WD 2013/ 003850PCT/ US2012/ 045272 1 DESCRI PTI ON A METHOD AND APPARATUS FOR
DETECTI NG | NFRARED RADI ATI ON W TH GAI N 5 CROSS- REFERENCE TO RELATED

APPL| CATIVIN 2013/00388he present application clains the benetirtusedi2idsd72

Provi sional Patent Application Serial No. 61/503,317, filed June 30, 2011
the disclosure of which is hereby incorporated by reference in its ’
entirety, including any figures, tablesl, or draw ngs. 10 BACKGROUND OF

| NVENTI ON Infrared (IR) light is not visible to the human eye, but an
| R phot odetector can detect |R |iIJSCRIPRIPNot odet ectors have a wi de range
of potential applications, including night vision, range finding, security,
and sem conductor wafer inspections. IR can refer to 15radiation having

wavel enghGETPRISAN HAPPAIRAPUS FdI D 1EXOKd IR AREDOR ADONTION Wi BRI EF

SUMVARY ment s e subject invention relate to a

phot odet ect or capabl e of producing gaAN(i.e., a photodetector wi th gain).
Thesp_hot odetector can be, for exanple, an infrared (I R) 20 photodetector.
Tha?t is, the photodetector can be sensitive to at |east a portion of |ight

in the IR region. EgfqsidRrsrReNCHEOSRBLATED APPNIGATIGN SO pertain to an
| R-to-visible upconversion device. The | R-to-visible upconversion device
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bl ocki ngftapaneal itehtlretyeicRdidehmylfighds, @bRs] drizawiggs.ayer, and a second
el ectrode on the el ectron bl ocking/tunneling |ayer. I n anot her

endddi ment, a nmethod of fabricating a photodetector with gain can include:

forming a first el ectrode; pf i i [hNZi i
_ ' BIAC UNDIEhiNeeRgIdNzi ng | ayer on the first
el ectrode; formng an el ectBr 81:11{%?00 ing/tunneling [ayer on the |ight

sensi ti zi ng Ihayed;(TRNMgHtds notngsible30ske bmdaret e broael nhethéetedteiceapglstect
bl ocki ng/ tunnel ing | %yer. . : o . : :

light. IR photodeteciors have a wide range of potential applications, including night

vision, range finding, security, and semiconductor wafer inspections. IR can refer to

15 radiation having wavelengths longer than visible light (>0.7 um) up to about 14 um.

BRIEF SUMMARY

Embodiments of the subject invention relate to a photodetector capable of producing

gain (i.e., a photodetector with gain). The photodetector can be, for example, an infrared (IR)

20  photodetector. That is, the photodetector can be sensitive to at least a portion of light in the
[R region. Embodiments of the subject invention also pertain to an IR-to-visible
upconversion device. The IR-to-visible upconversion device can include a photodetector and
an organic light-emitting device (OLED).

In an embodiment, a photodetector with gain can include a first clectrode; a light

25  sensitizing layer on the first electrode, an electron blocking/tunneling layer on the light
sensitizing layer, and a second electrode on the electron blocking/tunneling layer.

In another embodiment, a method of fabricating a photodetector with gain can
include: forming a first electrode; forming a light sensitizing layer on the first electrode;
forming an electron blocking/tunneling layer on the light sensitizing layer; and forming a

30  second electrode on the electron blocking/tunneling layer.

In another embodiment, an IR-to-visible upconversion device can include a

photodetector with gain and an OLED coupled to the photodetector with gain. The

photodetector with gain can include a first electrode, a light sensitizing layer on the first
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I n anot her enbodi nent, an |R-to-visible upconversion device can include a
phot odet ector with gain and an OLED coupled to the phot odetector w th gain.
The phot osietzectmssswi t h gai n can include a first el ectroeeT/us20129ini272
sensitizing layer on the first SUBSTI TUTE SHEET (RULE 26) WD

2013/ 003850PCT/ US2012/ 045272 2 el ectrode, an el ectron bl ocki ng/tunneling

| ayer on the light sensitizing |ayer, @nd a second el ectrode on the

el ectron bl ocking/tunneling |ayer. I n anot her enbodi nent, a met hod of
f or mi ngleatroddz-anceledtsinbbleckipg/tmnelisg tayed enithe lightnsenpicizingdaydropmd ageernd

phot odetector with gain;. formn n ED; and coupling the OLED 5 to the
phot pdéie&’f?‘g‘?meﬁl%gpﬂblﬁgmtﬁé‘eiwggﬁﬁﬁt odetector with gain can include:
formng a f :(Iﬁ Shoke etbo@Sient, of Melddaof! foliingSANR td-FisNGe Lp¥EIveBont Msvidel 1 St
el ectrode; formng an el ectron bl ocki ng/tunneli gil ayer_on the ligh

A . - ] i ght
sensi t ican mgludey fermingd photoditagion withcasind femaing radelIgn:; anecapbiag fd@n‘gLED

bl ocki ng/tunnel jng. | ayer. .10BRl EF SCRI P . i

shoss. 4 eDRBEeRGreSVEE Er m o BBS R AL SN ol e ancpder BB Y
sensi tifzindedAVE! fAEGY dilGt kénsaliiThedi oRlic Gfst ehetrsdd)] foahingnneeititom.
Figure 1B shows a schematic EerspthLve vi ew of a photodetector ;accarding
to an éthmkgigv‘ﬂ_snnelmfg lm][ré ogths et sepsidring dayer eodifefigiag 24¢ ccrode. H%ﬁjeﬁi c
ener gy ban agram o odet ector, according to an enbodi ne
subjecffFH98§%F Hg/ﬂwlg%gggg%ied voltage in the gark. Figupé gg ;Egms
a schematic energy band di agram of a photodetector, according to an

enbodi nent of the subject invent] |1 I
i rrfdi ation. Figure 3A sHEWBE Q@gﬁgﬁgf%%@%%nggﬁgodf gg(raaﬁ]ngf ! E
phot odet ect qfi&ﬁ@lceCPA%hg‘gs LA aggo forf GReFHTESH PUY ndnderystaly ®hichicay ®Btus@has

Fi gure 3B sho s current vs. voltage characteristics for a photodetector
accor diangRt ensitiziegiod: amotdiog to decrsbdsiiment df theepbicshinygeféd- dar k and phot o

s a funct | oiEsre ABPEa eapuS PR BRot ol SRR R o2k 051 T
embodiment of the subject invention.
15 Figure 2A shows a schematic energy band diagram of a photodetector, according to
an embodiment of the subject invention, under applied voltage in the dark.

Figure 2B shows a schematic energy band diagram of a photodetector, according to
an embodiment of the subject invention, under applied voltage and IR irradiation.

Figure 3A shows a schematic energy band diagram of a photodetector according to

20 an embodiment of the subject invention.

Figure 3B shows current vs. voltage characteristics for a photodetector according to
an embodiment of the subject invention under dark and photo (1240 nm infrared
illumination) conditions.

Figure 4A shows a plot of gain as a function of applied voltage for a photodetector

25  according to an embodiment of the subject invention.

Figure 4B shows a plot of detectivity as a function of applied voltage on a
photodetector according to an embodiment of the subject invention.

Figure 5A shows a schematic energy band diagram of an infrared-to-visible
upconversion device according to an embodiment of the subject invention.

30 Figure 5B shows a schematic energy band diagram of an infrared-to-visible
upconversion device according to an embodiment of the subject invention.

Figure 5C shows a schematic cnergy band diagram of an infrared-to-visible

upconversion device according to an embodiment of the subject invention.
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25according to an enbodi ment of the subject invention. Figure 4B shows a
pl ot of detectivity as a function of applied voltage on a photodetector
accor di ngvoaosmosssbodi ment of the subject invention. Fi guras2i2ekads a
schemati c energy band di agram of an infrared-to-visible upconversion device
according to an enbodi nent of the subject invention. 30Fi gure 5B shows a
schemati c energy band di agram of an i nf¥ ar ed-t o- vi si bl e upconver si on devi ce
according to an enbodi ment of the subject invention. Figure 5C shows a
schemati c energy band di agram of an infrared-to-visible upconversion device
according to an enbodi nent o i ! tion. SUBSTI TUTE SHEET (RULE
26) MD 2013/003850PCT/USZOlZﬁB%@%%%Hgb§%$ﬂ?§E% | SCLOSURE When thg
terns "on" QuherPMRS ferré Cons M “HRFEhR, uidener&ief @heh el RYRYSs, feg@inons,
patterns, or structures, it is understood that the | ayer, region, %}tern

or Strpetiems easirseurss,di ieendsrsiond dbasttherlayeaymeioy PHPmCETUFBICIEE can
WL ST Vel OfL LRYSE S 18U O Sy RRL 8 Heryind 1ANEL YEGSIBHBhS bl RN

OW' "are use referring to

| ayer s,mdyeslk®bs prefatt! B, th@tersib Husda’ os;bdléwT arelm;dé msteuodwhelnarbfetﬂm@ foayer,
region, pattern or structure can be dlrectly under_ the other é%gr or

st r uct URXers. JEgions.ePalieHISn T | SHpeluEes, flolsi BRerstdnd that fhe I@Irer,s{elgm 'y al so
be pr es?ruct.ture\/\paeﬁnbé Ia‘tareétf)r Uhdéi“th@%&ﬂe}‘ I%Q:r dr%tl’ﬁ@t%% hﬁ"rlﬁieﬁienﬂgemyéi@ fe@foRkr i ng

to |l ay ér ns, or strudctures, it is under stood t hat the
| ayer, ﬁaﬁgin@rbr stratmﬁzrsnnayralsd baiptesmme. | Véhemth@tszrmy‘danctm e usqdaliespinowhen

structure, ;such that no intervening |ayers, n t r

st dlct UFEEIng i esefegions. patterns, erﬁr"t ey di |’ﬁ g%(g%ﬁ?qcpiﬁéa& Sféégzayﬁgrrg%mn i
conj uncii o (¥l‘ Rl %”@?écﬁ?lonvaﬁio%r ldyler bS stan@gestendhithat intdreeniad lagersan be
in a range of 95% of the value to 105% of the value, i.e. the 15val ue can

be +/ - rbgoof, pﬁﬂ@nstcmtsadctvmba@mﬁ@m exarrpl e, "about 1 kg" neans from0.95 kg
;[Mot % 855&% 5 Gnéhep &n ‘&Ee &85 M dsﬁé}% uygo?JhﬁctHﬁe\gltﬂ%r@drﬂenc'af‘v&lﬁ@) MRetion

et'dr eln sensitive to a certaln type of |ight
or to Rhﬁéﬁfb%dhﬁz\fdtﬂ@vﬂu&\@aﬁﬁb@ﬁm fangé oﬂ9@%\0§ nhevedlwetoor058% dphihe Valugl Ve mher ange,
it is understood that the photodetector is cazggbl e of,, 20 ab angég
i gist t\@hwmwmrbq t/-i5%0 eb i Sifit%\’éﬁ@l Eéhéffaé’f‘ﬁ’ fg Ol(‘:ta]r gepea% F%H’n " not
sensi ti vg "insensitive" is used herein, in conjunction with describing
a phot od :?_E%t or not being sensitive or being insensitive to a certain type
of light or meghgl%ogbsmha‘gmggwa” WAV abeindieteinf im o@n}xmntlmal\wéh odesgiiiing e a
gi ven range, i s understood that the gRot odet ector js.not ab1 I@&R ﬁepsorb
the Ii g;ﬁtoundwtammrdﬁmgtsen%t%to aseaiialn VPR OhHENt s fRPAYeNShAVINS 3 WAV IS ¢

given value or within a given range, it is understood that the photodetector is capable of
20  absorbing the light to which it is sensitive and generating a carrier. When the term “not

sensitive” or “insensitive” is used herein, in conjunction with describing a photodetector not

being sensitive or being insensitive to a certain type of light or to photons having a

wavelength of a given value or within a given range, it is understood that the photodetector is

not able to absorb the light to which it is not sensitive and generate a carrier from the
25  absorption of the light.

