes Refweeptign sﬁ&%ag@&gﬁgg ald®selh86lnade

y

pair. As electrons pass through the m cro channel's, cause ot her
el ect r ohgoltass. bd ypiehlerigkd visioneggizles ram nenplgsi dlest@-tivekdsical thednasifaded

secondar.y.. em.ssi.on. These new el.ectrons. can also collide with. other atons,
creati%8&g@gh§§Hngg%%Pf5ﬁypﬁdPlggﬁ‘P%Eﬁﬁﬁ?ﬁﬂm?ﬁodgghbg§5¥l%?%%f?%ﬁ%b?eaving
t he champigihve WMoerebond Yspactr@w entighedfrom visibld h@rdugBIBfiaRidenSinf hefyptdape can
be positioned so that at the end of the tube, the cascaded electrons hit a
scr eencUGRHEHON & pPyRVEPbFeas, cPHed Becbigstivo Fpas refipAtresl ambipet lrghperd sdran i n
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phosphoutputs raehigke volrege, Wp 201 ABHH6 IVERCTINISZO 1Y ABB0bnponents. The image-
mntensificr tube can use a photo cathode to convert the photons of light energy into electrons.
As the electrons pass through the tube, more electrons can be released from atoms in the tube,
multiplying the original number of electrons by a factor of thousands. One method to
accomplish this multiplication is through the use of a micro channel plate (MCP). The MCP
1s positioned in the tube such that when the electrons from the photo cathode hit the first
electrode of the MCP, they can be accelerated into the glass micro channels by high voltage
(about 5,000 Volts) bursts being sent between the electrodes of the electrode pair. As
clectrons pass through the micro channels, they cause other electrons to be released in each
channel using a process called cascaded secondary emission. These new clectrons can also
collide with other atoms, creating a chain reaction that can result in thousands of electrons
leaving the channel where only a few entered.
The mmage-intensifier tube can be positioned so that at the end of the tube, the
cascaded electrons hit a screen coated with phosphors. These electrons maintain their

position 1in relation to the channel they passed through. The energy of the electrons causes

the phosphors to reach an excited state and release photons. These phosphors create the



2 green image on the screen that has cone to characterize night vision
Since the electrons stay in the sane alignnment as the original photons, a
rel i abl e woega/wesvsbe produced. The green phosphor i mageCctas2ee/ossoened

t hrough another lens, called the ocular lens that allows you to magnify and
focus the imge. The night vision device can be connected to an electronic
di splay, such as a nonitor, or the image can be viewed directly through the
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that cgn be fapri lntegratjng. an organic light emtting .deyice
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a poor hole transgprtlng | ayer. In certain enbodinents, the IR Sensing
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have | ower manufacturing costs conpared to conventional night WO

2011/ 066396PCT/ US2010/ 058015 3 vi sion devi ces. Enbodi nents of the device

can incorporate an organic pho&gﬁgg $iMilR{N series with an organic |ight
emtting device. In a specific enbodinent, all electrodes are transparent

t o i nfrar edEmbghmenBRIfHe DESTRINEAEN OF DERAM NGS apparatus for sensing infrared
(IR) radiation. Specific embodiments for sensing IR radiation provide improved dark current
characteristics. An embodiment can incorporate an all-organic device. In one embodiment,
an all-organic up-conversion device is provided that can be fabricated by integrating an
organic light emitting device (OLED) and an organic photodetector into one device. An IR
sensing layer of an OLED in accordance with an embodiment of the invention can be formed
of a poor hole transporting layer. In certain embodiments, the IR sensing layer can be
incorporated with an OLED to provide IR-to-visible color up-conversion.

In a specific embodiment, a night vision device can be fabricated by depositing a few
layers of organic thin films. Embodiments of the subject device can operate at voltages in the

range of 10-15 Volts and have lower manufacturing costs compared to conventional night



Figure 1 shows an energy band di agram of an infrared sensing up-conversion
device in accordance with an enbodi nent of the subject invention.

Fi gure 2 wbaesl/@m63evi ce structure in accordance w th anpremusdimwstordf t he
subject invention that allows an el ec8ron to generate multiple photons.
Figure 3 shows the operation of an up-conversion device in accordance with
an enbodi nent of the subject invention. Figure 4 shows an energy
band leé@ﬁaCFﬁV&CSan%{lmmPiﬁﬁ RArtbel JSBIAS iCAY IRGSTRUAN s PREAE et OEBIANAISRE ¢or dance
with a ve o] ctural
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I i ght - nmmpathMOhﬁagéhgharacter|stlcs of the device of Figure 4, where

Fi gure 6A shows the characteristics when the device is dark and Figure 6B
shows the characteristics when the device is exposed to infrared radiation.
Figures 7A and 7B show tgreys &Mk ipafiORchHemaya pfingscont rol organic |i ght
emtting device (Figure 7A) and the device of Figure 4 (Figure 7B).

Fi gure 8A sKigmse i hboxadomag}c@nslpmgmra obfin anfl@Q] semsinpiupconeatiosdPacd i | m and
a 100 nmthi,ck Sn | min accordance with an enbodi nent of the

subjec?”%ﬁwgﬂﬁeW¢hdne”mg&¥$ﬁﬁﬁth%%m¥%%HE@?Wﬁldark |-V characteristics of

the contr ol FigukED sh5ROWch e tshBctiRSRL acRbrdmh@UR Bh AANen®Adih MR oURLCAMYRL Si on
devices in accordance with enbodi nents of the subject invention, ere one

deV|c@ﬂﬁaﬁmaimﬂaﬂhﬁ$ﬁhﬁ@RUW®HI§$nP@imuhmﬂ%muﬁ@ﬁe other device has a 100 nm
-current - v

thick SnPC F%C re X %VJSI 61”2810{1 OfFalgull? (iO-nV%I'FIOHV\gGVICﬁVIé]r (i‘4C8}”1 d&%‘i‘/ \Vétg‘l an

characteris S of an’in 0o-gree up-co

accord&ﬁgxﬁ@m@mﬁen$§mwﬁ£nﬁeﬁﬁmihe subj ect invention under dark and photo
(infrared) irradiation. gure 9B shows a plot of the on/off ratio
as a functiBigust 4cliPFarn e ‘?4“@sdlﬁ$¥rlma?f iptthos rplgare d Sgirsiiesh Up-cgitersion

up- CO”&(&E&' iRACARYALE Wifh AGHARGR Mt LuBREIPAI BNt of the subject

i nvention.
Figure 5 shows a structural diagram of the device of Figure 4.

