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drawi ngs. 10 BACKGROUND OF TNVENTION I Infrared (1R)-to-visible |ight
up- conversion devices have attracted a great deal of research interest due
to the potential application in DESARIVIEINN, range finding, security, and
sem conductor wafer inspections. Early near infrared (NIR) up-conversion
devices were 15 nostly based on the heterojunction structure of inorganic
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phot odet ecti on and another for |um nescence. The up-conversion devices are
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fabrication is not conpatible with |arge area applications. 25 N et al.,

JBn | Appl. Phys. 2001, 40, L948 and Chi kamatsu et al. Appl. Phys. Lett.
2002, 81, 769 disclose allp evi ces by coupling
;?é :@%Lﬁlgﬁacﬁlg RYQERITPHNI I

fluorescent OLEDs with a ti ocyani ne i OPc) photosensitive hole
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15 mostly based on the heterojunction structure of inorganic semiconductors. These devices

consist of two parts in series: one part for photodetection and another for luminescence. The
up-conversion devices are mainly distinguished by the method of photodetection. Up-
conversion efficiencies of these devices are generally low. For example, one NIR-to-visible
light up-conversion device that integrates a light-emitting diode (LED) with a semiconductor

20 based photodetector exhibits a maximum external conversion efficiency of 0.3%. A hybrid
organic/inorganic up-conversion device, having an inorganic InGaAs/InP photodetector
integrated with an organic light-emitting diode (OLED), exhibits an external conversion
efficiency of only 0.25%. Such inorganic and hybrid up-conversion devices are expensive to
fabricate and processes and their fabrication is not compatible with large area applications.

25 Ni et al., Jpn. J. Appl. Phys. 2001, 40, L948 and Chikamatsu et al. Appl. Phys. Lett.
2002, 81, 769 disclose all organic up-conversion devices by coupling fluorescent OLEDs
with a titanyl phthalocyanine (TiOPc) photosensitive hole injection layer to exhibited NIR-to-
blue and red-to-green up-conversion, respectively. These all organic up-conversion devices
display very low conversion efficiencies (less than 0.05%). The photodetectors used in the

30 up-conversion devices have low quantum efficiencies, as the organic sensitizer yield

photogenerated excitons having low charge-dissociation efficiency and the fluorescent
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15 LiF/AVITO, Ag/ITO, CsCO4/ITO, and Ba/Al. The hole blocking layer can incorporate BCP,
UGH2, BPhen, Algs, mCP, Cs, 3TPYMB, ZnO nanoparticles, and/or any combination
thereof. The organic photon emitting layer can be made from a material selected from the
following: MEH-PPV, Alqs, and Flrpic. The IR photodetecting layer can be made from an
organic material, such as SnPc, SnPc:Cgo, AIPcCl, AlPcCl:Cyy, TiOPc, or TiOPc:Cgo, or it can

20 be made from an inorganic material such as PbSe or PbS. In embodiments of the invention
the device can include onc or more charge transport layers made from materials such as

TAPC, NPB, or TPD to transport holes, and/or 3TPYMB, BCP, BPhen, and Alq; to transport

electrons.

25
BRIEF DESCRIPTION OF DRAWINGS
Figures 1A-1B show a schematic energy diagram of a prior art infrared-to-green light
up-conversion device without any charge blocking layer, where Figure 1A shows the
schematic energy band diagram under no applied voltage in the dark and Figure 1B shows the
30 schematic energy band diagram even under low applied voltage in the dark.

Figures 2A-2C show a schematic energy band diagram of an IR-to-green light up-
conversion device with hole blocking layer according to an embodiment of the invention,

where Figure 2A shows the schematic energy band diagram under no applied voltage in the



30schematic energy band di agram even under |ow applied voltage in the dark.
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layer according to an embodiment of the invention under dark and IR irradiation.

Figures 5A-5B show (5A) a schematic energy band diagram and (5B) L-I-V
characteristics of a QD based IR-to-visible light up-conversion device without any charge
blocking layer under dark and IR irradiation.