Embodiments of the subject invention relate to a photodetector capable of producing
gain (i.e., a photodetector with gain). The photodetector can be, for example, an infrared (IR)
photodetector. That is, the photodetector can be sensitive to at least a portion of light in the
IR region. In a specific embodiment, the photodetector is sensitive to at least a portion of the

30  wavelength range from 0.7 pm to 14 pm, inclusive or non-inclusive. In certain embodiments,
the photodetector can be sensitive to IR light and can be insensitive to visible light. For
example, a light sensitizing layer of the photodetector can be insensitive to at least a portion

of the wavelength range from 0.4 pm to 0.7 um. In an embodiment, a light sensitizing layer
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25absorption of the light. Enbodi ments of the subject invention relate to a
phot odet ect or capabl e of producing gain (i.e., a photodetector with gain).
The phot osletectmsssean be, for exanple, an infrared (IR) pphatsedenevnr. That
i's, the photodetector can be sensitive to at least a portion of light in
the IR region. In a specific enbodinent, the photodetector is sensitive to
at least a portion of the 30 wavel engtH’f range fromO0.7 pmto 14 gm
inclusive or non-inclusive. In certain enbodi ments, the photodetector can
be selnsf thev;lfhotcﬁleteaolr icgnbe anensitare thehd asien siavéloegth cangedidm 8.4 Hrg fixe 0.7,
exanple, a.light sensitizing |ayer of the photodetector can be insen

to at A&V ‘%&Wt‘f’ H8F- t he wavel ength ragge from0.4 mto 0.7 pm ?nt Q\ée

enbodi nent,, GRto TEASE I iR%ard aMB6diRIEBST PhotbdcrbdedzT1€ RBib-Fnal st
2013/ 003850PCT/U 012/%&%272 4 of the phot odgt ector can be msganes?tl ve to

the entlectodmd@l erlight seamigaing daier 04 aprslecron. Hogking/tynsrling ayep 60, and a

non-i ncl usi
ohos oastearserpde r ThePieddedd 0 Ao Pygh M BAP kIRl aPindior .
llayer 3@jc HBcl @%1_%%}}'69"4013| Dﬁé(hlﬂﬁfrbﬂérmﬁbamge | fay exarffle, anthsa sbbstmecoiibough

el ectrode 70 hot odet ect or 10 can_al so opti onal | i ncl ude
20 and/F@guralﬁon@luéq:sd@wﬁgf Fer{pr matprialspier éh?b\@ﬂ%a% 601290%331;? Hsse ?fagnég tlrgt ea

0185 SUDSLEAG THRHANSE GHI 6nd BrloRBHARS of BRELBIAL iReAEA oAbl T or

t he va gconpone are 1 nten nstratl ve
pur poses onl
and enhgdeigents of the subject invention are not limted thereto. 10The d

first el ectrode. 30 b t hod d.t
andBe. 1 - arl Tl s slaiogs 10rra0 dediodp s sfSaR BfeFafit G Bt EREe"C "
anode, (ang ahg%ﬁt?@ecé}ﬂgocﬁﬁl@ﬁtt f}f%q?rsge%&l%ﬁe B can Bahi@tiRic, Al e kéodhd electrode

enbodi nent e first el ectrode 30 and/or the second el ectrode 70 ca be
tr anspaitein be aatathedest la qeunini enbatimentsi Bicelish¢lastode 30eansorahgoicts

IR I'igh h enbodi ment I
30 can Eiﬁer%‘loaﬂgg&ﬁ %grlraﬂﬁ?agergft h?#@l rl)d %QV}SFJ er i a(?or &tﬁl ?arﬁoth?ér? ?x%g ode
(I TO), lgl Ithlcmg%lelﬂ%ogﬁhggs frle£e) limadedl FeRdt®) ti N oXi de (ATO) al um num zi nc

| ver, cal cium nagnesium gold, alum num car anot ubes,

SI Il\Ser nanO\’/\I heeﬁrSLclﬁsttmsle'lf’@ cangingudy onher merseel thedollqwing nbaé?rf&}?% dRgpm un
glmég? Ir %{éée? @Lljg); Erid{@t% '}Ellée ;(1dgg(?2§'grag€rg‘rnlﬁ§hﬁﬂ d)ﬁT@ g;ﬂl\?@S r Q8&inulh @inkesaad
(AZO0), silver, calcium, magnesium, gold, aluminum, carbon nanotubes silver nanowire,
LiF/AVITO, Ag/ITO, and CsCO4/ITO. In a particular embodiment, the first electrode 30 can
be an ITO electrode. The second electrode 70 can include one or more of the following
20  materials: ITO, 120, ATO, AZO, silver, calcium, magnesium, gold, aluminum, carbon
nanotubes, silver nanowire, LiF/AIITO, Ag/ITO, and CsCO+/ITO. In a particular
embodiment, the second electrode 70 can be a silver electrode.
In certain embodiments, the photodetector 10 can be an IR photodetector and the light
sensitizing layer 50 can be an IR sensitizing layer. That is, the IR sensitizing layer can be
25  sensitive to at least a portion of light in the IR range. The light sensitizing layer 50 can
include, for example, one or more of the following materials: PbS nanocrystals ((juantum
dots), PbSe nanocrystals (quantum dots), PCTDA, SnPc, SnPc:C60, AlPcCl, AlPcCL:.C60,
TiOPc¢, TiOPc:C60, PbSe, PbS, InAs, InGaAs, Si, Ge, and GaAs.
Figure 1A shows an absorption spectrum for PbS nanocrystals as a light sensitizing
30 layer 50. Referring to Figure 1A, the PbS nanocrystal light sensitizing layer shows
absorbance in at least a portion of the IR region.
In an embodiment, the electron blocking/tunneling layer can be a 1,1-bis[(di-4-

tolylamino)phenyl]cyclohexane (TAPC)/MoO; stack layer. The TAPC layer can have a
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20 materials: ITOQ 120 ATO AZO silver, calcium magnesium gold,

al um num carbon nanotubes, silver nanowire, LiF/ Al/1TO Ag/I1TO and

CsCO3/ | Twolan13zopsant i cul ar enbodi nent, the second el ect PottaSZ@20a8527be a
silver el ectrode. In certain enbodi nents, the photodetector 10 can be
an | R photodetector and the light sensitizing |layer 50 can be an IR
sensitizing layer. That is, the IR sensi ti zi ng | ayer can be 25 sensitive
to at least a portion of light in the IR range. The |light sensitizing |ayer
50 can thipiclesslef, Hoexawplapd @am oné0®nmoike Mo@:hkyérotdnovac thidkeessadfs forPbS

nanocr yst al sFé%inantApg dots), PbSe nanocrystals (quantum dots), PCTDA, SnPc,
SnPc: CEBAMpE &8-: c60, TiOPc, TiOPc:C60, PbSe, PbS, |nAs, |nGaAs,

Si, Ge, andyEaA%mbodiment, thEipgbfoBetdéos B cRide ARAE BlocRitg IRRE! FHdNhE ABIPDS
nanocrystal s as a light sensitizing 30 |ayer 50. Referring to Figure 1A

t he Pb®laviimgc tasysm ahn |inghtle saasor morn gf| y efollowius matsis nephihalensast a

Dotk R ae S AT oy LD 231 heiRERe TRy fo-FAGEh AR Tine (BCP)

tolyl arﬁ-&@(}@?ﬂ@ U‘yrlsilp phex FUGHHARC) MRByIst, 8¢-shérayigirolinEh g BPARS, |tay-@3 can
have a SUBS EET (RULE 26) WD 2013/ 003850PCT/ US2012/ 045272

t hi ckndgdrogy qunmhnek@lm@m 0AK 15 18N ndirarpprlavbenzeng (iBe P b £rP0h e é3-

t hi cknes ﬁw £e0 nm In an enbodi ment, the
phot odé’?’gdﬂg’rmecsg 1t %F@D&?r nbl OC|%I ng | ayer, and the hole bl ocki ng
| ayer can i nﬁlaud@(eﬁm@rprenMdan@ﬁ ﬂieeptfooddecammgparranendalasﬁrstzda;trmphghal ene

2, 9001 REEPPAON ca iy AU OSperi kP flocigsymocling layer on the ligh

p bi s (L} pRGRY @!e'ryg%pp%nge%&?d ChCt®de o, tﬁedelmr%aymoaﬂagftMena@uyepl ime

(BPhen), tris= roxy quinoline) alumnum (A
3,5 Neﬂd:cfrdhdﬂmdka@ﬂuenddergzkaye ¢amCpR), fommplm zs[l"&P(Q{ 003 stack layer, and the

PYri dy it rane 3 PYMB)., d Ti a t, the
phot odé@‘%‘g@@?{ %38.4{ 8}"?5(? emopdipn ({l Prﬂg‘ﬁéhe fAﬁﬁtlgg%q}’s)e n('ill C?%gt :ag{}er on
the firngt hglllteééhﬁﬁgiﬁg 1&r @heehd PR 19k E almnebmta@ wigly éfe seoortdneedtioght
sensitizing layer, and a second el ectrode on the electron

bl d6ki rigret light eéristizingalper. canthe, &rexample. BN BRISERIHANA e Ayl ?W@Flué%r‘? %e, for

exanpl st ag | [
oot i dsaawabim AR 1 eflbnpedhouit, e o ifHac £)6 HAE,
sensi t iz{d@nltRY Bfst aloctrddeeanib@ded By Hphti sénditizidg taget. cont act V\A t h t he second

el ectrode. 15 The light sensitizing |ayer can, be d];

sensi ti zi ng Elayr@s 24nendc A demensienes Qj’era“%@”d‘&‘&}ﬁ %ﬁ?ﬂg Cﬁor acl“ﬂ’i er
enbodi menk,; entHdQiRAR! ?ﬂm ts%%{eg{ 1n991ﬂ JnN G 4ein t@@lg‘%rcbtﬁc%h&ga bﬁ&’@d’a@ﬁe&hﬁ
first eP&BtPERe AR ht sensitrzing | ayer. Fi gures 2A and

2B xenons Hadki(ee | h@vﬁﬂﬂaer md/mglmngm); hplee amfblaclq@udtomdﬁteefustcﬁlecar@d@ fag tediodo an
enbodi nent of the subject inv

Ref to, Fi bi
2ppl | echlpsiinplaye ad et BRsked ot weaphn et PRdh e Sretalghytd o 1o
bl ocked,,{ 1,0 Iy rﬁfetfé}ﬁné hé ¥ I{%él?é ?ngvgggtél@gﬁo{ogeﬂé%? isbik@afstcadyiiaMetit, (candrelgaot r ons

are bl oc rom seco e to the el ectron bl ocking | ayer.
Ref er r i thg light éangtuzmgza;er\@hgn ah BiR Spﬂrﬁmmg@taefclt)cgenﬂ@teﬁ Ie]feéﬁplafﬂ@]@ Rﬁ}fﬁsﬁdnldl thht

e. IR | ht s

I(aygr) ﬂ%ﬁ@:ﬂg{}t’é’*’ 8 %%ﬁehgﬁr ‘ferél tﬁg%ﬁ%{ablé ectf glr?ges @L{]ﬁé(ﬂ;ﬁg rst
el et r oglgy (ilﬂd? SHﬁs (Sfl"'tﬁe @E@rbﬁ’glo@kﬁghmﬂéﬁn@wﬁﬁ afll ﬂlea&iﬁmlﬂiula@dde}d)ldcsr‘re&!ﬁ:ehbd: k
trap sites o e electron bl ocking/tunneling |ayer, and the acc‘é ted

hol s r emticrewtdtte ob therdlentroni edking/tunplingl layarr driub) the RlealPR tHTREIMEREC
Thus, the e ctro elln fromthe .SeGo
sensit | %eicﬂ 8‘%‘?’ €i tgﬁ}f tbzllrbgna?[?ré%ﬁ aﬁge(ﬁ] Iglh%%lo U@ﬁﬁggggl&hg@&n'

Fi gure 3A shpig@rea3gcmfwst thché\xﬂQtuﬂfba@i aiﬁageémaofpquﬂx@dﬁlbecﬁooracandmgdiongnt 0 an
enbodi nent of subém1 i nvention, and Fi %l:”e 3B shows t he dark an[% hot o
cur r ent eribedimeyt of3pibjagb invegeor, ang)Figha Picihorsshe darksand phoih susdi e “@r

accy di noqltage (?—Q/) cng%g{e?@pés %fr t};}l%tdifé{yc%?tacédwﬁgttb QH-embodiment of the subject

invention.

Figure 4A shows a plot of the gain versus the applied voltage for a photodetector

according to the subject invention, and Figure 4B shows a plot of the detectivity versus the

SUBSTITUTE SHEET (RULE 26)



Figure 4A shows a plot of the gain versus the applied voltage for a

phot odet ect or according to the subject invention, and Figure 4B shows a

pl ot of twWwe dstmstsnvity versus the SUBSTI TUTE SHEET ( RUPETABR012ME3272

2013/ 003850PCT/ US2012/ 045272 6 applied voltage for a photodetector
according to an enbodi ment of the subject invention. Referring to Figure
4A, a very high gain can be seen, incliding a gain of nore than 150 at an
applied bias of -20 V. Referring to Figure 4B, the detectivity is saturated
t o nor eppliednv@iage 1012 ploteksteatoreateardngoto athemapgihicat of the sufpecdfinyaagent han

-18 V. _5Accordi t o, enbodi nents.of the subject.invention h et ect or
exchi bi RETGa af st ety B geigcan s o JaPLof Bt h PR The
phot odehgieddoBias 8N- 22X\ méfe@i#gaeb Figlfre 4B thecddmivety idbautatei50 mérealarmppl i ed
bias of -20 V. In various enbodi nents, the photodetector can exhibit a gain
any of lpKdonhed dtowiuagol/hik apsliesrvoltaggeklessthamp$uY. 2, at least 2, 3, about 3,

at Least 3, ... . 160 bout 160,. at ,l.e ( Y hilirel ents
cach mumber AsspuEn Rt SRR e G T W Rk Sed Ao vy BB T
and " atanﬁ@rsﬁias @26 It i5phBlodbREE RithFait)d ThE Bhotodste@nycananibitriagdimgf, dorf i r st

endpoi nt” of any nunber from 2 to 159 and_a second endpoi nt of an%%nunber
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upconversi on devi ce 500 can incl ude phot odet eet gr 10 an light;emtting
oD ce 20RO, 00U KAHHY B Bt rG, FOh v, E5T560 2B HECS Peby Gar §4£p
(OLED)  chhes LfY EAipV hilifk & tHRRANGHSIORy dekieLnHA0 @arsobad ancddraladnini bl e
upconversi’on device W th gain, and the’ photodetector 10 can be a

phot odetfeal aumbict frogad m 160 Theghihivelussbodirangas of themseqeringgsopicasgpan be

upconver sjon devi ce can 20i ncl ude_a t.od tor with gain, as illustrated
in Fi guFavIteday Yy a,m-l%g,vo @&%’B,”eg’fﬂﬁﬁ 2&0\5%0 g@gfcor as described in connection
W th the phofkggﬁfn?qg) 94 Surbd 5KLAYRfholitndis olthe2Bbjed m3EnticandsoAfertith toldre OLED
200 can include at |eaSt one electrode, a hole transporting |layer (HIL), a

|i gt dRi-totvisigle ay@mvérsion) devaged 580 el IR - visibla sypspaygigion paice (PPLyan At

| east one el ectrode of e QLED 200 .can LT nty.t ;

porti onmﬁlflg‘?ﬂ pﬂ\?FOgiﬂ?Fté’r Itllmtﬁ'ﬁ’& aaﬁ%l}?tqulgfngl %S% © @%%@o nIno@a%eﬁgﬁheﬁttshough
enbodi MRRYS:rh60 R84 bl iaRi dreshi¢ NETRIOLEBAC TheIRabradsic afpcoinerGhERAGO5#AN
include one or nore of the followng materials: 1TO 1ZQ ATO, AZO, silver,