Figures 6A and 6B show the light-current-voltage characteristics of the device of
Figure 4, where Figure 6A shows the characteristics when the device is dark and Figure 6B
shows the characteristics when the device is exposed to infrared radiation.

Figures 7A and 7B show the current efficiency of a control organic light emitting
device (Figure 7A) and the device of Figure 4 (Figure 7B).

Figure 8A shows the absorbance spectra of a 100 nm thick neat SnPc film and a 100
nm thick SnPc:Cq mixed film in accordance with an embodiment of the subject invention.

Figure 8B shows the dark I-V characteristics of the control OLED (shown in the inset
of Figure 7A) and two up-conversion devices in accordance with embodiments of the subject
mvention, where one device has a 100 nm thick neat SnPc film and the other device has a 100
nm thick SnPc:Cgy mixed film.

Figure 9A shows light-current-voltage characteristics of an infrared-to-green light up-
conversion device according to an embodiment of the subject invention under dark and photo
(infrared) irradiation.

Figure 9B shows a plot of thc on/off ratio as a function of current densities for an
infrared-to-green light up-conversion device in accordance with an embodiment of the

subject invention.



WD 2011/ 066396PCT/ US2010/ 058015 4 Fi gures 10A and 10B show t he

phot on-t o- phot on conversion efficiency of the device of Figure 5 (Figure
11A) and wbeonumstsam ef fi ci ency of anot her enbodi ment ofCrhis2&niofsecs
invention (Figure 11B). DETAI LED DI SCtOSURE Enbodi nents of the
invention pertain to a nethod and apparatus for sensing infrared (IR

radi ati on. An enbodi nent of the present invention provides an all-organic
up- conver si Biguges/] G andh 40B show b phaten-toaphedomgonvisisey dfirisgeanl GeEpvisad an
or gani not odet: ! I Cac .; thejr: i DL W th
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up- coninecsicon Foewe ¢E8).i n accordance with enbodi nents of the present

i nvention can be used for numerous applications including, but not limted
to, night vision, range finding, security, and sem conductor wafer

i nspections. I n a spechEiraenbasiseg@isy @z ni ght vi sion device can be
fabricated by depositing a few layers of organic thin filnms. Enbodi nents of
t he subj ect Edbviligentsar! thpevanieorapertant tcagestiad andeppanye fof sehdingSnfviokbd s and

have | r manuf acturing costs coppared ta conventional night vision
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i mgi ng can be adjusted by material selection. I'n a particul ar enbodi nent,
t he i neligitedstadtari g omcledess Becaupd phihed eventibilng wikybghtvhaht, iageed, bayer s,
whi ch are | R, sensitive. An _enbodi nen n.incor.paorate a tandem |.ight

e ¢ 11 R et BEC SR AT RS RPN s kR RS Gy Bk TR cut o

enbodi st praee iphetion enbesed e nufRehRGpEEYIteas athddas Hesnddimughtdf i ve
LED s in a stack, generating five photons as output. The five LED s stacked
t oget htighldagn Fanggiehng SPeudde A SpMEosiuPevaiEDnsIsGHoRan still all ow t he
device to e At I o s EIY 3, make

t he i magi ngﬂldgeﬁeglefﬁtehn?ocogg}r%r}\tfh%h%g?‘ 8@??5( fv(fn}é? ﬁé ggg¥)ﬁgﬁ%ggﬁéegnéllq ﬁgerwef ore,

| ess slepgs bl vezato thoifiss. Embodinkérguefthi ssijenslcake enesgyatbandoltigaginahe of an

| R sensin -canver si on, devj ce which can be incorporated in an enbodi nent
of thera%fgpgﬁﬁlmalﬁw have: lower Ehas e HERESCISH S "‘F?ds@n%qnl‘{ﬁmﬂg\?ie@@%tsuch

as t heyideWideeicsNawn shBcifit Gb8dikent, A /ELAHHANGE i Brchh® iR HRIc8Glhd. Nventi on
can have two parts, an IR sensitizer, or IR sensing |layer, and a |ight

em tting delVhcevavkigngh entwdimamg dekige nfaxithermaumeatiom ehf beiadnsiedoby t he
LT A N R e A S
St r uctabsBrbing layer that has 3 layers, which are IR sensitive. An embodiment can incorporate a
tandem light emitting device (LED) including multiple LED’s in a stack. In a particular
embodiment, one photon enters the imaging device and passes through five LED’s in a stack,
generating five photons as output. The five LED’s stacked together uses a higher voltage
than a single LED, but can still allow the device to operate at a low voltage. The five stacked
LED’s can also make the imaging device thicker than a device with a single LED and,
therefore, less sensitive to noise.
Figure 1 shows an energy band diagram of an IR sensing up-conversion device which
can be incorporated in an embodiment of the subject invention.
Embodiments of an IR sensing device, such as the device shown in Figure 1, in
accordance with the subject invention can have two parts, an IR sensitizer, or IR sensing
layer, and a light emitting device. In an embodiment, the maximum quantum efficiency of

the device shown in Figure 1 is 100%. In an embodiment of the invention, in order to

enhance performance, the device 1s fabricated with a tandem structure.