15 Figures 6A-6C show (6A) a schematic energy band diagram, (6B) I-V characteristics,
and (6C) L-V characteristics of a QD based IR-to-visible light up-conversion device with
ZnO hole blocking layer according to an embodiment of the invention under dark and IR

irradiation.

20 DETAILED DISCLOSURE
High-efficiency organic light-emitting devices, such as organic light-emitting diodes
(OLEDs) and high efficiency organic photodetectors, have been demonstrated and an all
organic up-conversion device has been disclosed by the inventors where an OLED and an IR
photodetector are integrated into one device. (see Kim er /., PCT Patent Application No.
25 PCT/US2010/058015, filed November 24, 2010 and Kim ez al. Adv. Mater. 2010, 22, 2260-3,
both of which are hereby incorporated by reference herein in their entirety and, in particular,
are incorporated for their teachings of organic photodetectors and all organic up-conversion
devices, for example, an organic light-emitting device, such as an OLED, and an IR
photodetector integrated into one device). Because of their compatibility with lightweight
30 rugged flexible plastic substrates, an all organic up-conversion device can permit applications
unavailable to other more conventional technologies. Unfortunately, even in the absence of

IR irradiation, an off state, organic up-conversion device can still give off visible light, due to
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25 with very little or no IR irradiation, with relatively low voltages applied to the electrodes.

In embodiments of the invention, the performance of an all organic up-conversion
device 1s enhanced by inclusion of a charge blocking layer. In a specific embodiment, a hole
blocking layer is placed between an ITO anode and a SnPc¢ IR photodetecting layer, such that
hole carriers from the ITO anode are efficiently blocked, suppressing visible luminance of the

30 up-conversion device until a sufficiently high voltages and IR irradiation is applied, as shown
in Figures 2A, 2B, and 2C. In addition to ITO, other materials that can be employed as an
anode include, but are not limited to: Indium Zinc Oxide (IZO), Aluminum Tin Oxide (ATO),
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BCP and UGH2, other organic hole blocking layers that can be employed in embodiments of

the invention include, but are not limited to: 4,7-diphenyl-1,10-phenanthroline (BPhen), tris-
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characteristics on the Q@ TR up-conversion device |sp ays
d|ffermnggnhémme@nddagkwamdmﬁﬁmnbcamphbeﬁunmmbmmmwmenﬁﬂﬁnmamanmukthnance

L.t h lied scenc ccurring at a low voltage. In
ntra argh %%8%r@§%V§F£ ore g@@f Wﬁ(ﬁ ‘a ZnO hol e 20 bl ocki ng | ayer,
as shown i nmEtngufe@m%mdlﬁfehte@ftthyﬁlvxén@dmﬂfesmhal&ode&ucﬁﬁg 8Rr E4rO8B thbgaRROde in

the dark. This is shown by the |-V and L-V characteristics in Flgures 6B

and 600f sramplgBuaRugp delsri(edlss iaod tekebole dlavkity Wy@n@nhed erdshiscki ingrekmiger . | n

hi f f
; ddit Ieg% a?l' "E@élarJ 5? hélﬁx%%_.bsﬁ fl?o]v’]%é”‘fég%ng% h%i‘o elockelCt EWC (tn'w? E’)‘n F%\é\%e %} 4 'n

li mit edyéroof PbSe QDB ethplok gk GhMRQfehﬁh&rtehﬂt NLE&ﬂPPE’ gnahpmeai as R
detectors 25include, but are not limted to: Si Ge, and

Ebodi ﬁ@ﬁf@éurame%q@ét rEYRE A iRBRC S GYidcosueB 1R B S L ab?)a@va@mf kiggredét ect i ng
infr arﬁgplgveﬁ)n tohﬁH%@g%é)gﬁ\ﬁRddé?&tlﬁQéa‘gfgf,gt?glixcg)@l?/ H‘%U@Tesj@)&kgf el ength

than t Imcident TR radiatio such as I ght out put. Because of
their I:Urqhaxtacterllsmctsy)nvme: RD IRyhpwengidion dggeddibplex little dpfasidebesudeatdndt es,
up-conver ion devjces in accordance with enbodi nt of 30 the. present

i nvent ¥n e 4FrdiEc g@&@%é@&ﬁl&%ﬁ&ﬂ inatjcg Sl BRI Pligesertn e

appl i calchRng ANElddivBHagduin e&hrdst M Hed1H Qp- da)hg&}glowc&lvg;@,wﬁm%cﬁ ifag ng,

security, and sem conductor wafer i nspecti ons.