cal ci ungannimgae SR uevisitd dipcenversion devien Pidneaamnd be Photdetpetor 18 34 bee?
ermbodi naahr ol 6 Phtpee s oA Sy o RV e
oNe P #HRRle AiphdBdéb&of lith@win)gs MabedttdinsFigheD] ATARCA-TBBIABPDandAd-4B ani ne
o e Sl ot S0 0 AT gk o CLED
o E TR SN (APl FHDES St o vt
al um nuETI YAk Gt emitting layer (LEL), and an electron transporting layer (ETL).
At least one electrode of the OLED 200 can be transparent to at least a portion of
25  visible light and/or at least a portion of IR light, though embodiments are not limited thereto.
Each electrode of the OLED 200 can include one or more of the following materials: ITO,
1ZO, ATO, AZO, silver, calcium, magnesium, gold, aluminum, carbon nanotubes, silver
nanowire, LiF/AVITO, Ag/ITO, CsCOyITO, and a Mg:Ag/Alg3 stack layer, though
embodiments are not limited thereto. The HTL of the OLED 200 can include one or more of
30 the following materials: NPD, TAPC, TFB, TPD, and diamine derivative, - -though
embodiments are not limited thereto. The LEL of the OLED 200 can include one or more of
the following materials: Iridium tris(2-phenylpyidine) (Ir(ppy)3), [2-methoxy-5-(2-
ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV), Tris-(8-quinolinolato) aluminum) (Alqg3),
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bi s[ (4, 6-di - fl uorophenyl) - pyri di nat edpi colinate (Flrpic), though

enbodi nenwe 2ar3osssd | i mted thereto. The ETL of the OLEPCZAB2@am4inzl ude
one or nore of the followi ng materials: BCP, Bphen, 3TPYMB, and Al g3,

t hough enbodi nents are not limted thereto. In a particular enbodi nent, the
el ectrode of the OLED 200 is a My: Ag/ A1g3 stack 5 layer. The My: Ag | ayer of

the My: g/ Alg3 stack | ayer can have a conpositjon of, for exanple, M:Ag
(10: 1) aa 61enfeorpphinyd kpEsdinge- ptrc@hnaém(ﬁbplé )- theygh eRbedBEGH aané‘)tAqu

| Ag/-Alg3. st f
from o il MRIZIE" e BYED 56 cAf dfcifyt Uhe P aRGreope OISR T
gai n asnglesqas:itee B}ﬂ{eﬁii{TEPYIhI(B,lgﬁd Amnkhbugnenﬁb&imdhme nediivel uhee&ent. That

is, the phot odetector 10 can include at |east on ctrode ght
sensiti zi ng Pé‘y@%ﬂlc‘é%erﬁho@ﬁ’éﬁE efneleterdei o ?ﬂn@? é q3 stack
photod t e

e R S T a%gﬁz*aﬁé“an%‘?%ﬁf‘m%ﬂ“%‘e

f ol | owiergmplet ®fd:Akgi0:1 Tad d:%ChaVé\'E(ﬁncl@Z@s ofifbwexampialleisuhan dgme$harmlqiol d,
al um num carbon nanot ubes | ver _nano , [A/]T [T d
Cs 0B/ Ilaysr of the MigrAg/dlqast ﬁ%ﬁ%%‘i%ﬁff%a lﬁg“eﬁ f?%‘i’@é%‘i 9 @ L0 R

phot od ctor and the light sensitizing |ayer can be an IR sensitizing

| ayer. ie light sensitizing layer can include, for exanple, one or nore of
t he fol | ow rithenpticeodesdcsor Hb&mhﬂ@qrrhybmdatesw qudhgmmaddi€§9rlbe¢ti$€elnaﬁi@@$1yst al s
ggnt um dOt S) ctFr) Dneeld pr‘ P?Spén P;gl %i ﬂ’/la%gﬁ 1%6&6’%'&_.5251% can 1rfclu Oal?(feastzgne

e”b0d' r@é&md& hea ¢1gﬁf3t§’eﬁé’lnﬁhgclgy819/ innng lel&trbayslbclclag/tmeangAegrlvbo:Bhest ack
| ayer. The TAPC | ayer can have a thickness of, exanp O run to 100

nm ThephvbBBtackydp cexanlsnav@owﬂwn@kcfrﬁe%wbé‘frateﬁml/ow aﬁlmbéock@&nlﬁﬁfo 100 nm
In an embodi elEct%oQi% AA3LAME! 66 8f ng)?@ of B! ﬁ')ﬂ% eglh'ﬁ%facrlgisoﬁ‘(')n@@ ayep, and

the hole 25 | ayer can I nc one or 1 owi ng

mat er i ahB0, Afl¢r, Mﬁﬁiﬁm Bﬁi@nedaﬁ'ﬂz ,go]ﬂE’fBémmnAﬂrq:agarlmﬁPnalﬁ)TﬁbﬂVB silggrdnanosgre,
Referri ng to Fi gure 5A z%% Lsf,rther enbodi nent, the IR-to-visible
upclénveIF (%W%\ﬁ%fg%@@dc%ﬁ {Id8-i ncl ude an |nterconnect| ng part 100

between the p hgﬁge%@ﬁ)‘dﬂﬁe&t@ RO dthE1Ckd70 0298. be TRERI pHotsdeRpbeahd 0@ Ipart 100
u

can be p05|t|one at the electron 30 bl ocking/tunneling |ayer of the
phot odesteasltlﬁlmg]lﬁ)yar$an lbosrIRt feasitizing lhyaghtThedigdit sensitigng kyer cansinglyde.hier

L rcomect 1R P 1O AL 16 Tl IS HERAN sy hgpoiporamine
el ectrogdg pRdels (GenbindNdots ) NPEPDHA/ OQ3RS MDY €682 0AR Q45 AMPcCL:C60, T10Pc,
20  TiOPc:C60, PbSe, PbS, InAs, InGaAs, Si, Ge, and GaAs.

In an embodiment, the electron blocking/tunneling layer can be a TAPC/MoOs stack
layer. The TAPC layer can have a thickness of, for example, 0 nm to 100 nm. The MoO;
layer can have a thickness of, for example, 0 nm to 100 nm.

In an embodiment, the photodetector can include a hole blocking layer, and the hole

25  blocking layer can include one or more of the following materials: ZnO, NTCDA, BCP,
UGH2, BPhen, Alg3, mCP, 3TPYMB, and TiO;.

Referring to Figure 5A, in a further embodiment, the IR-to-visible upconversion
device 500 can also include an interconnecting part 100 between the photodetector 10 and the
OLED 200. The interconnecting part 100 can be positioned such that the electron

30  blocking/tunneling layer of the photodetector 10 is closer than the light sensitizing layer is to
the interconnecting part 100, and the HTL of the OLED 200 is closer than the ETL is to the

interconnecting part 100. The photodetector 10 can include an electrode under the light
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8 sensitizing |ayer, and that el ectrode can be an anode. The OLED 200 can
i nclude an el ectrode on the ETL, and that el ectrode can be a cathode.

I n an enbwoi2osmo3ssvhe i nterconnecting part 100 can i ncl ede/usroBLS21410 and
an EBL 120. The | owest unoccupi ed nol ecul ar orbital (LUMO of the HBL 110
of the 5 interconnecting part 100 can pe close to the highest occupied
nol ecul ar orbital (HOMO) of the EBL 120’ of the interconnecting part 100.
Thus, when a bias is applied, electrons and holes can be generated in the
i nt er coamaictingdaysar andl Ot dlectpde exsboleli A ranode.helheUDES? ZtﬂgecaHBlIlChlﬂg af the

i ntercaonnectin 10Q .and, t he HGVLBof he EBL 120 of the interconnecting
part 16 Cﬁgﬂeﬁxgﬂ’%(a)éﬁmaé‘gtﬂﬁ%ﬁlefg%@ %alﬁta.capﬁ)%g' further enbodi nent, the 10
LUMO of t he thlaBlembbQirgdnt! the intbicEHi@RE phrk MY0 paT incide a8 HBL heo kkdeh GBI he
EBL 120 of the interconnecting part 100 can be no nore than 0.5 eV apart.

2

That i 920t heTkmdpygstdrneesppise e misdacise norbial HOMDIGY afhéheedIBh 21 ot fhe
|p2r r(]:.8€r@§c§hh%gmg%%ﬁe@go%a%{-bceésésl%fh%@éﬁ%%ﬁ%ﬁ% | %é@eggl;’a{ to?[ggll gﬁéﬁﬁﬁgﬁmc e

posi ti ane®@BM 130 of theintdredmmestirg fre 10pc dhugrshana déasi ic applddl, slectronshatd t he
HBL 120 of 15 the interconnecting part %%B %an be ag'acen hg@@ge

phot oddwlssican be@engrated ia thegnterengnegtingart 10 A8 3R sabCr g b dhe e

adj acengpi 0 D; AN ABRand! ik PROSRARICREOLBLO 19670 ] ude a
secondqi %c%yg £C#% gﬁgﬁ?gk%%L tuﬂ%el?ﬁﬁllayer, and the HBL 120 o? t he

i nt er caneaohhewinpayart 100 cambe b® mordilaect eVompasict It flarthéreersbabmdnteltiect r ode

cariOno 14 TMEY Hoble Lifrbibef e ieiamieats pobgov b pe f ) e BRRCEOR T can

i ncl Ud%nﬁéﬁ%nﬁéctﬁﬁ@[ﬁ%ﬂ({% b bOhd MNWrB 4R §TdVahgart. | That kZ@e NIy AfBlensd | ver,
go

cal cium nagnesi u , alum num carbon nanotubes, silver nanow re,
Li F/ Al/HeT@enAdt IHOM GanfltheskBB/1R¥Qf the inderpenecdng awrt dAPead tent UM@Aeof decond

I t 7 f. th hot t ect 10 i th
ot 1 ea WBRAT0RS e iRt e Lo PR BV Bodspn The BLEEOEREEne SROWL 100,
the 25 HHBleLbGitidnel HhainkBb IR20visitle updinee L AR 1der50 pacH theots HRIL 120 of
necessarily include any additional conpgnents beyond th HB%Qié&833ﬁ¥éhe

EBLI 5120he iniersennesting nibd 8P wambe adigerit £9 Bisathotastsissioa A0 an

(e.g., .0ne. or re_eleehrodes,or regt LED 2007ef &f rdnbdaaaith the
Figures]'rl (gﬁﬁggﬁ,pﬁh gﬁ‘é%@og?n% ,ﬁ%ﬁg -#%-visible upconver si on device
500 doeshotsifetdcig!10d@ananclidyd #reondektirody Phot it BL/@noklingdaphoanidbe ddtlor 30

10 i iti d di tl dj t taq the OLE 00, .The COLED, 200
I P et a8 g Ao, \he CLep 2any e G0 g ap. e
sensitig) ?go’soa%(tg&oxoiﬂ.t e RRELPERLESCM) SFihd PRRoddicdtst T0Qahibe adlagolie OMhe

bl ocki ng/tunneling layer of the photodetector 10. In a particular
empdi neobnd thetrplot70det gt photedatedtorclUigen dnlofie obg sukmpty Phyks fellg™deent to

Sensi | BRRGERR)5, 146 TR EOGF e HERE: JU0NEATb Tl RAT Sy e ent

to and joa@Rtachived hindvige, holARIPOKI AgIT@Y @hd 0CsCOePOOt Odetae phuaiculkd. The
phot odet ect or 10 can include an el ectrode adjacent to and in contact wth

the el eembalimbhipdhé megondneledtiadg Thyérhe ahetodetectoy i oobe arsiivet plegieoden

el ectro adj acen and in.contact w.ih Iy I e
5photodgﬁgﬁggﬁe%6&%%ﬁh%@PuwgPwéQQH%PQ?x%gg%BﬁQQE#F&%Egéﬁégg gg??%ﬁglgg t he
OLER 200psaniPendf @ EBBNPLE, thannkRdfbecting part ldoed Mot hBedssarity shddhde any
upconversi on devi ces 500 shown in Figures 5A-5C a sufstrate é@Pt.shomn)
can al saddidorst ssmppnenty bayend Geddal and theeEPR 120. v {1 roian GROSARSIS on

devi ce 500.can be flipp a I 1 properly. For
exanple?£$“%“QB°@%%§?gHﬁ%J@%%%ggg§%%a@§%?qP§%%#%hgﬁ% é%Pﬁﬁéﬁgbre 5B and

adj acent to Rb%n@:@%]h@d'ﬁx ith FiggteseSBCandUith) frhain kindudienchB SteolB-ta-vadipte| ar
configuration to that of Figure 5C but with the IR}Efv'sigle %& pre{sion
devi co BDOMERINGicAIc Al doRS pHenBR T BXECOTCRHeparRI§l 2D diigptioodeleclor
upcopveygi G &; | . b6 W o§i@Bn&esuch

ad Sent 0o Ppfiea2lE, ARLGY R IRE 0B, e ORED 00T B posiny

| R-t 0- vilgit tHeeE Tip 06 theeDEEDR (els icbme500he iphtiEnsitizing deyeant ihetmotokiceor ilfig

t 100 hown in Fi 5A), apd th trat be, ad| t toth
Dnode. TN gnto e peramaaRe Nomere R Bb . BREFS ol ek AaRriralf oo
500 fr 0%%@?1&5&%%5@;&0&@&% SirPhR 1dde9nthot@bIRRirRMdy ke ddfat@ fohthe light

| R-to-visible upcon ston device 500 in any direction. e OLED 200 can be
transparent to at least a portion of light in the IR spectrum though

enbodi nents are not |im SE®ITIETEIR SHEET PROILEIggect or 10 can be



20 transparent to at least a portion of light in the visible spectrum

t hough enbodi nents are not limted thereto. Referring again to

Fi gures 5W02@3/0088501 R-t 0- vi si bl e upconver si on devi ce 50@cCfrusetionR7by
emtting visible light fromthe OLED 200 when the phot odetector 10 absorbs
IR light. That is, the light sensitizing |ayer (e.g., an IR sensitizing

| ayer) of the photodetector 10 25 absorbs IR light, causing carriers to
flow. The carriers flowto the OLED 200, either directly or via an

i nt er coaréiczingnpyparnd 1e0E T al gier@gL ER00Ran bk pokidiostdEDlja@t tocandnhicontasti bl e

light. The,lR-to;visible u ver si evice000, can include a.