WO 2011/ 066396PCT/ US2010/ 058015 5 Figure 2 shows a device having such
a tandem structure, incorporating an IR sensing layer and an LED, in

accor dancwowntinessvsenbodi nent of the subject invention. POItUs2410/088015
structure, one electron can generate fultiple photons. Incorporating this
device architecture, the output of the device can be enhanced to achi eve
gain. Due to the increase thickness of the device, the dark current can be
lower ed andFighes delvwen gerieohivime sichibgndme |sawtyreb Hseweding an IR soppiggre 3
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i ncorporating such a hole_blocking |layer can utilize ZnO nanoparticl es,
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sensing layer into the first LED and hol es from each charge separation
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CsCX interlayer |lowers the cathode wor k-function to match the conduction
(LUMD) energy of Phenyl-C61-Butyric-Acid-Mthyl-Ester (PCBM, a materi al
that can be used as part of the OLED. The thin Ag | ayer provides
conductivity and the 1 TO | ayer provides encapsul ation. Enbodi nents of this
thin filmstack have a 90% opti cal transm ssion and sheet resistance |ess
than 5 ohm'sq, which is 70% | ower than typical 1TO electrodes. In a
speC|f|c enbodlnent a th|n fl|n10f NgAg or | TO can be ut|I|zed as a
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OLEDs can be produced that generate any wavel ength of visible light. In one
enbodi nent, an organic em ssive |layer includes three different dye

nol ecul eswernntitieszyebl ue, green, and red |ights, respectiPCES201B958015
controlling the relative abundance of6the three dye nolecules in the
device, white light with high color rendering i ndex >90 can be achieved. In
anot her enbodi nent, different colaors are achi eved by varying the relative
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el ect r¥8cf or the OLEDs. Further nore, a mcrolens array can al so be

fabricated epnthe.s l@&%&é&@cﬁ%@ ??&tu%@d %?Wgﬂt%@t %%ﬂ@@tg%a&éétr%ﬁe Prakight in
that direction. Moreover, an be pro ceg that offer high qua |ty
| i ghti (3gclwi ctshalamnmhro} Wle‘ndmnsptgentndakerid@r gercht hann@@m-tin oxidd)n anf ang¢ her

enbodi nent,. the e odes and LE ran ve f
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such as PbSe and PbS quantum dots. In a E)al‘tl cul ar enbodi nment, the

subj ectungiperconveles ﬂmﬁ%éwt@@é%%ob@lqrm@ﬂbm €611B1ttﬂlmﬁgtdtM@ths'i Eﬁtcgoggl es
or oth ht n ev S r enhq reen EDs are
used s@JCtE%tM? Irf%@ealrlt Pe{tdt (l%| {(ﬁseﬁ asg‘(gearilt %ffﬂ% m?é)d an@ \c/jtvlhtnh gon r|O?)1na7 ni ght

Vi si oncqag@ies:. and the ITGIIM @rcﬁn&d@ct\ﬁﬁatﬁmaﬁﬁ@r Gyhtod ialerd afgtrhasnthﬁt ﬁlartl@ttatster fR
sensi ng up-conver. 5| on device in accordance wth an enbodi ment _of
subj echavermviie Ppical Keeaniarayaidbshept EHBERTIEHt tham S wEBY sdn§iheehi1h 17@&1P8ﬁr and

transpgrt typge/a@rn@)aac&l%dwcgw &t&deﬂqﬂom@nt Btﬁﬁn@mfe gO&Vﬁ*o%ﬂﬁ pdevi ce

to inprove dark current characteristics. In’speci nents, I n order
t o r edudecdar k trusraent sleamae, tfdreevceﬂhpteet trmarpm@meetsl\tﬁde an ocattat wath thatsbe
chosen.for the hol.e Iﬂ‘%&}i ansp yer that._has a_current

1

densi t ySBETYEEE IPHER thhq %mﬁ t@tféallmsetﬁﬁ@mg dimettari al s

with currenpdensidi s %&@t@rmatth eRlic & \Aﬁa\bd\leﬂsnéthrre‘f GRRbieanHpe segk for
the hole injection and transport ayer, woul d i ncrease the injection

of hol esbddimantt he oedaststanoideywhger achides @g@ difewppllyedokoulas emaitmgtbh@ase t he
dark current .an
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molecules in the device, white light with high color rendering index >90 can be achieved. In
another embodiment, different colors are achieved by varying the relative abundance of the
three dye molecules or by varying the power transmitted to the different molecules.

For transparent OLEDs, a transparent material (such as indium-tin oxide) can again be
used as the cathode. In this way, photons can pass through the stacked OLEDs. The organic

materials used in these devices are mostly transparent in the visible spectrum due to the high



WO 2011/ 066396PCT/ US2010/ 058015 8 transport, allows the device to have a

| ow dark current without IR irradiation. In this enbodi nent, the OLED can
be essentwal2by/dsedoned- of f when it is not exposed to | R prcadisatioossoiFi gure 5
shows a structural diagram of the device of Figure 4. Referring to
Figure 5 an organic near infrared (NLR)-to-visible up-conversion device
can be provided using a tin phthal ocyanl ne (SnPc): C60 bul k heterostructure
| ayer A3 of dersmpfgsts %‘mcaélwéé W sExpsmeny gy ingiudatley dye medagrice 1 11)
(1rppy bl Dih A% ROPIRAPLERERAL i@ nte{ﬁrih R il g 3, PNRSBABLLBGLRL
emtter, light generatiorf can be acc Si ng T ow ener gy, providing
an enerrgysrm’rsfte:cb gibpOitENypAs] don gicbﬁmmnencf Fbﬁnawt%')ﬂm ritel @nakivOlker