20 blocking layer, as shown in Figure 6A, effectively blocks hole InJGCtIOIl from the anode in the
dark. This is shown by the I-V and L-V characteristics in Figures 6B and 6C for a QD IR up-
conversion device with a ZnO hole blocking layer. In this embodiment, IR irradiation acts as
an effective optical switch. In addition to PbSe, other QDs that can be employed include, but
are not limited to: PbS. Other morganic materials that can be employed as IR detectors

25 include, but are not limited to: Si, Ge, and GaAs.

Embodiments of the invention pertain to methods and apparatus for detecting infrared
(IR) radiation and providing an output having a shorter wavelength than the incident IR
radiation, such as a visible light output. Becausc of their compatibility with lightweight
rugged flexible plastic substrates, up-conversion devices in accordance with embodiments of

30 the present invention can be used as a component, for example a pixel, for numerous
applications including, but not limited to, night vision, range finding, security, and

semiconductor wafer inspections.



Al'l patents, patent applications, provisional applications, and
publications referred to or cited herein are incorporated by reference in

t hei r entwoeby/14p9s6l udi ng all figures and tables, to the@CEAiSeont/081718y are
not inconsistent with the explicit teachings of this specification. It

shoul d be understood that the exanples_and enbodi nents described herein are

for 5 illustrative purposes only and t Hat various nodifications or changes
in light thereof will be suggested to persons skilled in the art and are to
be i ncl udedAd patints, mh@nsﬁmhucatlcaﬁdpmrsmr@hﬁmICtltmn§, apbpulkd@am@m refegre@lt\l VS | .

A devi r ensln infr R rad atlon n an an a hol e
bl ocki Set s Ao Bh LR It 3Rl Pl iR Re s el o
bl ocki fgthk ayt%ﬁt, tha)ﬂar@ rngamb@nshgtghtw1m1& ek @it taytings SRS gietidichtiin t he anode

by the IR senS| ng | ayer; a cat hode, wherein when a potential is
appl i ed bet {ied 8rh§ tm%@@OQﬁbattth@ cxappist enchprmbodrneai desired hsraimeicdient on
the IR e in the
of gani A EhE% ﬁ%’s?% af s LSRR RIREASHLE: LEMMEOD [ RN iy e n
t he hohesgbitedia pegsdnaykilled dmprel semmdoaroed Be ingludee Iwemﬁredlefspﬁmahhqzugﬁ@u pf
consisting of: BCP, UGH2, BPhen, Alg3, nCP, C60, 3TPYMB, ZnO nanoparticles,
and cotf ﬁ)é’([?ic%fﬁ’é‘- t her eof .



3. The device according to claiml, wherein the organic light emtting

| ayer only generates the output el ectronagnetic radiation when IR radiation
is incidemd20n/ub®ol R sensing layer. 4. The devi ce acc@®c@iusgoro3whiai m |,
wherein the anode is transparent and the cathode is transparent. 5. The
devi ce according to claiml, wherein the anode conprises a materi al

sel ected fromthe group consisting of: ITO | ZO, ATO, AZO, and carbon

nanot ubes. 6. The device according to claiml, wherein the cathode
conprises a material selected frongllhi*é\@?oup consi sting of: LiF/Al, Ag,

Ca: My, LiF/AFITO Ag/ITO CsCXB/ITO and Ba/Al. 7. The device according to
claiml, wherein the organic light emtting |ayer conprises a materi al

sel ect ed Af de@iBctBesc@Eiap ph EOOBIIRY tAigath; coighsidy, Alq3, and Flrpic. 8. The
device according to claiml, wherein the IR sensing layer is organic. 9