bhot odct b RoDble P2 iy TR Bhba AR 16 csRePoSBIHERR Y SR includs th rren s
of the cfiehb@EChdjhdtnet drdnabi@ct witldtiR @R bR eAlindcdbilSat,ing tee GOED

phot odet ector with gain. The photodetector can be, for exa

. i _ ) mple, an IR
phot od@08esewnrinclude amelectnstdi adiasent ta andtinsanteet widbihecdiTnglhe Persiodaef & or
wth gaipn nJn o ) j S B Z] NN
ol edt r SHeTGrer 18 YR bey BE A G bl BB e SL e e i
sensi t ifgt d@nlpiy/@hanédd form ng a second el ectrode on the el ectron
bl ocki ng/ tunneling | ayer. SUBSTI TUTE SHEET ( RULE ég% WO
2013/ 003850 P TheudRoa-27stls 2rpoonnyrsTeie dendeds o Oc o way Wol'iges oruP§y 2 isHetigke

formn h i rSt. e : 0 m _ng; i ng
o SRSy UEEEHE AL Syt cobsinpdlond AL 1B oLy sk
f or med denict F®0hahebbflippkd g thmgé raroufideandugl flaitgorc aropedy. flar exapiel ¢he a

gl ass supstrate. The first el ectrode can_be a.cathode, and the _seco
01 dBt r GHBS e aBLbespT ARG thF HOGH 18 Fiaite QPG AYEoEHID eaEode (R TR St
el ectrqgey pap %r@@Baﬂ@g%%a &Af1ak REnaEAN ! B&t 6OMBuRASC Rt dittahBoRge- | N

certain enbodinents, the first electrode and/or the second el ectrode can be
t r anspanshle tpcoaversieasdevacpdPOi wmedf arpied bine thendulsiratet | loade EBR-porisibdn of

IR i ght, though enbodinent not Jjni.t hereto. The first el d
can | aOR O R st S RRE TR a4 Sthel G Be et BesBRdEbh e
(1TO, thodhigugi e PpadRuld ZBboddhédtl AL TR iovigiKiedepdoATEHion adeviens0 Zimc

oxi de (AZO), silver, calcium nagnesium gold, alum num carbon nanotubes,
si I¥er inclndsvianeinter¢amhagtingTonrt AGO| (RO, shawe iaskiesrel T4). itk theetihsdate) @Bt bode

can i nclude one, or r f .the foll ow terd al:siil I )
si | ver ,2daeFRY G e %O%ta?ﬁﬁﬁhtt §ot Ee maci)dtljénr%p%hm% Iékéfrog\gglblr?a%c? e é‘la-‘queeéﬁp
Nanow r@em Ldnk/ dikdctidh) afOAIsTIR: 1md chis GOnhiTid fiduh nhe eRttaivisildahpdomentisn t he
phot odet ect or can be an IRgphot odetector and the light sensiti Ziqnl%g:hlt?}éer

e

can be daviceR08emeny fizeqtign| dyre OLERA0Y Fajhlpe GaWRITENAP R |aghAdorieiho]

for ex g, one. or nLe . i10Q: i al i ’
(quant JE 48isef R g cnORAerthodihyis G B ARSI The RAGRARAS YO LA 6.
Al NGl , ARp41GO it 1ekisOPportibh QPdigh6M, thPhBéble BiStrutm Amugh rGHAdimits arGaot and

GaAs. 20l n an enbodi nent, the electron blocking/tunneling | ayer can be a
TAPC/ Mo@3sited Bg1el?-ayer . The TAPC | ayer can be forned to a thickness of, for

exanple, 0 imk0Q LN Jsay ehe CALt PG sfbR iRrdod Nesloaeseo of ,
for exanpl e, I(r%Ir%:lgt gg%goton-rlﬁqgu&@% 5@¥n %n enbolgi mewothé nmet hod can
i ncl udefuhctionsty emitiolgevisibledighh frohnathe OLEINA08 hach dieephstasisicicg 10 aprarbe b

Phon. Beia 1 ParERnC epvice it IR e paptiri e LR opaer i Mo
of Ffsabriafisna 1hRRat QAe AR 10 TRV, | TIR ¢ii@ers flow to the OLED 200, either directly
or via an interconnecting part 100, causing the LEL of the OLED 200 to emit visible light.
The IR-to-visible upconversion device 500 can include a photodetector 10 with gain and can

advantageously exhibit gain.

Embodiments of the subject invention also relate to methods of fabricating a
30  photodetector with gain. The photodetector can be, for example, an IR photodetector. In an
embodiment, a method of fabricating a photodetector with gain can include: forming a light
sensitizing layer on a first electrode, forming an electron blocking/tunneling layer on the light

sensitizing layer, and forming a second electrode on the electron blocking/tunneling layer.
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formng a light sensitizing |layer on a first electrode, form ng an el ectron
bl ocki ng/tunneling | ayer on the light sensitizing |layer, and formng a
second elwotznde3ssn t he el ectron bl ocki ng/tunnel i ng | ayecT/Ush@2mk326¢1 r on

bl ocki ng/ tunneling | ayer can be, for exanple, a 30 TAPC/ Mb03 stack | ayer,
and the TAPC/ Mb03 stack |ayer can be formed such that the TAPC | ayer is
formed directly on and in contact withl®he Ii ght sensitizing |ayer and the
Mo03 layer is formed directly on and in contact with the TAPC | ayer. The
second Ték entthodiean autsot dgonaly finelndd fatinieg they fish edgvtioile opomsalestrate atd/athe

Mb03 | ayer. of the TAPC/ Mp03 stack..l r. The Tl TUTE. SHEET . ( RULE 26) WD
2013/ 0ddBEERErI VSIS a8, g ﬁgﬁ%ﬁggﬂ% chil%ﬁa% ﬁhgﬁt SEatd i 6°
exanpl gomd Jihe 8BRIHldckiMidlal @Y Ahe 306k tG A CanHe! fid@xarfpld; a glRESuBIAK. UM dot s.
In a further enbodi nent, the nethod can include formng a hol e bl ocking

| ayer on t hdhkifirstteledtiode canbe g gethodh and thresacprrhelegteatis can e gy apggeerInjag

forped directl n.and i.n contact wth | e_Dbi i I

SErBodiEEa o™ g E ] Hoaiar s oy A5aSecel e AP RERge st ng
radi at icgihodsi Nd @rbotoBsdiarhe! M Fifst gddoirodd hadfeRahe dedoadt dectida dag,bef or
exanpl e, an IR photodetector such that the nethod can detect | R.rgdi ation.

In an drabsiiirens o, atalepst hogrtsm akivisthle apper cideast oporfopPight g Betct

radi ati g an incl - Arowi ding a photodetector with gain, wherein the
phot odéa‘%é)tglg?ellltsrl%rf&gggmg[e?ﬁeg%t&eI ectrode, a light sensitizing |ayer, an

el ectron 10 THel Rekiekglrédinoeal imtideayeror moet af gectidwalgenitedds: infen tin

phot odet ector can al so optignally include a substr and/or a hole.

bl d€ki rmidealldP). e ZiRs pYide (E%é)» FeUmingm HR A ee{&(%ky LI, ainf pde o
First ey c s Ao it e e COREoE hefdRde <ol RRodfeanode.
In an EiAeL{a)al(3 Zerrhgﬁcﬁgq’gr#%%&f?%gtg, the first el ectrode cah be an gnogle, and
t he seddAMIAITEC taredd®,can Ex€ /1T aflirosteond eledtardeaian iectidrdoneesrtmoretdhdhe j r st

el ectrode and/or the o] el r can be.a transpar.ent e

The fi riglowingcnprsH szﬁgi ﬂgq)ué&%%rfgg@r S‘%f’ec%?m?]hémfgg‘ﬁ%% %gfdn%["re“ﬁﬁ‘g’?ls:

i ndi Uméawbn%hgt%bgé, TQer naRSWHENIZF2/100);, A8/100Z6)d Catopinom tin oxide (ATO),
e

al um num zi nc oxi (AZO), silver, calcium magnesium gold, alum nu
@@él/gmro.

carlbon nanotlnbestins¢rmbatimaanothicrrotoigtesior cap b Ao, IRaphqt ,tec_é‘?fcﬁnés i
The Socond el STLete T RCL4AA 410,01 LSBT R AR vt 08 mmuas o

ciu m num carbon
nanot ubgamp$d, loerorNaBRVGT e follbiAg haleridlg! PEO naancy Esl€q@ndni@n dots), Pbsn

T aht SumeryRERngeRyer . B BRI REBenaT Loy ALYEL. AT gt 1O
sensi ti ”Ffdl%é@@’%s&%s', ﬂﬁ&s‘f%afié?@i, Ge, and GaAs.
20 In an embodiment, the electron blocking/tunneling layer can be a TAPC/MoO; stack
layer. The TAPC layer can be formed to a thickness of, for example, 0 nm to 100 nm. The
MoO; layer can be formed to a thickness of, for example, 0 nm to 100 nm.

In an embodiment, the method can include forming a hole blocking layer, and the hole

blocking layer can include one or more of the following materials: ZnO, NTCDA, BCP,
25  UGH2, BPhen, Alq3, 3mCP, 3TPYMB, and TiO;.

In a particular embodiment, the method of fabricating a photodetector can include:
forming a light sensitizing layer on a first electrode, forming an electron blocking/tunneling
layer on the light sensitizing layer, and forming a second electrode on the electron
blocking/tunneling layer. The electron blocking/tunneling layer can be, for example, a

30  TAPC/MoOs; stack layer, and the TAPC/MoO; stack layer can be formed such that the TAPC
layer is formed directly on and in contact with the light sensitizing layer and the MoO; layer
is formed directly on and in contact with the TAPC layer. The second electrode can then be

formed directly on and in contact with the MoOs layer of the TAPC/MoQ; stack layer. The
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25 exanple, one or nore of the follow ng materials: PbS nanocrystals
(quantum dots), PbSe nanocrystals (quantum dots), PCTDA, SnPc, SnPc: C60,
AlPcCl, AvBeWs3/@8&3p Ti OPc, Ti OPc: C60, PbSe, PbS, |nAs, PoGaA3(0128#5276e, and
GaAs. In an enbodi nent, the el ectron bl ocking/tunneling |ayer can
be a TAPC/ Mb03 stack |ayer. The TAPC | ayer can be fornmed to a thickness of,
for exanple, 0 nmto 100 nm The 30 Mo®8 | ayer can be formed to 'a thickness
of, for exanple, 0 nmto 100 nm In an enbodi ment, the phot odetect or
can in Qﬂghd@en@iftihﬁiﬁela?ﬁrlcﬁak ibagfolr aXﬁhpleaz:&dIR b@(s)hﬁhfgcll%y@@ﬂigpngn limglede, e@g Rb3c L\Iu dg
one or nore of the follow ng materials: ZnQ NTCDA, , . : n, g3,
3nCP,  ATPYN, defhd ITiSOBE DSBS PPIIFEL SHEEF TR B6jidpgpming @ hle Dlosk g
2013/ 0 ‘oht | : ' i 8
qg%?%ﬁ%é lﬂ%s%%%@c{ﬂ{c}ég %Z%n fh%tg Hl'[e light ‘s€hs}iA Ta}y&uis%rrﬁéﬁ)gﬂécf@rﬁn artd

phot odet'ector can inc sensitizing Fayer on a first el ectrode,
an el ecbnaot withdicitndd blockieg iaygr.| ayer on the |ight sensitizing |ayer, and a

second el ectrode . on th | ect.ron bl ocking/tunneling |ayer., The e|lectron

bl oeki ng/ t urﬁi’%‘?‘?dh@e t5yPd e SpPIge ny 108@%&63’5‘?6 SO ?K%@d%b(géieﬁcgg% r?é:{?/tleorn, and
the TAR draVie] ¢ HRN THE pRoBASEbOARS Wi extiple, il &R PAGGd A SN i S
di rect Iu;g{n%gdoélrﬁ&%ﬁé&égntlac% W th tph% | ight sensiti z_ixnggl ayer -gnd t he Mb03

| ayer isscldithacthé ynathodren idetecb iR aediatipn.h Inhan Tmbalimepbra nRteods et gHEe 2

el ectrode can then . be.directly an.and i.n cqntact. . with ; . of the
Tapcl navs et rapert 8k Gl PoRAY Maliae DRt Rkl B L1
| R sensjidr&hNge | AYRIdeRBGr GAAUIICA Y&, elestlbde, PRIBhavanitiMdMysr, dmelacttair t her
enbodi nent, the phot odetector can include a 10hol e bl ocking | ayer. on, the

finét elledtingtoneling laveierandhe seqogitelediofkt | Thaghotagelpctor can alsergilighdnt s of
the subject invention also rel -t t S r. =510Vl sl e
upconvélPéf"a%ac?B Rl a“FZ‘ér T ROl g)’?(%/c&rllgg’la UB@%n%@%té%tgﬁ%gg’i 12’2 CJ((:A}F]IS be %rzll

| R-t 0- Wybktkdte€ upconversi on device with gain, and the photodetector can be a
phot odet ector with gain. In an enbodi mané, a r’rgt od $f fabricati,ng, an

| R-t o- vi si bl Bhaupsbeiverasdesian devi @thadgrandibe serend sischades P AAntedl Bt or
with gain. form ngy ' | dafBe bGnbEDa A thelsBE NGRS 6t ra Wi th
gai n. %%rrtag%eg}élﬁg%%{égh%gﬁ?glﬁ%?&nqéndg tﬁe O?ED’gan ienscl ude: form ng at

| east ogghdkecthr @gain érabodingna, el frst clospdr aiddy thayserondHateytrode amibeg? a
light emtting | ayer (LEL), and formi ng an electron transporting |ayer
(ETL). transpargrieletiode| ect rode of the OLED can be transparent to at |east a

por t1on of Vil Bl ARBACLAR iRudCaR AR bf e Allolfb hgiirials adigh tin
enbodi nents are not limted thereto. Each el ectrode of the OLED.can .incl ude

one or owide (GFOY, hedifupl ZionioniglendZO),i alhminunrdn exidy (ATO), Alpmyingy 2jng oxide

calciu nesi um . gol d, alum num,,C a [ : i B
i FT AL R A PG s ARy AT SR SRpo phu L ST Bk R
enbggi NERYRY/AIS, ANTO] d €SCONEI®! Uhe Thenitlectbdd dum iGLIER: oanoi motafshone or
nore of the follow ng 25 materials: NPD, TAPC,  TFB, TPD, andll_cgia?m ne