structure, the up-conver eV|c or di ng nbodi nent of. the

presenf"’hf)?ﬁ/é]ﬁctef‘i“S% liSﬁeYB‘FfJ@‘f ool et g it %%2} EINCRUSB RS 61 56 YR7 1 ayer
to keepeltyhlegpt%isﬁgreh({y(;fry%)o/pglfm%ﬁ@te in the absence of IR irradiation. Upon
phot o- excCi tation, thé photo-generated holes are injected into the OLED and

recombi ne witt Hateicegog dmsmpdtn?réc@éBDfsrwﬂhtthelecmmdd@rgamc ginviesiof flayersitht e

l'i ght. . Figures 6A and 6B show t eI| rrent.-vol t ag

char e tupie Pt S ey B0ReE Tar R aLbE b e g byl i ahpiion o _ 5
10-10 @fs{ndsum Finguki@c Gfnshaws thBodehanacididat ies WD rthgadeyiiae mgh not
exposed to any infrared light. The open circle is current den5|ty and the

cl osedtrenspereacy sai b?rph@%?é riee theaganspryowt, cliatrodhi sndepfbotnhelimrse witdbiontat
' .”f rar g% di é%JAhe/ Jr’gtd 110 er ce% can%sgch1ev \EllvaSAsnglsc:l%sg gﬁloﬁ%b%lgct)mﬂ?sne eY cf u@ﬁ

di scus urn-on voI fo the

poor hol €sGC0j/agtlToncah ra@@ﬁeh@e@ﬁlﬂbe G@ﬁsﬂaﬁiﬁe Electrode for HegOIr EDS BF @it@ otdne
characteristics when the device i s exposed to IR radiation, An 830 nm | aser

wi th 18 THIAPERS AR cs 8lgo Pe ftricaig andhe pebstialisseacens aphisns, the pteaetian of

enbodi t e e n n from
S L R T B g S A R A S P
7A andw?tBas:lomn/rd:r‘rdermgmrcbmﬂargéﬁthm ®ncy of a control organic |i ght em tt| ng
device (Fig t he device of Fi (Fi gure 7B) shown, in
this enmbodi rpeﬁtfm HeTRnd BARL g SiEs %ﬂéyqﬁiﬁﬁ crrarﬁaﬁ%&l}sawe fer 3PS t han
100 cd%e]g@]smfg@[ dlgyggsgmotggrfwﬁae}%ﬂgmsl ndi cates that the control OLED is
still charge inbalanced and slightly €l ectron dom nant. According to

certain enbédmﬂrémgslocsieﬂtumenph%l%mt&lthvél@hi pansing ISpPeca@e0cdypdrite quantum
het er ost ruct ur ae d for the poor hole transport IR sensitizing
PSPV £bS gl iR B

| ayer Otéétﬁcseaso orption, as shown in Figure 8A, and its

poor hol e t]’rﬁﬂ%@ﬁfchla@re@fﬂﬁﬁhﬂent AHeSNBB: i cEh@iien @Bvickl i B BRofleMEd t he
dark current-voltage fl -V) characteristics of the control WO
2011/ 0BEBOEPCTISI98XPEG/eomg@ilsr light amplifying devices. In a further embodiment, green

OLEDs are used so that a green amplificd image as produced as with conventional night
vision goggles

Figure 4 shows an energy band diagram of another IR sensing up-conversion device
in accordance with an embodiment of the subject invention. According to an embodiment, a
poor hole injection and transport layer can be incorporated in the IR sensing up-conversion
device to improve dark current characteristics. In spccific embodiments, in order to reduce
dark currents and, therefore, improve SNR, a material can be choscn for the hole injection
and transport layer that has a current density of less than 1 mA/em®. In less preferred
embodiments, materials with current densities greater than or equal to 1 mA/em” can be used
for the hole injection and transport layer, which would increase the injection of holes from
the electrode when a voltage 1s applied so as to increase the dark current and reduce SNR. In

one embodiment, a SnPc:Cq mixed layer, which exhibits poor hole injection and hole



9 OLED (see inset of Figure 7A) and up-conversion devices with NIR
sensitizing layers in accordance with enbodi nents of the present invention.
The addi tworroofo6s3ve neat SnPc | ayer increases the turn-eaTwskeiagssois om 3 V
to about 5 V and the operating voltagé&s across the nmeasurenent range al so

i ncreases by about 2 V, indicating the poor hole transport properties of
SnPc. The addition of the SnPc: C60 m xed filmfurther increases the

oper at THPOH iayes Hie deidenéd havesa lepnpakeetrvgnt Hvithrat dBniTagdiaten. Orethidevi ce,
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up-conversign device with the SnPc: C60 m xed film as a poor hal e transport
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hi gh t smnpitioer andl 2 &apetris@ohemtipgidito jpodrurh ¢l tlmpnspleye: dsrophdsphoiSafeot C60

m xed | ayer. ,The. current. nay be dom ed by electrons injected.fromthe
Cat hod8PES: BESmEgo e e 5 b PR BT GRE PR dcg e ind fhed on
at 2. Tenéral, ?ﬂﬁd&i’hé An @Rer@n- QNS 8t GLED! e&Norel @htre@A H8MONcorSBOMMRIORED

| um nance of 853 cd/n2 at 15 V. Therefore, the switching effect by IR Iight

i s si g#itciuanthe ap-emyMsianndeicpuacsoniBig whiat fenpragimendsolt the poeseof foveatiero at
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i ntensity"was I gure

phot ontht abginot oNII nMBAtEInoNURSH piaiie@acyitatitn t the plei GaefedHolsree thiédddqur e

10A) and the quantum efficiency (QE) of anaqther enbodi nent of the subject
i nvent ihtherPhliPeanfipigyombine Wlthl'ﬁ]é%mﬁtlﬁﬁﬁeé-fﬁﬁﬁttb% ceBpdietosgizn off vistlency