9. The devi #&2¥¥ording to claim 8, wherein the organic TR sensing |ayer
conprises a cted fromthe group consisting of: SnPc, SnPc: C60,
AlPcC1, A1Pe@lteg%&nﬁslgi§? and Ti OPc: C60. 10. The device according to
claim1, whex & perising liyRr sgusitapirbaytbe angleibgahghsie dlockihg.layEne devi ce

according to claim wherei n the inorganic TR S n5| | ayer corrprl ses a
mat eri al sefﬂée&cé’awflwggh?ffllﬂ@é’gl%ﬁpsqpawwsf?% greoodphs cphise laygp andhe
device accosdifigad Qhetdl Mhdida pbRAERGE (GATRTLRING R m&'d@dﬁa SRk hAY er
wherein the hole transport |ayer separates the organic t emtting layer

fromt hérziﬁw@enswmgleha&yxeme IR1sBunsiTh&yde witpet aectorrdigngtit mdmdtamrrs theratkxer ei n

the hol e trans ayer rises a material selected fromthe group
consi st tg© Wn%ﬁ%t Rlé t’]é?ffg'pTPD

2. The device according to claim 1, wherein the hole blocking layer comprises a material
selected from the group consisting of: BCP, UGH2, BPhen, Alqs, mCP, C¢, 3TPYMB, ZnO

nanoparticles, and combinations thereof.

3. The device according to claim 1, wherein the organic light emitting layer only generates

the output electromagnetic radiation when IR radiation is incident on the IR sensing layer.

4. The device according to claim 1, wherein the anode is transparent and the cathode is

transparent.

5. The device according to claim 1, wherein the anode comprises a material selected from the

group consisting of: ITO, IZ0, ATO, AZO, and carbon nanotubes.

6. The device according to claim 1, wherein the cathode comprises a material selected from

the group consisting of: LiF/Al, Ag, Ca:Mg, LiF/AVITO, Ag/ITO, CsCO,/ITO, and Ba/Al.

7. The device according to claim 1, wherein the organic light emitting layer comprises a

material selected from the group consisting of: MEH-PPV, Algs, and Flrpic.

8. The device according to claim 1, wherein the IR sensing layer is organic.



14. The device according to claim 10, further conprising an el ectron
transport | ayer, wherein the electron transport |ayer separates the organic
i ght emwoi2og/148966r from t he cathode. 15. The devi ce @®CTAIS201M03B72 wher ei n
the el ectron transport |ayer conprises a material selected fromthe group
consi sting of: 3TPYMB, BCP, BPhen, and Alq3. 16 The device according to
claim1, wherein the output radiation s generated in the organic |ight
emtting |ayer via electrons injected fromthe cathode conbining with holes
i nj ect 8d Thoerke acRrdegsiongainaperwherd7 thlvezaey 8 escagisgaiengotmpristsai m 16,

tr ancpaP LSRR B R REEREn R DRSPRGHI G SR AR PLRGRgE "

devi ceagtTpRL:Og. to cl aim 16, wherein the holes injected fromthe IR
sensing | ayer travel through a hole transport layer fromthe IR sensing
| ayer to the light emtting layer. 10 19. The device according to claim

1, wheggi! , - qﬂgg t LG . [adiat [: : ted until the
potent?glmpgg%ﬁgiagtﬁﬁﬁggho qﬁg%ﬁ%%gH%}R%§8¥§%Eﬁéﬁgg@%é£%§cording to claim
1, wherein charge generation between the hole blocking |layer and the IR

sensing layer_is negligible, . 21. A nethod of detecting infrared (IR
r adi at ?bn,%e 1P SRy Ingdeifaignt hg herdp v Borgrnie Regimsoryimoatsises a

wher ei phatdhal SeN GERGATRY %vn%ﬁﬁéor%&tiﬁ@%@qibsé ahﬁlP%E.bl ocking layer; an IR
sensing | ayer separated Tromthe anode by the hol e bl ocking | ayer;
12. The device according to claim 11, further comprising a hole transport layer, wherein the

hole transport layer separates the organic light emitting layer from the TR sensing layer.