L

der i vat follewinghowtgiabd d6h 0% ATHP.ARG: SIVeH CRlgIhRRETES U EOLEI Y S Hle OLED
can include one. qr re of I ' rhalscd-ntepy) 3. MEH- PPV,

Alq3, af‘?dg‘?—*f P ef’n@ﬁ%rhnagﬁ%}(i)}gi fﬁ@%@ﬁ%ﬂﬁ#ﬁl@&? 3{ hereto. The ETL of

t he OLED canpj B&tdidemdbein@hisratieplaftoddietdrodandwi aglRrphetoileteeior BEPthegighén,

3TPYMB, and Al g3, though enbodi ments are pot. . limted.thereto. 30 a
particu B%it@iﬁgg@yw,bet avel R pnsttizangel age ! tﬂ? @}Eﬁe’i’%‘u%{n@/&yﬁbf %@i%iursaf: a0k

| ayer. The Ny: A - Ag/ 31 stragk CAubRME dotSRMSsi tion
of ,% or e’é%(“éprrl\{%l %1% {%}SX‘%@ ?Eéﬁ%ﬁliﬁﬁ%an gélﬁsoﬁeﬁdﬁg&gwt h?lg kness of)f), f or
exanpl enadRestdihaguatnm die PCTDANSER 35003660 PETI AR 1R OUESR2 113Ps. ay er

of the : Ag/ A1g3 stack | ayer can he_ for to a thickness of, for exanple,
fromO I\f{/gp-ﬁ)?gcg@g’q% PbS, InAg,eInGags, éjl, Ge, angp(gaAs. dl

In an embodiment, the electron blocking/tunneling layer can be a TAPC/MoOs stack
layer. The TAPC layer can be formed to a thickness of, for example, 0 nm to 100 nm. The
30  MoO;s layer can be formed to a thickness of, for example, 0 nm to 100 nm.
In an embodiment, the photodetector can include a hole blocking layer, and fthe hole
blocking layer can include one or more of the following materials: ZnO, NTCDA, BCP,
UGH2, BPhen, Alg3, 3mCP, 3TPYMB, and TiO..
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The phot odetector can be a photodetector with gain and can be forned as
descri bed herein, though only one el ectrode need be formed. That is,

form ng twe 2ptsatssbet ect or can 5 i nclude form ng at | eastcons2abkeeirnde,
formng a light sensitizing |layer, and formng an el ectron

bl ocki ng/tunneling |layer. Form ng the photodetector can also optionally

i ncl ude proving a substrate and/ or forﬁ?ng a hol e bl ocking | ayer.

The el ectrode can be fornmed of one or nore of the following materials: 1TGO
| ZO, ATO, AZ®a mirticvdar,entmidohenty thephotedétactpr cpol ideludé:uandight wensitéaitmlayer on

nanot ubes, silver nangwire, 10 LiF/ AU.TO, Ag/1TO, .a Cs [1TO, In
Cor tai i BitbSiciioiin i SrerhbockEE Butelig W ehename 1B STROTAL I6r B ¢ he
l'ight  sensidtdizde! RYSBE e@&ﬂoﬁ%l@&iﬂgﬂuﬁﬁ‘élﬁzjgtlhﬁérﬂgfﬂeaM%tronTﬂﬁcﬁihgmnneling
sensitizing |ayer can be fornmed of, for exanple, one or nore of the

f ol | owilmgerwan be.ifat ssanRkS aibhBCAe@astack lquanenshithd d¥)C/MpEBestaskidEr gan e s
a0t gt 2L BT Y 1S R PR 0, YRR Pl R

embodi w%@r,anuhﬁe Q601 1:98r b @edctngirt srangl éoigact ayie theahADE layeFAPTHeMr08dst ack
| ayer. e TAPC | ayer can be forned to a thjckness_of, fO{) eximﬁém nmto
100 nu.clamedpsen thenybe diaethben pad e gorEctawithithk A Byer phihcekdhbiMoOp nm
to 100 n : ~erhodi , ] ac i Qler GAN chncl ude
form ngSta{aEﬁ(t%%¥eé' lﬁhgcl hﬁaé%&%?%&ae%db CI’ E(Se%xgﬁ‘gwgﬁgg%%gglﬁ&alygr %5n [ ﬁcl ude
one or iAvluge,af.g.t RBS fqahhtomi dgs. méd erfuahs: enZn@imdECDA, plBERctad@EZan BRiwde, a Al 3,

nCP, 3TPYMB, and_ Ti Q2. I n further enbqdi nent, coupling the
phdQodeiadeblorking dayegan Hwt%"s‘iﬂ%m@%EB“ %‘frﬁlﬂﬂ %S%ﬁﬁl?%%y 'he phot odet ect or
Wi th gain t OEﬁBodineﬁfscmg(‘shgﬁgt RREAGANHSE Q¥Rle! ROmEMRBdObER NG B IR-to-

interconnecting part. The photodetector can be coupled to the .
i nt er covisiblt iprgn@Ssipardevisec Ahe HBttotvisable lupconvsrsitn deienepn bnprelRiryvisiyer of

t he phot odetector, i.s cl.oser th the light sensitizi il S0

i nt er coOMTARYSTRGN gaYiEe Wt,tﬁega&g rPhBEOdS%ﬁtB f &t n@ogl F %d’etgl&r%%%ér!@glrtl}lﬁ g%l%li %%ggar t

such t hahbddigeh! la SfctiodeoOEERchen la SI-tot Vigiblet bpcdnTbrsion devidehean include:

i nterconnecting part. The photodet ector can_incl ude ari, el g@t E;%ﬂ)e ggd r the
H¥ot¥. e g B

|i gt sfonwirtg 2i pptodejestor i enat femmipg rasddE i nask capp can

i nclude ,an el ectro on t T I : deste.
In an eRisd eﬁeecﬁqr, Wqﬁﬁ?f%‘ngﬁeﬁeﬁgh‘%gg@%?%c o]%ﬁ\/vierf rhggﬁﬁ?gb Lt@%)e%%?_%tb can
i ncl udesp@uY hinatihenepbietesty dotting W héle gainspatiingdayey (HILHh®roiiDa lighe
phot odet ector with gain can be coupled to the ED F‘#@SF that the ETL of the
OLED i scwitbeglayed , JdgRmieg A8 clact PR anspoEMedpEE i TUFE SHEET (RULE 26) WO
2013/ 003850PGT{ Y24 0288 % 1k O DGR AABLEAL @rar 1480 bbriof dFaidie
el ectron bl ocking/ Unnel’ ng layer of the photodetector. In a particular
enbyi menter bhRaphopotnect &R lipan thowdhudmbaditehts ok ovkilimjtddatheretadjieknt to

the light sensitjzing |ayer, and the photodetector wth.gai b upl ed
ot he deemdsiing PR i Erdgont Renireer e 1l Seeipiri T FPooRi &6,
w th thg-Rol g0l oghling |A¥Sksiah, tdid SalRhA LS etRB6:P mandiiBep NOved ahesties, can

i ncl ude” an’el ect’rode adjacent to and in contact with the el ectron
bl ocki npif/ADHED] ng/ITAY €sC Cailior hed @NED Aganlg3rasackdeyern theuak epbadingdfsa@ent t o

and in contact wth the HIL _The, el ode of ;the ph t he, for
exanpl e,nmaL tteﬂ\%%r?toangrh’?ﬂgﬂf{élcgﬁ@reo@gk fcﬁ%glc&dﬁd)r%aﬁ} gﬁg)% 1“% grt%egﬁrr%?ng,g an
anogle. Enhodidmeqis, hpherrsibiEs! ald¥RAfih® dedd e, tloatle ehbotivtdnadsreofiot
upconverting IR 10 radiation to visible radiation usi nglFan | R-to-visible
upconveligiied thavioc lheTihbL PRthOLED) tindnelped AV PSMEF eleiie dellQ¥ne TR a

phot odet ect ., Th Dc %EQ e - 1 0-VhsSkhl e
upconveﬁrzﬁ)@'ag’dmggxg%?ﬂé’ %{ﬁ Fg-ntc bﬁl\?)iugl? t?ﬁ{eﬂ)oupcoFlsv%-llrgsllldérFll\)1 g?/c?/t:}%fe\?\%’t k;rhSai n,
and thephobpdrs estEn Ganidetude eRobpdesrecsfothewidllowgad matdrivds: (BER, Ephen,

i nclude at | east one electrode, a hole tra_ns,g;grti ng |layer (HTL), a l|ight

em tti ngTPXPEB, gndmly3, thawehwembodiments gremmyt LgRSESkestRg | ayer (ETL). At
| east one electr f ; Al R®fek On Of
Vi s?@)l e and/ i‘?a %9[ Célgasrtemg)%gloq}r |oﬁg%%£ﬁ&a{?€®?%%d§gﬁ I\ZérrbA(%g[?lﬁgr?t%sc ar}gé3 not
li mi t ed TheevigtA ldachf tleellotDgalqH sthdle laPhEbarchavel o complesigoreof rfomoxamdé. t he
followwng materials: ITO 1Z0O ATO, 0 AZO silver, cal fi urR %%esfﬁmhlq%ol d,
al umi nuﬁﬁgié@r(ﬂgﬁ)ﬁ%@%%@“@dl t9er thigkResti glefor example, less than - 1he
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20 LiF/AI/1TO Ag/ITO CsCO3/1TO and a My: Ag/ Alg3 stack |ayer, though
enbodi nents are not limted thereto. The HIL of the OLED can include one or
nore of twe 2bmdosssong materials: NPD, TAPC, TFB, TPD, amrdTdiSanmioes272
derivative, though enbodinents are not limted thereto. The LEL of the OLED
can include one or nore of the followng materials: Ir(ppy)3, MEH PPV,

Al g3, and Flrpic, though enbodi nents alé not limted thereto. The 25 ETL of
the OLED can include one or nore of the following materials: BCP, Bphen,
3TPYMB layzndf htddg: Adid g statiadi vembs famednot thickhesedf, foreaxemple, nemg0 nm

parti cul enbodi nent, the electrode of the CLED is a My: Ag/ Alg3 st ack

| ayer. tq—ﬁéo M- Ag | ayer of the My: Ag/ Alq3 stack | ayer can have a conposition
of, for examyeghotodetect¥d:cA b HO0phbloRdtdr At a¥ia andtchh GMBESedis ddsoribed
exanpl e, less than 30nm The Al'q3 |ayer of 30 the My: Ag/ Alg3 stack | ayer
can hawveren,tthpedneds oof eléctrode naethbe forhredm Dhatns. tferming thenphqtadetector can

photodet ect or. can be.a phot adet ect wth gajn_ as. cf.l.be I hough
onl oﬁ’é‘ﬁ'é‘ﬁeegf%% aﬁéeéaato%e ﬁfegég%t’ %lﬁlllgg i gghtt ﬁeggﬁﬁgéo%g%égp g%@%ﬁgigﬁcl ude
at | easdecBf ROQGHI/RBReliR W20 F3HAM3EHO REDIISROb2 /A4 225020 ftonkil g hiiclude
sensitizing |layer, and an electron blocking/tunneling | ayer. The

phot odarednpa sekstrate ang/cspemanapihyle eskintelagersubst rat e and/ or a hol e
bl ocki ng | ayer.. L nel : t
9 >Ll?ne:rell%citrso:de l%&?@%gcg\%lggg%?%%ré ¢ t}'ﬂéj?olfa%n% T af: (ﬁO, bﬁO,

foll ow ng nmate silver, calcium mgnesium gold,
al um nurTOcAZbYEilvva @l ditesSmagndsites, godd)ahintieumbScdrbénl AddioTi@es. AgikeM@nowird,
CsCCB/ 1. TO, In certain e)wb di nents, the photodetector can be an IR
phdfoddtbetdl Oad/kTiGh al’?léjﬁpoéé?@i tizing layer can be an IR sensitizing

layer. The Iy eahddirl btddBRcloP Sh 88 anfIRM pifstedENRor MEhONighDT e of
the foll ow &g%ngt?%rél@?&gﬁég% drlllgﬁ%c% ystglos (quar?%lum%ots), PbrSe nanolgr stal s

( quant wengttia) JayPCTdhe SnIR serSitizimgdeger. Albedight sonse@E: lapy, caribg Permed of,

10Ti OPc; C60, PbSe, PDbS, | , ~LNGAS, Si.. . and GaAs. a

embodi BhEXARMNE e RYR Ogﬁ%c@blﬂﬁ’m%ﬁtgwlﬁﬁ Saﬁ}%r}ocﬁygﬁ%o@ugm‘l%ﬁ%ggsest ack
| ayer. &Bﬁc&ﬁﬁ’& gcﬁeéﬁ{unpadbtéja}mﬁ)msim,eﬁlpe:fcmf 0K IPERAMAIRCIT AU TiOPEO0 nNm
The M03 | ayer c have a thickness of, for exanmple, 0 nmto 100 nm

| n lan enbddiGCEnPhSt, bSphdtsotiéia’st 6t, (waand @eAtde a hol e bl ocking | ayer, and

t he hol e 15hl ocki l.ayer .can i.ncl.ude.one_or. more. of t i

materials: ZAG" er{#%gﬂflg’gcgfe g Mé%?tuﬂ%?@%@,cagﬁwbg%ﬁqg ek

In a fl%%}emﬁnp&ﬁ@ B cah BE fdrifreldQo i tRickh&s WP aBNYEMSION Aevbde0aan &hso

i nclude an interconnecting part between the photodetector and the OLED. The

i nt er covoBg tayeycaraba formed ivea hiskingssorel@r sxamplefhpmin 0@ et r on

bl ocki ng/ tunnel i ng, | ayer th h r,l S 14 ght
sensiti zi ngn]Inna%F‘%lbgg"%/rgn{’ﬁffgn}nﬁge@%%hﬁ%@%tlg%épf)%dr ?n,c‘ﬁ!zlandﬁ %ﬂé@&ﬁ@féfﬁl?ﬁ%ﬁ ED
i's %) OSYert Bad tHeh®1EBlockingigyer Ren infl@lecconegehére@fpar folloWieg plattriebeeOt or
can include an el ectrode under the Iig.ht sensitizing |ayer, and that

el ect r oJECHn BSeP. d/CHR JdRhenThda S omtsy, 3d ik YiMhB %Tigﬁ' el ectrode on the ETL,
and that el egt Eqﬁﬁh&aé}n&?dio eﬁf',itclaﬁﬁlg‘leg g{r% @gbt&[@é&%rn@ﬁh’ A% Wi PR Shidl e

upconver si on device does n rnc i nterconnecting part, and the
phot odetekidercouplimosict planedttetisrestth ywaidjcer nntetconndnein@lED. antheow@liED than be