(i70)frgmincident IR 1ight photons to emitted green |ight photons can be
calculated by the follow ng equation: 21 (A) photo # of photon extracted
Jf R(2) hc 11F@uresharandbl shoRl nkighcamshandliage (Ld-Vhehaspeedtiof oflthghtyick i s

t he phot.an vel, th, ~ photo is the photocurrent, is.the fraction of
photon%ﬁﬁé‘éﬁ? i r#dﬁ%ﬂéh §e7n’§|1§| E‘?’ﬁ@sl g?g = R x* % £ie e PGS Oy f"’éflhet he
phot odgleet@iicdwhdR the dbfige |soh deised 1 iRTiRGa0AYRLENGL Bpe@&%&g mu?'rerépe

incident infrared power. _ Again, an"830 nmlaser with _ was
used tdensity adil dhe ddsed degic e, lunsnekiows;, Aorshoha, devhis ecngfodingnir evithout he

phot Onih%r%feanl%hf) Q’ra%%%\ég,resniligsr}m? (il GLERSYLDERASSS. A% dEs@Sssed above, the high
turn-on voltage in this embodiment is due to the poor hole injection from the SnPc:Cy layer.

Figurc 6B shows the characteristics when the device is exposed to IR radiation. An
830 nm laser with 14 mW/cm® was used to irradiate the device. As shown, in this
embodiment, the OLED was turned on at 2.7 V with infrared illumination from the laser.
The maximum on/off ratio exceeded 1400 at 12.7 V.

Figures 7A and 7B show the current efficiency of a control organic light emitting
device (Figure 7A) and the device of Figure 4 (Figure 7B). As shown, in this embodiment,
the current efficiency under IR illumination is more than 100 cd/A. The higher current
efficiency indicates that the control OLED is still charge imbalanced and slightly electron
dominant.

According to certain embodiments of the present invention, a SnPc:Cq bulk
heterostructure layer is used for the poor hole transport IR sensitizing layer because of its
strong IR absorption, as shown in Figure 8A, and its poor hole transport property, as shown

in Figure 8B. Figure 8B shows the dark current-voltage (I-V) characteristics of the control
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phot on-t o- phot on conversion efficiency was 2. 7% at 15 V. This up-conversion
ef fi ci encyoie1igiead¥sf i cantly hi gher than the efficienci epcofuspriewssous| y
denonstrated all-organi c up-conversi of devices using the fluorescent OLED.
In the up-conversion device structure for the neasurenents, as shown in the
inset of Figure 10B, the whole photodetector structure is not used. Rather,
t he | ROABSHIBE gsef &Y &ieure a9 edday-etw crinedsviges ot it AVIRasFepIlZE dp¥trpie, t he
exact EXLREAA! wAHRMBIGIT 6F HOGYed MRl RASHEEMal AR RO RBC 1Bl | gt
to extracting charge carriers. However, the external quantumefticiency is
nmeasur edrdasadi the ¢irhyonbyoltmakifrogn 8hV go phottod &t et tre gteraimuwodtagdsmctrdre the

up- conversi on devi ce, shown in the i s§t. f Figyre 10%0 a 20 nm t hi ck

SnPc: CBEAHY R TP A ISodnEieRsys & ¢ %‘}tnza dmﬁﬁé“%gglerﬁﬂor fedBFPaRE PIRPIESIY cnp
i's usegdr §05c e JBLSRWF AR SHIL: @ 32TB K INRG AL QRs 30 R AR WVBIARSHY bi ng

| ayer thickness, 5-20% external quantum efficiency (EQE) was obtai ned.

The EQEtliertZné. Coppy8d batheidc CoEDlled @lokig hleyic2 0% iup-cohecrbiph deateweth the

Ther ef re -Ct he cﬂqcul ted conver Sj Oﬁ Cgf fi gir]iegic% i S about 1-4% and it is
consi sPERt CHTROE HETSRBEP AR A bV PLiP RO F e ency. Thi's conversi on

ef ficiency Fgufcougbidwslflc lddBssdhah@rrchhantddaat -10§) éieaci @it Lo Bhe MR-

up- conver si on devi ces. Any reference in this specification to "one

enmbodi tpegiee up-gpnerbotidpept with'lag SpPe€cembori Wanes @ pepe holerraarort NaR- a
particuyl ar.. tur I [ K. char risti.c descry i n-connection
it R Eahts o bl Tl B By Bl IPLARE BB BERE WAREu PR AR

i nvent irediatibhecraippeananaesd@tctslchilphd asese irtucad 1 DS sidvaag shd MatilRm
specification are not necessarily all referring to the sane enbodi nent.

Fur t helumipanes (hegay pickn ¥r Thedighy wm-a yoltasgddicaies thpapRIctady fratspert figm

descri {p2.€0 ; Wi | T Y P it it 1S
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f eat ur egthsteraataar.  Jpoorinebiakiastvath SR dighn tcodeact wap twined ootah 8r7 ¥ndengof t he
enbodi nent s. It is to be understood that the figures and descyiptions
of embBahinE® Bt Heet5redBht MR ¢ %W'lﬁav%?‘HB’é]ﬁ?%‘i H@ﬁ?ficéaﬁ aﬂil?! Yistrate
el ementgebRAL BE QwhihiBYalttect OF R GbRAls YRdacsianding©fn FNgrd operRidian
while elimnating, for purposées of clarify, other elenents that may be well
known. prohigise thf oviodli reaioyatsdiffierent rvotthgesar £s whbwvny Seogakizemt watofbrer of

el enment s .may be.desi rabl e, an ired in order to inplenent the present
inventf‘”‘(g[HI.le %\]/q??snge\%aﬁd@%mg@@h afgf%ﬁts\{‘lts are well known in the art, and

because t heyigd@snoh dnacidn §lfethd phetohab-pibder shaadion@dieidyMhegente
invention, a discussion of such elenments is not provided herein. WO
2011/ 0%6Besrct/(Dspr1 ) Ak 8nh giejquantum efficiency (QE) of another embodiment of the

subject invention (Figure 10B).
The photon-to-photon conversion efficiency (#con)from incident IR light photons to

emitted green light photons can be calculated by the following equation:

J';L]photo(ﬂ”) di
_#of photon extracted ) fR(A)hc

con T

#of photon injected AP '
he

where h 1s Planks constant, c is the speed of light, & is the photon wavelength, Ipno 1s the
photocurrent, f i1s the fraction of photons reaching the sensitizing layer, R(A) is the
responsivity of the photodetector, Az is the incident infrared wavelength, and P is the
incident infrared power.