13. The device according to claim 12, wherein the hole transport layer comprises a material

selected from the group consisting of: TAPC, NPB, and TPD.

14. The device according to claim 10, further comprising an electron transport layer, wherein

the electron transport layer separates the organic light emitting layer from the cathode.

15. The device of claim 13, wherein the electron transport layer comprises a material

selected from the group consisting of: 3TPYMB, BCP, BPhen, and Alqs.

16. The device according to claim 1, wherein the output radiation is generated in the organic
light emitting layer via electrons injected from the cathode combining with holes injected

from the IR sensing layer.

17. The device according to claim 16, wherein the electrons injected from the cathode travel

through an electron transport layer from the cathode to the light emitting layer.

18. The device according to claim 16, wherein the holes injected from the IR sensing layer

travel through a hole transport layer from the IR sensing layer to the light emitting layer.



an organic light emtting |layer, separated fromthe anode by the IR sensing
| ayer; and a cat hode, wherein when a potential is applied between the anode
and the cabhodel4o9ed | R radiation is incident on the | R $emaispg1ioanrar

out put el ectromagnetic radiation is generated in the organic light emtting
| ayer; and nonitoring for the output el ectromagnetic radiation, such that
when t he out put el ectromagnetic radi atin is detected a deternmination is
made that IR radiation is present in the region of interest. 22. The

met hod1&ccbhaidagict mcedrding @1 clawhel,evheretie ohipue ebicookibgiptic apdmatioonpricses a

materi al sel ect fromthe group,consistin f: BCP, UGH2, BPhen, Alq3,
nCP, C%ﬁ?n§$gww§?h%% eﬂﬁ%&ﬁ@???ﬁ?ﬁéyagﬁﬁ%ggwgfnations thereof. 23. The
met hod according to claim?2l, wherein the organic light emtting |ayer only

generates the output electromagnetic radiation when IR radiation is

i nci deA?. dhedpeice Reaedse g clagydr whepdn cliige gendngibndestweddi thg hobs eloeling 21,
wher ei ( 1.S..tr -and the cathode is transparent. 11 25.
The ne@ﬁ%gﬁggggr f%%nggg%$§%%%9%¢%ﬁherein t he anode conprises a materi al
selected fromthe group consisting of: ITO 1Z0O ATO AZO and carbon
nanot ubes. 26. The nethod according to claim21, wherein the cathode
conpr i $bsAdnstheEet datecsive drfrased (R HONgFWUYISAS| sting of 1 Li F/ Al, Ag,

Co'h 11T AT PO R Bl the el ETRL00 bt g
sel ected fromthen grelap consisting of: MEH PPV, Al g3, and Flrpie.
a hole blocking layer;
an IR sensing layer separated from the anode by the hole blocking layer;
an organic light emitting layer, separated from the anode by the IR sensing
layer; and
a cathode, wherein when a potential is applied between the anode and the
cathode and IR radiation is incident on the IR sensing layer, output
electromagnetic radiation is generated in the organic light emitting layer; and
monitoring for the output electromagnetic radiation, such that when the output

clectromagnetic radiation is detected a determination is made that IR radiation is present in

the region of interest.

22. The method according to claim 21, wherein the hole blocking layer comprises a material
selected from the group consisting of: BCP, UGH2, BPhen, Algs, mCP, Cg, 3TPYMB, ZnO

nanoparticles, and combinations thereof.

23, The method according to claim 21, wherein the organic light emitting layer only
generates the output electromagnetic radiation when IR radiation is incident on the IR sensing

layer.

24. The method according to claim 21, wherein the anode is transparent and the cathode is

transparent.