Do St L AL ETbof e, BB CLoReto L Rk ke BERE 2
o38O P S i o Pl e sboladenet o)
and t heliffiLscofitizing l@v&EDsc@nthbenposinnpaingdpart. The OLED can be coupled to the
interconnecting part such that the HTL of the OLED is closer than the ETL is to the
interconnecting part. The photodetector can include an electrode under the light sensitizing
layer, and that electrode can be an anode. The OLED can include an electrode on the ETL,
30  and that electrode can be a cathode.
In an embodiment, coupling the photodetector with gain to the OLED can include

coupling the photodetector with gain directly to the OLED. The photodetector with gain can
be coupled to the OLED such that the ETL of the OLED is closer to the light sensitizing layer
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30 adjacent to and in contact with the hole blocking [ ayer of the

phot odet ector. The phot odetector can include an el ectrode adjacent to and

i n cont acwowniimossse el ectron bl ocki ng/tunneling | ayer, aoa/ush@20L8I2 can

i nclude an el ectrode adjacent to and in contact WO

2013/ 003850PCT/ US2012/ 045272 16 with the HTL. The el ectrode of the

phot odet ect or can be, for exanple, a cdthode, and the el ectrode of the OLED
can be, for exanple, an anode. I n many enbodi nents, the IR to-visible
upconv ef sheophdleddt@gorciann kxeis fib itippeldctesn blockiag tamelimg 1zyad of thel ghofadatetionn

roperly. The OLED can be transparent to at |east a_ portion of Jight 5 in
the I RIZ BT aRASHRCE B eCer can Jpelyderd 5%18@%11& @_.yerﬂdéécgnt to
phot Od%‘?ﬁ%ﬂrseﬁ%ﬁ% 1dyE AR A otdRtRtorvEias %aiflﬁ‘_cﬁ’r?f)é b1 td theWLEM s

e
vi si bl e spectrum though enbodi nents are no imted thereto. The
| R-t 0- thegithd EThpefothe €siDns ddjucent ta pod imveontact Wth thgtitole blovkisg hayer bf gist . The

| R-tovi si bl i 1t isible |ight fr,. th ED t
bhod odeaRHE Rbe bR PcHs 9n A nCTRn §1ecHtn e £5 ahor PR By
(e.g., e%trbB_bﬁ?cﬂﬁngthﬁéT&gh%&f andothe C1: PR PRI GhQlecddO hliScdnRtd Wgthin,

causing carriers to oW. e carriers flowto the OLED, either directly or
vi a an contaet wmttedi Thg Thaktectrodwussi the phdteddigtorgfan hefoocEmple, aefthodg) 4idp| e

light. The | R-tovisi upconver si on device.can i nclude a phot odet ect or
Wi th gé’i“*neelaﬂﬁ‘)dtéadf t}éed@ttﬁpa‘%gg’ﬁsﬁ} PG 4 90, 15 EXAMPLE 1 A
phot odet ect mMREMEART AL efibRAt n@hasS akybglatate methalspbdtpaatatihgriR
included an ITOfirst electrode, a ZnO hol e bl ocking |ayer_on_the fjrst

el 46t r cadiatien RhEsiplaradianodotsing yhiR-tewisitle ppengvemipardeyifer nErenbi-©-HF8&i ng
| ayer, a TAPC/.MbQ3 .stack. el ectr i.ng/A4t i | i ght
sensi t i"PFRYTAYR ?V%en&anamscglggr? &tgdg?e%§é%ggﬁﬂt r%b'elr’lglgﬁg%l?\%xﬁrbe AR Giep! 1 9

bl ocki NoHet rReikiBR Upay@versidih éeRbScatrninUR-deotisiblegipromensdon daiicegwitagan, had

t he absor bance spectrum shown in_Fi gt;ure, 1A, Th@mp(ﬂlgéﬁdet ectlo(% %il%ﬁi a%ed t he
J-V chamddhephespdetectorn saasbe(d photadateciampith gaipny Ty AN ARCYE A atfd

0. 302 s G AE13E8 (0], td APR! Ltitidd eayRP oL ROt Rt A clexorbi t ed
t he gaivég&g%ge’dggl\é%t |{r\'[;l!/’|1 ;(;QH{ sla?%ngtl or’lsaj o?ﬁtappll ilegg \;gl ft?age),3 shownei n
25HRisguremsgartiagthydB(ETI9spect i vel y. Al'l patents, patent applications,

SIS IR I TR ST A RN
ot hi e B e ol 5 and
embodi needtsddes did ORHEDhemdnclude end or mee: of the Seltesting i d &9, BPyARRd t hat
oS R LS L85, SIERIES o, LA ARl bl R, OB,
puryg evt @it RpPHOcatConITOWARH 184 AQBBF0 REatk USR0 16 0dbamBodiihents are
not limited thereto. The HTL of the OLED can include one or more of the following
materials: NPD, TAPC, TFB, TPD, and diamine derivative, though embodiments are not
limited thereto. The LEL of the OLED can include one or more of the following materials:
Ir(ppy)3, MEH-PPV, Alq3, and Flrpic, though embodiments are not limited thereto. The
75  ETL of the OLED can include one or more of the following materials: BCP, Bphen,
3TPYMB, and Alg3, though embodiments are not limited thereto.
In a particular embodiment, the electrode of the OLED is a Mg:Ag/Alq3 stack layer.
The Mg:Ag layer of the Mg:Ag/Alq3 stack layer can have a composition of, for example,
Mg:Ag (10:1) and can have a thickness of, for example, less than 30nm. The Alg3 layer of
30  the Mg:Ag/Alqg3 stack layer can have a thickness of, for example, from 0 nm to 200 nm.
The photodetector can be a photodetector with gain as described herein, though only

one electrode need be present. That is, the photodetector can include at least one electrode, a
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CLAIM5S What is claimed is: 51. A photodetector with gain, conprising: a
first electrode; a light sensitizing |layer on the first electrode; an

el ect r on Wwbaeolsd/mggsbunnel i ng | ayer on the |ight sensitizipog/usayiensszand a
second el ectrode on the el ectron blocking/tunneling |layer. 10 2. The

phot odetector with gain according to claim1l, wherein the [ight sensitizing
| ayer is sensitive to photons having al velength in a range of fromO0.7
j.tmto 14 1AM inclusive. 153.The photodetector with gain according to

cl ai m Zightweesigizingt lager] anghan slepisont blorkigeieanpeling fayensehs phgtodetectoriaot

havi ng a .wavel.ength of at |egst 0.4 .iiMand |ess than 0.7 pm 4. The
phot odé%’%‘?%fy lﬂfq‘ﬂﬂe %3?‘??%3@@83@ ﬁg’oiéoblg&é?gng ““Wwherein the light sensitizing
| ayer conprigRS&RSde¢antisimdobse & mBRSer theapllomindahsterid®: 1TO, 12CR.AThe

phot odetector with gain according to claim11, wherein the Iight sensitizing

| ayer cofpr isdex. PRISUGuamaEnsiit.s gold, alumigumyKarhoRorBWEIIsEL B VR 1ROYHPn
accgrdlLr}g/AtlﬂTg %gm?éﬁ}g@?rggb?/ﬁag | i ght sensitizing 25l ayer conprises at

| east one materi romthe group consisting of PbS quantum dots,
PbSe quant urmmdettsin diiBdofnecfinRbe phofdetetor cAil Be @, IRAfReElkIdCaR, andi tBédight

T Ope: %gr?s’itizpiggs ?éyef Basri be: grﬁR slerrllscl;t?érsl’g lasyie’r. %’e li?gﬂ‘? se%@fzing layer can include, for
example, one or more of the following materials: PbS nanocrystals (quantum dots), PbSe
nanocrystals (quantum dots), PCTDA, SnPc, SnPc:C60, AIPcCl, AlPcCL:C60, TiOPe,

10 TiOPc:C60, PbSe, PbS, InAs, InGaAs, Si, Gc, and GaAs.

In an embodiment, the electron blocking/tunneling layer can be a TAPC/MoQj; stack
layer. The TAPC layer can have a thickness of, for example, 0 nm to 100 nm. The MoO;
layer can have a thickness of, for example, 0 nm to 100 nm.

In an embodiment, the photodetector can include a hole blocking layer, and the hole

15  blocking layer can include one or more of the following materials: ZnO, NTCDA, BCP,
UGH2, BPhen, Alg3, mCP, 3TPYMB, and TiO,.

In a further embodiment, the IR-to-visible upconversion device can also include an
interconnecting part between the photodetector and the OLED. The interconnecting part can
be positioned such that the electron blocking/tunneling layer of the photodetector is closer

20  than the light sensitizing layer is to the interconnecting part, and the HTL of the OLED is
closer than the ETL is to the interconnecting part. The photodetector can include an electrode
under the light sensitizing layer, and that electrode can be an anode. The OLED can include
an electrode on the ETL, and that electrode can be a cathode.

In an embodiment, the IR-to-visible upconversion device does not include an

25  interconnecting part, and the photodetector is positioned directly adjacent to the OLED. The
OLED can be positioned such that the ETL of the OLED is closer to the light sensitizing
layer of the photodetector than it is to the electron blocking/tunneling layer. of the
photodetector. In a particular embodiment, the photodetector can include a hole blocking
layer adjacent to the light sensitizing layer, and the ETL of the OLED can be positioned

30 adjacent to and in contact with the hole blocking layer of the photodetector. The
photodetector can include an electrode adjacent to and in contact with the electron

blocking/tunneling layer, and the OLED can include an electrode adjacent to and in contact
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7. The photodetector with gain according to claim1, wherein the first

el ectrode 30conprises at |east one material selected fromthe group

consi sti ngoab1dmassam tin oxide (1TO, indium zinc oxidePCIrAG12aki2m2 nuM tin
oxi de (ATO, alum num zinc oxide (AZO, silver, WO

2013/ 003850PCT/ US2012/ 045272 18 cal ci um magnesi um gold, alum num carbon
nanot ubes, silver nanowire, LiF/ Al/I1TOl6Ag/1TO and CsCO3/ITO. 8. The

phot odetector with gain according to claim1l, wherein the second 5el ectrode
conpri sfth tfe HEBStTIRNGedtRIderdfahe pROtOGdtedof Canbd, Her gramufle cotmhsded, agd die
indiumtin oxide ITCI)?Z\’Z i ndium zin¢c oxide (1ZO, alumnumtin oxide (ATO,
al um n§taciPAe obtr GRIAz@y) be, o1 qxample: an gneflyy  nagnesi um gol d, al uni num

carbon nanotyy %g%gce?ﬁﬂo\ﬂ%?rﬂg Qﬂé’\&ﬂ-@o-vf‘sibgél %cjohygsiloﬁ‘gl/e{li%pceﬁﬂg {3t {u;['_x%ds .

109. The photo or w gai n accor to claim erern the
el ect r egleundsandstitl fasteiongnepentye riierOLER carbe ndnspasnt tooadedssa aoanh lvd dight
10. The photodetector with gain accordi t.o c%ai m 9 the first

. wh i
ol o8t r GaEhG Uhpricsman, Ahoeb RetbasHecta b Rl ruBdopist. 1 TBHPRHEIGFeican b
consi s indi t i (T hid Bl i ' i '
i oxi T O g e B S e B
gol d, dimimddnhesetccar bon nanot ubes, silver nanowire, LIiF/A/ITO Ag/ITO and

CsCCOB/ 1 TO, apd in th d el i i
sel ot ed | r e EGrEHls BERSICTPAGSURS Pt I o fare R BRI, P
oxi de  (Jig6k: upRbaNBrSMetif vRxbIdaighAMiOhn thel OMEDUdhehi te paXioderelid hsortsi IRver

cal cium nmagnesium gold, 20 alum num carbon nanotubes, silver nanowire
Li BOAI /ligho, Thgy isTOe laght sexstidng eoer (e.g.. an 1R pensjtigng Fyeode: lbe PBetodr e ai n

SoE LS bE SEE T SR SB BN, Lpratet L3 2
12. TheiphRtALRbLASICERg Wakthcging the CHLbMNYe ALK ab bmitlvisibleclight.n ThhéRTAPC
layer is in direct contact with the Iight sensitizing | ayer, and wherein
the MoO@siblyenconeersian dicrise ca araludst 2 RIPIRAFIREOS WEERIE AR i iy AntagCoLsly
exhibit gain.
15
EXAMPLE 1

A photodetector was fabricated on a glass substrate. The photodetector included an
ITO first electrode, a ZnO hole blocking layer on the first electrode, a PbS quantum dot light
sensitizing layer on the hole blocking layer, a TAPC/MoOj; stack electron blocking/tunneling

20 layer on the light sensitizing layer, and a second electrode on the electron blocking/tunneling
layer. The PbS quantum dot light sensitizing layer had the absorbance spectrum shown in
Figure 1A. The photodetector displayed the J-V characteristic curves (for dark and IR
illumination at 1240 nm and 0.302 W/cmy) shown in Figure 3B. Additionally, the
photodetector exhibited the gain and detectivity, as functions of applied voltage, shown in

25  Figures 4A and 4B, respectively.

All patents, patent applications, provisional applications, and publications referred to
or cited herein are incorporated by reference in their entirety, including all figures and tables,
to the extent they are not inconsistent with the explicit teachings of this specification.