Again, an 830 nm laser with 14 mW/cm® was used to irradiate the device. As shown,

for the device of Figure 4, the photon-to-photon conversion efficiency increases as the



A greater understanding of the present invention and of its many advantages

may be had fromthe foregoi ng exanples, given by way of illustration. The
f or egoi ngwexamnpiée®eare illustrative of sone of the net heds/usagplossvas i ons,
enbodi nents and variants of the preselt invention. They are, of course, not

to be considered in any way limtative of the invention.

and nDdlflcatlons can be made with respect to the invention,
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for

shoul d be under st ood t hat the e | e nd enbodi nts described her
i |1 ust rg’ttg éﬁ‘g&tch@fﬁ\?

§EPEAPpEEEY dGHy S APFEUSTHOH 77 SATHRSTE M Ehe!

l'ight tiberenfp Whd whdR phugaested st ris ansushi IRaatk] the t[R%b@JrElv\%ﬂde@ﬁse
included within the spirit and purview of this application

2011/ 066896 ROT /o2 0@05days. 1Phapeinravshanawact |estecfmaéuqmntuns efﬁcwncy is pot A

Iec{

devi ce_for sensin | R diat i
an i o PEr Ry Sundrha T aubl IR Sired AR oRovRens Sefstil
is in @L&ﬂEL@;@EfﬂM@ByHMszshfeﬁtm@lk@ﬁltyﬁgdﬁakmg this photodetector structure. In the up-

conversion device shown in the inset of Figure 10B, a 20 nm thick SnPc:Cy, mixed layer is
used alone, and the 830 nm IR laser with 14 mW/cm2 is used for the IR source. In a same [R
irradiation and same IR absorbing layer thickness, 5~20% external quantum efficiency (EQE)
was obtained.

The EQE of the Irppy; based OLED is roughly 20% in the literature. Thercfore, the
calculated conversion efficiency i1s about 1~4% and 1t 1s consistent with the experimental
conversion efficiency. This conversion efficiency is roughly 10 times higher than that of the
red-to-green up-conversion devices.

% 4G

Any reference in this specification to “one embodiment,” “an embodiment,” “example
embodiment,” etc., means that a particular feature, structurce, or characteristic described in
conncction with the embodiment is included in at least one embodiment of the invention. The
appearances of such phrases in various places in the specification are not necessarily all
referring to the same embodiment. Further, when a particular feature, structure, or
characteristic is described in connection with any embodiment, it is submitted that it is within
the purview of one skilled in the art to utilize or combine such feature, structure, or
characteristic in connection with other ones of the embodiments.

It is to be understood that the figures and descriptions of embodiments of the present
mvention have been simplified to illustrate elements that are relevant for a clear
understanding of the invention, while eliminating, for purposes of clarity, other elements that
may be well known. Those of ordinary skill in the art will recognize that other elements may
be desirable and/or required in order to implement the present invention. However, because

such elements are well known in the art, and because they do not facilitate a better

understanding of the present invention, a discussion of such elements is not provided herein.
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a first light emtting device (LED), wherein a first end of the first LED
is in contact wwith a second end of the infrared sensing |ayer; a
first chavgeos#pesvat i on | ayer, wherein a first end of treTfisesn/osdvas ge
separation layer is in contact with allsecond end of the first LED; a
second LED, wherein a first end of the second LED is in contact with the
second end of the charge separation |ayer;. a second el ectrode,
wherein t he%@é@ﬁﬁu@eé%wau@oii e presspinERtion; 1 af e evolyaeiidesonay he

second ectr ' - ) i) ' i A ' he
First huroncBoTrepons exiifts ey iy BENERE A, EnPRRL A, DOIIRE e

r adi at ilbntransenSsong: ef getmeahody)dpaliceinss, ngnthdiecas endenenat ef thenprchwmt | R
sensing |ayer and a f%{stﬁhole and a fjrst.electroq.are,geqerated in the
first 519%0@- separ 4fi YrforEgerot r O dee BNy BV imGvEA! dha iy ertna. £ r st
el ect r QiR RRASHLs b FRGitlchfidls daFBe nMASKSIHTQREt Bfthd PReSRASI N el ectron
and the sensing hole generated in the IR sensing layer is passed into the
first LED and o, pesniipphcathesoprevofonghepiflicatsenshaddepenidatidie Efersd to

el ectron,. respecti vel i he first .LED to .produce. .a first emtt phot on,
aner el i U TSRTEpregred b aPira s ahrep e Ry eb S Beel GRbder &l n tne
first ehaeegchonay abindninkaysdicdt wvilass ehilch tRei$e6rNts R RAgLLOMbI nes with
a correspondi ng el ectron or hole passed into the second LED to produce a

second eni t feliopHdcomderstood thatzhe Thampley ek eabedmantsgleswibe dierain areviher ei n

t he sepnsi .electraon i ssed in he-first LED and. c ines with, the
et R AsG SO0 oh R BREYAILE il bRt ok ERARE PRI AG M i P