28. The nethod according to claim21l, wherein the IR sensing |layer is
organic. 29. The nethod according to claim 28, wherein the organic IR
sensi ng a@ep1icEnepi ses a material selected fromthe gr®ap/useensiosr7irng of :
SitPc, SnPe:Coo, AlPcCl, Al Pcd :C60, TiOPc, and TiOPc: C60. 30. The nethod
according to claim 21, wherein the IR sensing layer is inorganic. 31. The
nmet hod according to claim30, wherein tlhe inorganic IR sensing | ayer
conprises a material selected fromthe group consisting of: PbSe and PbS.
32. TheSnthhodthad corailimg to olagh il nwBdrginfthe trivele cooppséssi meteraliwoleetetirfams por t

| ayer, .wherein the hol r p er separates the organic |ight
enittiHﬁ5?%%5?“@?@%@?%ZTéﬁﬁgzﬁgﬁ%gkgéy@}fﬂ fﬁ$ﬂgkﬁﬁthod according to
claim 32, wherein the hole transport |ayer conprises a material selected
fromthe group consisting of: TAPC, NPB, and TPD. 34. The nethod according

to cl afpn 3be meihechascosbnpitd slafy 2dn whkeset H@ncaﬁroainspﬁmimaayera,termhéq:lemﬂdt he
| AR ay e
The. cal gl BR8S boudile SERREANRe LR AL IRH R P aha TG Cel B PR md O

t ranspButAll ayer conprises a material selected fromthe group consisting of:
3TPYMB, BCP, BF hen, and Al1q3. 36. The nethod according to claim 31,
wherein the output radiation is generated in the organic light emtting

| ayer vk a- ” i fr - : i i i s dhjected
From the 1B e B S A R p I Rl el e

t he el ewteniehsldctideodme dhd gronp thsistag hd MEHMEAE| Alyhraad @rpan el ect ron
transport |layer fromthe cathode to the light emtting |layer. 38. The

nmet hod according to claim 36, wherein the holes injected fromthe IR

sensi ngg | @N@ﬁleﬁﬁ@\é@éorﬁiﬂg Q822 NAl iR rdih ANSIROYhsih8Y&fer fsTR@ride | R sensing
| ayer to the light emtting |ayer.

29. The method according to claim 28, wherein the organic IR sensing layer comprises a
material selected from the group consisting of: SnPc, SnPc:Cqyo, AIPcCl, AlPcCl:Cyo, TiOPc,
and TiOPc¢:Cygp.

30. The method according to claim 21, wherein the IR sensing layer is inorganic.

31. The method according to claim 30, wherein the inorganic IR sensing layer comprises a

material selected from the group consisting of: PbSe and PbS.

32. The method according to claim 31, further comprising a hole transport layer, wherein the

hole transport layer separates the organic light emitting layer from the IR sensing layer.

33. The method according to claim 32, wherein the hole transport layer comprises a material

selected from the group consisting of: TAPC, NPB, and TPD.

34. The method according to claim 30, further comprising an electron transport layer,
wherein the electron transport layer separates the organic light emitting layer from the

cathode.



39. The nethod according to claim?21, wherein output electromagnetic
radiation is not generated until the potential reaches a threshold

magni t udewo 240/1479%@¢ net hod according to claim?2l, wherePATAlsa01g@®3Ener ati on
bet ween the hol e bl ocking | ayer and the TR sensing | ayer is negligible.

12

35. The method of claim 33, wherein the electron transport layer comprises a material

selected from the group consisting of: 3TPYMB, BCP, BPhen, and Algs.

36. The method according to claim 31, wherein the output radiation is generated in the
organic light emitting layer via electrons injecled from the cathode combining with holes

mjected from the IR sensing layer.

37. The method according to claim 36, wherein the electrons injected from the cathode travel

through an electron transport layer from the cathode to the light emitting layer.

38. The method according to claim 36, whercin the holes injected from the IR sensing layer

travel through a hole transport layer from the IR sensing layer to the light emitting layer.

39. The method according to claim 21, whercin output electromagnetic radiation is not

generated until the potential reaches a threshold magnitude.

40. The method according to claim 21, wherein charge generation between the hole blocking

layer and the IR sensing layer 1s negligible.