It should be understood that the examples and embodiments described herein are for

30  illustrative purposes only and that various modifications or changes in light thereof will be

suggested to persons skilled in the art and are to be included within the spirit and purview of

this application.
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3013. The photodetector with gain according to claim11l, wherein the TAPC

| ayer has a thickness of no nore than 100 nm and wherein the MO03 | ayer
has a t hiwbnesmosdsono nore than 100 nm WO 2013/ 003850PCT/uUd3pan2420215272 19
14. The photodetector with gain according to claim1, further conprising a
hol e bl ocking | ayer on the first electrode and under the light sensitizing
| ayer. 515. The photodetector with gainlaccording to claim 14, wherein the
hol e bl ocki ng | ayer conprises at |east one material selected fromthe group
consi sting of ZnO napht hal ene t et r@cAtMBxyl i ¢ anhydri de (NTCDA),

2, 9-Di net hyl-4, 7-di phenyl-1, 10- phenant hrol i ne (BCP),

p-bi s(triphenylsilyl)benzene (UGH2), 4, 7-di phenyl-1, 10- phenant hroli ne

( BPhen)ymihid Sipfn@sq igydr oxy quinoline) al um num (Alg3), 3,5
-N,N'-dica# a%%@%fgenzene (nmCP), C60, tris[3-(3- 10pyridyl)-nesityl]borane
(3TPYMB), and Ti 02. 16. The photodetector with gain according to claim1,

fur%her conpri si r}ﬁ 8I z%ss substr.ate under the first el ectrode. 1517. The
phofodet ect or wit p@%{ feledob R YN WU 1, wherein the el ectron

bl ocki ng/ t unnel i nokey&sirdds: @ TAPC/ Mo03 stack | ayer, wherein the TAPC | ayer
is in direct contact with the light sensitizing |ayer, wherein the MO03
|l ayer is in directlighhatraizing leyertonghe Bespalgcepdect r ode, and wherein the |ight

sensitizing | ayer c ri ses;Pb h
phot odet ect or mﬁfW‘%%Bﬁn§§¥%FlﬁH%%ﬁgégﬁgggﬁ??}%gﬁF?ﬁg¥m§§%€%i%F%g a hole
bl ocki ng | ayer om debend éle@todeloachs edaranslotiiggtunhbléng laght sensiti zi ng

| ayer. 19. A nethod of fabricating a photodetector with gain,
cofPrising: 25forming a first electrode; forming a |ight sensitizing |ayer

on the fir sty el ecltﬂeoﬁl%;todetector with gain according to claim 1, wherein the light sensitizing
layer is sensitive to photons having a wavelength in a range of from 0.7 um to 14 pum,

inclusive.

15 3. The photodetector with gain according to claim 2, wherein the light sensitizing

layer is insensitive to photons having a wavelength of at least 0.4 pm and less than 0.7 pm.

4. The photodetector with gain according to claim 1, wherein the light sensitizing
layer comprises PbS quantum dots or PbSe quantum dots.

20

5. The photodetector with gain according to claim 1, wherein the light sensitizing

layer comprises PbS quantum dots.

6. The photodetector with gain according to claim 1, wherein the light sensitizing

25  layer comprises at least one material selected from the group consisting of PbS quantum dots,

PbSe quantum dots, PCTDA, SnPc, SnPc:C60, AlPcCl, AlPcCl:C60, TiOPc, TiOPc:C60,
PbSe, PbS, InAs, InGaAs, Si, Ge, and GaAs.

7. The photodetector with gain according to claim 1, wherein the first electrode

30  comprises at least one material selected from the group consisting of indium tin oxide (ITO),

indium zinc oxide (IZO), aluminum tin oxide (ATO), aluminum zinc oxide (AZO), silver,
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formng an el ectron bl ocking/tunneling | ayer on the |light sensitizing

| ayer; and form ng a second el ectrode on the el ectron bl ocking/tunneling

| ayer. 30R0.20tsmo088bhod according to claim19, wherein tireThiSght/0s2nsiti zi ng
| ayer is sensitive to photons having a wavel ength in a range of fromO0.7
i,un to 14 gm inclusive. W) 2013/003?g0PCT/U82012/045272 20 21. The
nmet hod according to claim20, wherein e light sensitizing |layer is
insensitive to photons having a wavel ength of at |east 0.4 gmand |ess than
0.7 gmealcium, magnespm, hlsl, rdumiginacessbeli mgnetobest ailiverl ganawice.eLH/AHEI Qi ght
sensiti ri ses PbS quantum dots or PbSe quantum dots.

23. Thééﬁggn XE%E%%ﬁ?ﬁB to claim19, wherein the light sensitizing | ayer
conpri ses PbS quantum dots. 1024. The nmet hod according to claim 19, wherein

the |ight senS|t|2|ng | ayer conmprises at |east one material se|lected from
the group consi sﬂh@gphﬁwé‘ﬁ@t@maﬁﬂu B0 BeCOrPBgelog R ul dBEEin ﬁ@‘[ﬁﬁ\co@n

Sn Pg ?ectrﬁ‘hga%pn% zag 9%% 88 tn%elt%?@ sel-gbtgﬁ) G Phe ngl ogpig‘lz V\%ée Bfa‘ﬁldld

according to cfa rein t e first
6| ECt r Qﬁtﬁiecafml)l mdiunatzieeasitle giEO alweninain Seloaétce@ TOPmlthmugr sup oxide
consistin indiumtin oxide (1TQ), |nd|un12|nc oxid g %% alumnumtin
oxi de (A ) SlaYQHnFHGWklfﬁégft?ﬁ’iqu 9 Cjumé‘}‘ﬂ%e‘f'ar %Pé@q}ﬁt{e g St ol d,

alumn er nanowire, LiF/AI/ITO Ag/ITO and
CsC3/ ﬁ%ﬁgg@[&gqm%g&aﬁgs}%?hod according to claim19, wherein the

second el ectrode conprises at |east one material selected fromthe group
consi sting of i ndi,um_tin oxide TOQ, indiu xde O umtln
oxille (ATO ,%al urﬁ}f?Lﬁhoi(?q‘?éeCWﬂﬂg‘ %ﬁé@f"org \T%rc aidaf: ¥ lgﬁé ﬁg% l?ﬁ{n gol d,

al uni eyt SATROMAGAILHIRS secBhd VREmARNGUickBodd T F/ AU To Ag/ P70, and 25
CsCXB/ 1T . The nethod according to claim 19, wherein the first

el ectrode is an anode and wherein the second el ectrode is a cat hode.

3 h di f
028. The ”Etl eas col 't(?f%tteé;?(ira\yl?}é g]"fuézatcu\)(,fvﬁ%nﬁetl r&tlah&% \M’ié?&n%@ Gt %fé%tro?e

conpri ses at roup consistin
i ndi um dolnfhrRY feedst 363 matdiidi uRAENGo@XDE gro(ubZ@)mstaigmﬁ mdlmrt fimoxidé dé” QATO),

! ulr? nuirr?diilmngingxolx(ijd% éILO) alursnllrlu\{lsgm gx?(lieCI(A%), aluminum zinc oxide (AZOQ), silver,
calcium, magnesium, gold, aluminum, carbon nanotubes, silver nanowire, LiF/AVITO,
Ag/ITO, and CsCO5/ITO; and wherein the second electrode comprises at least one material
selected from the group consisting of indium tin oxide (ITO), indium zinc oxide (1Z20),
aluminum tin oxide (ATO), aluminum zinc oxide (AZO), silver, calcium, magnesium, gold,

20  aluminum, carbon nanotubes, silver nanowire, LiF/AI/ITO, Ag/ITO, and CsCO3/ITO.

11.  The photodetector with gain according to claim 1, wherein the electron
blocking/tunneling layer is a 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC)/MoO;

stack layer.

25
12.  The photodetector with gain according to claim 11, wherein the TAPC layer is
in direct contact with the light sensitizing layer, and wherein the MoOjs layer is in direct
contact with the second electrode.
30 13.  The photodetector with gain according to claim 11, wherein the TAPC layer

has a thickness of no more than 100 nm, and wherein the MoOj; layer has a thickness of no

more than 100 nm.
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WO 2013/ 003850PCT/ US2012/ 045272 21 magnesi um gold, alum num carbon

nanot ubes, silver nanowire, LiF/ AU TO Ag/ITO and CsCOB/ITO and wherein

t he secomsioebssasssde conprises at |east one material selpetiusdoaesiz he
group consisting of indiumtin oxide (1TO, indiumzinc oxide (120,

alum numtin oxide (ATO, alum num zinc oxide (AZO, silver, calcium
magnesi um gol d, alum num carbon 5 nah®t ubes, silver nanow re, LiF/ AVITO
Ag/ 1 TO, and CsCO3/1TO. 29. The nethod according to claim 19, wherein formng
the el ectron bI ocKki ng/tunnel ing |ayer corrpri ses formng a TAPC/ Mb03 st ack

| ayer. 1030 ccording to cla he TAPC.| a

formed in dil rect D@Grﬁ’ﬁ iFtn V’flﬁ’egé}lpﬁﬁ‘forg}élﬁ Pt:{\h’inng "R %rrco%g1%%$8 i the
second pg) RG1NQAS ohShd ﬁfsﬂ@l@cﬂrdhecﬂnﬂ%ﬁel(%ﬁ@IlQHttseM\dlﬁﬁnérh%er03 | ayer.

31. The nethod according to claim?29, wherein the TAPC | ayer has a

t hi ckness of 15 no nore than 100 nm and wherein the M03 | ayer has a

th| kness of t 100 nm t i | ai

5 further 1é’()rrprl § [ rﬁ‘ﬁpot%gtreﬁoﬁg‘jv ih %1 &Bf dé%éfonéggfna%r‘ﬁgege ?1 %ﬁ@?&g %?O cmlgc A

el ect odRr cwﬁsf@s it 1dast dde&h&teﬁ@lrb‘éleblealfﬂgn tlay@bup sorfsisting df @nC, heptiledlene

bl ocki ng | ayer. met hod according to c| ai m3 milnthe
g

hol e b|t@m¢amxyl&y@rhye@ﬁ®m§69@t 249&@‘116%6@ Tritbengt], E%P’éf‘d%@f gr oup

consi st aI et
e e
bi s(tr 'h@bﬁﬂykﬁﬂlﬂdﬂn)fb@lﬂm ((MEHZB SANN —dinqirlbemlrél_—bdnzﬂzﬂe phERRALHY, @11&[3}@-

(BPhen) tris- 5hyd I I Al
5. 80 e ST D6 SR [ Cls0, 11 s[5 (3

PYridyl)-nesityl]borane (3TPYI\/B) and Ti 02.

16. The photodetector with gain according to claim 1, further comprising a glass

substrate under the first electrode.

15 17. The photodetector with gain according to claim 1,
wherein the electron blocking/tunneling layer is a TAPC/MoOjs stack layer,
wherein the TAPC layer is in direct contact with the light sensitizing layer,
wherein the MoO; layer is in direct contact with the second electrode, and
wherein the light sensitizing layer comprises PbS quantum dots.
20
18. The photodetector with gain according to claim 17, further comprising a hole

blocking layer on the first electrode and under the light sensitizing layer.

19. A method of fabricating a photodetector with gain, comprisihg:
25 forming a first electrode;
forming a light sensitizing layer on the first electrode;
forming an electron blocking/tunneling layer on the light sensitizing layer; and

forming a second electrode on the electron blocking/tunneling layer.

30 20. The method according to claim 19, wherein the light sensitizing layer is

sensitive to photons having a wavelength in a range of from 0.7 um to 14 um, inclusive.
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34. The nethod according to claim19, wherein formng the first el ectrode
conprises formng the first electrode on a glass substrate. 30

35. The mwohotb/msssor ding to claim 19, WD 2013/ 003850PCPLISRM2/08525272 22
wherein formng the el ectron bl ocking/tunneling | ayer conprises formng a
TAPC/ Mb03 st ack | ayer, wherein the TAPC | ayer is formed in direct
contact with the light sensitizing | ay@?, wherein the second electrode is
formed in direct contact with the Mo03 | ayer, and 5wherein the |ight

sensi ti zi ng 2llay erTheompthiod exctiBigy tramtainm 2t wherein the Bght Semeitimmghlagler is

accordi.ng to claim 35, further conprisi formn hol e blLocking | ayer on
the't | e i e e Pl Forfl et R 0Rbr rad on the
hol e bl ocking layer. 10 37. An infrared (I R)-to-visible upconversion

device, conprising: a photodetector with gain, and an organic

|1i ght - eni tt i2g déecmeffOdEBycording| tod claomt b phetetddhedight swhsiHzigai layer

S5wherei n t.he t odet egtor with gain conprises: a first photodetector

ele trSGEgnﬁfﬁé% 148 ﬁ??f?ﬁ%§?%§%¢ﬂ%ﬁo§he first photodefector el ect rode;

an el ectron bl ocking/tunneling layer on the Iight sensitizing |ayer; and a

second phot odet ector el ectrode on the el ectron bl ocking/tunneling 20l ayer.
23, The method according to claim 19, wherein the light sensitizing layer

comprises PbS quantum dots.

10 24. The method according to claim 19, wherein the light scnsitizing layer
comprises at least one material selected from the group consisting of PbS quantum dots, PbSe
quantum dots, PCTDA, SnPc, SnPc:C60, AlPcCl, AlPcClL.C60, TiOPc, TiOPc:C60, PbSe,
PbS, InAs, InGaAs, Si, Ge, and GaAs.

15 25.  The method according to claim 19, wherein the first electrode comprises at
least one material selected from the group consisting of indium tin oxide (ITO), indium zinc
oxide (IZO), aluminum tin oxide (ATO), aluminum zinc oxide (AZO), silver, calcium,
magnesium, gold, aluminum, carbon nanotubes, silver nanowire, LiF/AI/ITO, Ag/ITO, and
CsCO4/1TO.