conbi naggwkttdid fresaeskigisP ontheng: bl L passa@ided @viﬂﬁlﬁﬂﬁ%?ﬁﬁdmﬂ Bkview of 3.
The device according to claim1l, wherein the sensing hole is passed into
the fiMdtanPEBMEWd conbines with the first electron, wherein the first hole
is passed into the second LED and conbines with the correspondi ng el ectron
passed into the second LED. WD 2011/ 066396PCT/ US2010/ 058015 13 4,
The device according to claim1:



wherein the corresponding electron or hole passed into the second LED is
passed into the second LED fromthe second el ectrode. 5. The device
accor di ngvoaotllmbivel, wherein the first el ectrode is at pceastopassoisl |y
transparent. 6. The device acc@rding to claim1l, wherein the first
el ectrode is transparent. 7. The device according to claiml
wherein the second electrode is at |east partially transparent. 8.
The device according to claim1, wkér¥Md the second el ectrode is

transp \| IR ... 9. The device according to claim8, wherein the second
electrgggvﬁgﬂ%n?gf%1of MyAg. 10. The device according to claim9,
wher ei n t helf Al davafe fivhsgsihgsnfaartdhilBK neelsgioof cazfipriangy: | ess. 11. The
device according . to claim1, further conprising at |east one additional LED
and a corre%%Bﬁgeﬁ Ot | east one additional charge separation |ayer,
wherein a fif §reR01RT s8%0 19fer Likeréh d £38InCELAHE L ANAL yd EDi Sonltddt
contact with a second end of the corresponding at | east "one additional

char gewsbplar aisl drctialger s, wherein the at | east one additional LED and the

correspondin t. | east .one additional char separatian |l ayer are

ot er posod Blrdidish® ERUSEEeR BT DA hefiat o dhan EREEDha M IS e Rt

el ect r QR asUedhdtdabrienfrhedte®ndh 19fert he first additional charge separation
| ayer is in contact with the second end of the second LED and the second

el ectrode i & firfi chause aeparglianhaytiewsesond liesh@ndof theelilsaghargs sephetiar l4yeast one
addi tignal, LED, wherein,th her ~fhe first hole and the first el ectron

generagé C?ﬁg%hgﬂ?%$%9n% %f%ﬁh%ﬁﬁﬁﬁé/ron | ayer is passed to the second LED

and conbi nes swiohb [EToNk@spandisngnebetie @towr LEDI 8 ipass@ct wih ehd firosecond
LED fromthe second charge separation |ayer, wherein the correspondi ng
el ect r 9! Frthpehasepeeas@lon Hye':t he second LED i s one of a second el ectron or

WO 2011/ 066§g&%g/eg%géeglw%égeqr}ﬁiels%cond clectrode is in contact with the second end of

the second electrode;

whercin when a potential is applied between the first and second electrodes and the TR
sensing layer 1s exposed to IR radiation a sensing electron and a sensing holc arc generated in
the IR sensing layer and a first hole and a first electron are generated in the first charge
separation layer, wherein one of the first holc and the first clectron is passed to the first LED,
wherein one of the sensing electron and the sensing hole generated in the IR sensing layer is
passed into the first LED and combines with the one of the first hole and the first electron,
respectively, in the first LED to produce a first emitted photon, wherein the other of the first
hole and the first electron generated in the first charge separation layer is passed to the sccond
LED and combines with a corresponding electron or hole passed into the second LED to

produce a second emitted photon.

2. The device according to claim 1, wherein the sensing electron is passed into the
first LED and combines with the first hole, wherein the first electron is passed into the second

LED and combines with the corresponding hole passed into the second LED.

3. The device according to claim 1, wherein the sensing hole is passed into the first
LED and combines with the first electron, wherein the first hole is passed into the second

LED and combines with the corresponding electron passed into the second LED.



second hol e generated in the first additional charge separation |ayer,
wherein the other of the second el ectron or second hole is passed to the
first addwoizonalé6i9eD and combi nes with a correspondi ng eCeatsean/ossoihol e
passed into the first additional LED Bromeither the second el ectrode or a
second additional charge separation | ayer. 12. The device according
to claiml1, wherein the infrared sensing | ayer conprises a poor hole
transporting material having a current density less than 1 mA cn®.

13. The devjc t l&l;; L, wherein the first electrode conprises
| TO. ?hggﬁg&gggggg8%§cofg?ng to claim1, wherein the first LED and

the second whBear e cbgbipoeding tleagowbobles passed into tHebsecdieL BBV pessad aos di ng
to claiml1, 3@ ei.n the flrgt LED and the second LED are organic |ight
em tti Mg SHe 3! from the secpgd eipRiodfavi ce according to claim 14, wherein the
first LED and the second LED are organic light emtting diodes. 17.
The device according to claim 15, wherein the IR sensing layer is an
organi ¢ | R sendierdgvicayaseording to claingl, Fheretethieckrsacleoraticny af deast parbmlly
wherein the first LED and the second LED are thin filmlight emtting
deviceg@mpaent 19. The device according to claim 11, wherein the at |east
one additional LED conprises one to six additional LED and the
correspondi ng at | east one additional charge separation |ayer conprises a
cor r espondi figToneevier ascardaudiotclamal, vekeydcdepanlentiodnis teapspagent. 20.
The device according to claim1, wherein the first emtted photon and the
second emtted photon are visible photons.

7. The device according to claim 1, wherein the second electrode is at least partially

transparent.
8. The device according to claim 1, wherein the second electrode is transparent.
9. The device according to claim 8, wherein the second clectrode is a film of MgAg.

10. The device according to claim 9, whercin the film of MgAg has a thickness of 20

pm or less.

11. The device according to claim 1, further comprising at least one additional LED
and a corresponding at least one additional charge separation layer, wherein a first end of
cach of the at lcast one additional LED is in contact with a second end of the corresponding at
least one additional charge separation laycrs, wherein the at least one additional LED and the
corresponding at Jeast one additional charge scparation layer are interposed between the
second end of the second LLED and the second electrode such that the first end of the first
additional charge separation layer is in contact with the second end of the second LED and
the second electrode is in contact with the second end of the last of the at lcast one additional
LED, wherein the other of the first hole and the first electron generated in the first charge
separation layer is passed to the second LED and combines with a corresponding electron or
hole passed into the second LED from the second charge separation layer, wherein the

corresponding electron or hole passed into the second LED is one of a second electron or



WO 2011/ 066396PCT/ US2010/ 058015 15 21. The device according to claim
1, wherein the IR sensing layer is sensitive for wavel engths in the range

of 0.8 urwot2011266396 22. The devi ce accordi ng to clpairrasioiombssn®i n t he
first emtted photon and the second editted photon have different
wavel engt hs. 23. The device according to claim15, wherein at |east

one of the first organic LED and the second organic LED conprises an
or gani &cend §alpwesneraigd in Hviingadgitiqnak ehaggesopplagien layes etcranithesotberud the ght , a

SeCO”dsc%éﬁﬁi i'%}g%h{?&&”o? s&&%ﬁéﬁ)‘ﬁg ks%zg'é&ieﬂ') e o R ! trlﬁth“r% ?xg%X?xp%ﬁ%g%gihe that

emts re vice for sensing adiation,
conpr i ssrngponding eleatol B delRsiang:dl iayethe fnvkeidiitortah & FICRAseNsiteg thayebnd

exhi bits has a current _d.ensi%y | ess than 1 m& cnR; and an organic

|i ght ERFFIGERy 2dPuHd ABUEDY GATEREPI R WA ng | ayer, the OLED arranged to
receive electrons generated in the IR sensing | ayer. 25. A device
for sensing infrared (IR) radiation, conprising: an IR sensing | ayer,

wher ei n t hell.RThedsvingadcaykng extlaim i swhasinathe unfirend seeng layerlcospristran 1
md cn®; and n organic light emtting diode ED), on the IR sensing
"ayer ool eassnrPln Gt o fadbdl bt e g d et b P T he | R ‘Sensi ng

| ayer.

13. The device according to claim 1, wherein the first clectrode comprises ITO.

14. The device according to claim 1, wherein the first LED and the second LED are
light emitting diodes.

15. The device according to claim 1, wherein the first LED and the second LED are

organic light emitting devices.

16. The device according to claim 14, wherein the first LED and the second LED are

organic light emitting diodes.

17. The device according to claim 15, wherein the IR sensing layer is an organic IR

sensing layer.

18. The device according to claim 1, wherein the first LED and the second LED are

thin film light emitting devices.

19. The device according to claim 11, wherein the at least one additional LED
comprises one to six additional LED and the corresponding at least one additional charge

separation layer comprises a corresponding one to six additional charge separation layers.

20. The device according to claim 1, wherein the first emitted photon and the second

cmitted photon are visible photons.



26. The device according to claim25, wherein the IR sensing layer is in
contact with the OLED, further conprising a first electrode, and a poor
hol e tramnwpantiimeegsdbayer positioned between the | R sensi rgTHEg@w/0s8vds t he
first electrode, wherein the poor hol® transporting | ayer has a current
density of less than 1 mA/ cn®. 27. The device according to claim 25,
wherein the hol e bl ocking | ayer conprlses SnPc: C60 WO

2011/ 066396PCT/TUS2BY0L 0580 EBS1E claim |, whgeinThe IResengiagdexsordiengittve fef ai m

25, mhg;ga€g£@¥n§ﬁ3%%ggaﬁ “ﬁ% phosphorescent emtter. 29. The device

accordlng e 1R sensing | ayer conprises: an organic
i nfrared absor bi ng naterlal and an acceptor material, wherein the
organi ¢ I R absor bi ng material and the acceptor material are mxed in the IR

sensi ng | ayet. 1he device aggordphgplogdynch vakEap ah%ﬁrSE gticdinhres, angils geond he | R
sensi ng, |24 ehooRTRY &@%eﬁtﬁﬂ(é F@ 31. The device according to
i % ﬁ éﬁ ayer i

claim ) ereln sensi n conpri ses quantum dot s.
23. The device according to claim 15, wherein at least one of the first organic LED
and the second organic LED comprises an organic emissive layer having a first dye molecule
that emits blue light, a second dye molecule that emits green light, and a third dye molecule

that emits red light.

24. A device for sensing infrared (IR) radiation, comprising:

an IR sensing layer, wherein the IR sensing layer exhibits has a current density less
than 1 mA/cm? :and

an organic light emitting diode (OLED) on the IR sensing layer, the OLED arranged

to receive electrons generated in the IR sensing layer.

25. A device for sensing infrared (IR) radiation, comprising:

an IR sensing layer, wherein the IR sensing layer exhibits has a current density less
than 1 mA/cm?; and

an organic light emitting diode (OLED) on the IR sensing layer, the OLED arranged

to receive holes generated in the IR sensing layer.

26. The device according to claim 25, wherein the IR sensing layer is in contact with
the OLED, further comprising a first electrode, and a poor hole transporting layer positioned
between the IR sensing layer and the first electrode, wherein the poor hole transporting layer

has a current density of less than 1 mA/cm”.

27. The device according to claim 25, wherein the hole blocking layer comprises

SnPc:Cqo.
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28. The device according to claim 25, wherein the OLED comprises a phosphorescent

emitter.

29. The device according to claim 25, wherein the IR sensing layer comprises:
an organic infrared absorbing material, and
an acceptor material, wherein the organic IR absorbing material and the acceptor

material arc mixed in the IR sensing layer.

30. The device according to claim 25, wherein the IR sensing layer comprises a

tullerene.

31. The device according to claim 25, wherein the IR sensing layer comprises

quantum dots.