20

26. The method according to claim 19, wherein the second electrode comprises at
least one material selected from the group consisting of indium tin oxide (ITO), indium zinc
oxide (IZO), aluminum tin oxide (ATO), aluminum zinc oxide (AZO), silver, calcium,
magnesium, gold, aluminum, carbon nanotubes, silver nanowire, LiF/AI/ITO, Ag/ITO, and

25 CsCO4/ITO.

27.  The method according to claim 19, wherein the first electrode is an anode, and

wherein the second electrode is a cathode.
30 28.  The method according to claim 27, wherein the first electrode comprises at

least one material selected from the group consisting of indium tin oxide (ITO), indium zinc

oxide (1Z0O), aluminum tin oxide (ATO), aluminum zinc oxide (AZO), silver, calcium,
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38. The I R-to-visible upconversion device according to claim37, wherein
the light sensitizing layer is sensitive to photons having a wavel ength in
a range ovof2zommo8ssd pmto 14 pm inclusive. 25 39PCThis201R08327Y 1 Si bl e
upconver sion device according to claim 38, wherein the |light sensitizing
| ayer is insensitive to photons having_a wavel ength of at |east 0.4 pm and
| ess than 0.7 pm 3040. The | R-t 0- vi si bP& upconver si on device according to

claim 37, wherein the |light sensitizing |ayer conprises PbS quantum dots or
PbSe quaagnesihudogsld, al®ig@n3 L0068 BAROIBAISIiDER MBUGRIFQ 128/AITO, AZETO, Tand

| R-to-visible upconversion devi ccording to claim37. wherei | i ght

sensi ti%%/ Iﬁgyé"flg(‘%’r’?ﬁ”? .Sseﬁ%@cglﬁ%mc%rﬁoggﬁggs atcl.eaSt Onﬁﬁqateﬂ?g Sﬁ?é%%%ﬁgfnsi bl e
UpconveRsh@ip @6&1&&{@&9@&1%% $:9d€ (130N BdiumWias ekide (RO B hivedihurg @insdxidezi ng

| ayer conprises at [east one material selected fromthe group consisting of
PbS quantlth diomsnurplySee gride t(d@Cdosibver raiban, sepacsisppgeldsgummpymggarbon

AlPeCl: C60, . Ti OPc, Ti QPc: e , ~A) As, Si, Ge, and aAs.
43. gThélaf’ﬁpP%s-’ é/'fvsefr Bfuémﬂl[r)%(])c“glg @r@?@hAg}i@léC%M;Qg%(r)g?% to claim37, wherein
the first 10photodetector el ectrode conprises at |east one nmaterial
selected fromthe group consisting of indiumtin oxide (1TO i um zi nc

,.1n
oxi de (1Zz0),2%l urdihsurinethad oRee@adipaTey | claimynil Runvhsraia of?rfa@g(m‘ae%trqf\/er,

calciu ' LI ] P@ﬁgo silver nanow re,

Li F/ Al ﬁ‘?%?&zg‘ﬁfé?@g lgﬁéé%@%%%%%?w/e 1 -%%&3?%?bl e upconversion
devi ce according to claim 37, wherein the second photodetector el ectrode
conprises at_|east one material select fromth consi st | ng,.of

i ndfum tin o de (heraythod ﬁ?ﬁ%ﬁ%ﬂ% F%‘E:lal&&gémter?@))ﬂ}eeg/%ﬁﬂ%ﬁﬁfsttlgﬁn%cL’in "EATO)
al umin LNGiA%i itizink 4R, ] e 1e0ro QtOds GorrAd UM kb
car bon%?\ag?gvgg@gg?lﬁf\%glggﬁg\}m&% ,anﬁﬁllélfé,&l&/mlﬂ'}écr),?&gg;&}eTQm andS &CCBI/ | TO 20

45. The doRtakcowith shddMeOypeyenver si on devi ce according to claim 37, wherein the
first

31.  The method according to claim 29, wherein the TAPC layer has a thickness of

15  no more than 100 nm, and wherein the MoQOj layer has a thickness of no more than 100 nm.

32.  The method according to claim 19, further comprising forming a hole blocking
layer on the first electrode, wherein the light sensitizing layer is formed on the hole blocking

layer.

20

33.  The method according to claim 32, wherein the hole blocking layer comprises
at least one material selected from the group consisting of ZnO, naphthalene tetracarboxylic
anhydride ~ (NTCDA), 2.9-Dimethyl-4,7-diphenyl-1,10-phenanthroline ~ (BCP),  p-
bis(triphenylsilyl)benzene (UGH2), 4,7-diphenyl-1,10-phenanthroline (BPhen), tris-(8-

25  hydroxy quinoline) aluminum (Alq3), 3,5’-N,N’-dicarbazole-benzene (mCP), C60, tris[3-(3-
pyridyl)-mesityl|borane (3TPYMB), and TiO;.

34,  The method according to claim 19, wherein forming the first electrode

comprises forming the first electrode on a glass substrate.
30
35. The method according to claim 19,
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phot odet ector el ectrode is an anode, and wherein the second phot odetector
el ectrode is a cathode. 2546, The | R to-visible upconversion device

accor di ngvoao/msssn45, wherein the first photodetector eCeEaiScada42onpri ses
at |l east one material selected fromthe group consisting of indiumtin
oxide (1 TO, indiumzinc oxide (1Z0, alumnumtin oxide (ATO, alum num
zinc oxide (AZO, silver, calcium rragr?@si um gold, alum num carbon

nanot ubes, silver nanowire, LiF/A/ITO Ag/1TO and CsC/1TO and wherein
the second phindreidetfeiog 8@elddatroodbloccbmgrtisedingt ldyeastomprésepateming a

sel ect he group consisting of indiumtin oxide (1 TO, indiumzinc
oxi de ?‘dfi%m%({}hﬁ?‘ﬁi}ﬁygr n oxi de (ATO, alum num zinc oxi de WO

2013/ 003850RG Y EBARL2APEDRY S i2forfnfd ) dirceh b¥iRhot v Gk Waht SFRGNALIHE Wler,g0! d,

al um num carbon nanotubes, silver nanowire, LiF/A/ITO Ag/ITO and
CsCmB/ | TO.  wherein thysecPhé cleRreds-i faristlén dised soetaeti with @é\M@& kyerordl ng to
clai.m 37, wherein.th el ectr.on, bl ocki ng/ I | ayer is a TAPC/ Mb03

st ack Iayer.wgeremtfle ﬁ%}% SPRUARE {ag et sons 8§ g%’%}glﬁ%ﬂg‘%&d@é devi ce according to
claim47, wherein the TAPC |ayer is in direct contact with the |ight
sensitizing |ayer, and wherein the MQ3 layer_ is in direct contact with the
second phot otfet ectlbe @mpdedragerding to claim 339 furthe pempidsing doppwe a hole
upconver,si,on deyi ce i 0 i m 47 e a
Pl cknauadf fEY GF sRTRE Agh R BThE Ren OB G IO YRR

t hi ckneslgclahg Rgenore than 100 nm 1550. The | R-to-visi bl e upconversion

devi ce according to claim 37, further conprising a hole blocking | ayer on
thelf i rst phot odetector el ectrode and under the |ight sensitizing |ayer.
51. The I R-tgyvVvisighl i j i i i m50, wherein

t he hol e 20b dckilhg1 ééyfggagg%??sgagg%{d@g;@g%@g%b,@tde@%sggasel ected fromthe
group consi sting @ophatodadtector with gain; and

an organic light-emitting device (OLED) coupled to the photodetector with

gain,
15 wherein the photodetector with gain comprises:
a first photodetector electrode;
a light sensitizing layer on the first photodetector electrode;
an electron blocking/tunneling layer on the light sensitizing layer; and
a second photodetector electrode on the electron blocking/tunneling
20  layer.

38. The IR-to-visible upconversion device according to claim 37, wherein the
light sensitizing layer is sensitive to photons having a wavelength in a range of from 0.7 pm

to 14 um, inclusive.

25
39.  The IR-to-visible upconversion device according to claim 38, wherein the
light sensitizing layer is insensitive to photons having a wavelength of at least 0.4 pm and
less than 0.7 um.
30 40.  The IR-to-visible upconversion device according to claim 37, wherein the

light sensitizing layer comprises PbS quantum dots or PbSe quantum dots.
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napht hal ene tetracarboxylic anhydride (NTCDA),
2,9-Di et hyl-4, 7-di phenyl-1, 10- phenanthroline (BCP),
p- bi s(triwbeng/msisyl ) benzene (UGH2), 4,7-di phenyl-1, 10- ppinarsaciiosalrz ne
(BPhen), tris-(8-hydroxy quinoline) alumnum (Alg3), 3,5 -NN
- di car bazol ebenzene (nCP), 60, tris] 3-{(53- pyridyl)-nesityl Thorane (3TPYMB),
and Ti02. 25 . 52. The I R-to-visibPe upconversion device according to
claim 37, wherein the OLED conprises an OLED el ectrode, a hole transporting
: ayer (EI‘_FL; ,4120!52rgieth [Reti-visibley upeoneersidnEdgviceanctoading te atlaion 37.r ahsisoy theng
ayer (| . 3053. The | R-to-vjsible u nversion device according to claim
52, V\hé’rgéf ?’?nﬁlﬁlém@l@ﬁréP’é‘BfI?eééJé’iéﬁlﬁ‘ﬁW’@g(gs'at | east one materi al sgl ected
fromthe group consisting of ITO WO 2013/003850PCT/ US2012/ 045272 25 |Z0,
ATO, AZQO, silver, calcium magnesium gold, alum num carbon nanotubes,
i5| | ver nanowi2r e, TheFIRalg-Visible Agearesiads doded Taording ta Ngjmagl Anderest ek
ayer. ... .54 The | R-to-Vvjsible upconversi i C L
cl agm gight BESHER ey €ompFseE BhSAS B eﬁl%asse[e%%)eﬁe% rériﬁw;ﬁéézga%gscgpgg d&?r om
the graows gensimidodg miSeNpRntubARets, TRETDAPBnPanShitt: @60, nelPdet,i XHteCV-€60,
55. The | R-to-visible upconversion device according to claimb52, wherein
the  TIOPELTiEWepra% 8bSatPiSelsts, bféaabbrGearndEreet ed from the group
consisting of Iridiumtris(2- 10phenyl pyidine) (lIr(ppy)3),
[ 2- met hoxy- 5- (2- et hyl hexyl oxy) - p- phenyl enevi nyl ene] (MEW PPV),
'tl)'_r i SE El 8-6 qg! rk?: i not}ﬁa}]m)to%igimenmd n{eddiaR Ylevianatcording to claim 37, wherein the first
i's , 6-di -fl uorophenyl)-pyridi pnate- icolinate, (Flrpic). . 6.
Lr_; ngL R-rhetagdesrisr elegpedneurRissh abisdttoac ]g%é?ﬂ iS\%C% %ferfhﬁ‘ﬁm%w Wﬁé?%?%ofhe
CQRPL i . S t ek | l.ectednf oo @08l 8hd ng of
scr, Boiar SRR (ARG AR RO B ver s, on
devi ce @G&oOr(@izwy, tslvel, ataieibd, mhgresium,t pald, aluminum, carbon nanotubes, silver

nanowire, LiIF/AI/ITO, Ag/ITO, and CsCO5/ITO.

15 44.  The IR-to-visible upconversion device according to claim 37, wherein the
second photodetector electrode comprises at least one material selected from the group
consisting of indium tin oxide (ITO), indium zinc oxide (IZO), aluminum tin oxide (ATO),
aluminum zinc oxide (AZQ), silver, calcium, magnesium, gold, aluminum, carbon nanotubes,

silver nanowire, LiF/AI/ITO, Ag/ITO, and CsCO3/ITO.

20
45.  The IR-to-visible upconversion device according to claim 37, wherein the first
photodetector electrode is an anode, and wherein the second photodetector electrode is a
cathode.
25 46.  The IR-to-visible upconversion device according to claim 45, wherein the first

photodetector electrode comprises at least one material selected from the group consisting of
indium tin oxide (ITO), indium zinc oxide (IZO), aluminum tin oxide (ATO), aluminum zinc
oxide (AZO), silver, calcium, magnesium, gold, aluminum, carbon mnanotubes, silver
nanowire, LiF/AVITO, Ag/ITO, and CsCO/ITO; and wherein the second photodetector
30 electrode comprises at least one material selected from the group consisting of indium tin

oxide (ITO), indium zinc oxide (IZO), aluminum tin oxide (ATO), aluminum zinc oxide
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OLED el ectrode conprises a My: Ag/ A1g3 stack | ayer, wherein the My: Ag | ayer
of the 20 My: Ag/ A1g3 stack |layer has a conposition of My: Ag (10:1), wherein
the My: Agwbayewoobsss a t hi ckness of | ess than 30nm and waoemseen2o7Al 93

| ayer of the My: Ag/ A1lg3 stack | ayer has a thickness of no nore than 200 nm
58. The I R-to-visible upconversion device according to claimb52;, 25wherein
the el ectron bl ocking/tunneling |ayer # a TAPC/ Mo03 stack |ayer, wherein
the TAPC layer is in direct contact with the light sensitizing |ayer,

wher ei (AZOg HDRB tayiem, irsagnasiding e@otd, cburhimot, wiatbont henogdeansveh oroeeiract or
el ectrode, and wherein N sensitizing |layer conprises PbS quantum
dots. W/Ml%iéggﬁésg%?%%-zl 045272 26 59. The | R-to-visible
upconversi on device according to claimb58, further conprising a hole

bl ocking | ayer on the first photodetector electrode and under the |ight
sensi ti zi ng4FayefThe SBOtoTisiblcRupapnversiop| devigecarvpeding ¢ clawi 88 whersindiheg to
claim52, wherejn the photodete i, ¢ ain is positioned directly

adj Aceftectgn E{%k‘&%ﬁmeﬁﬂﬁE%EF&%%&@‘E%&?@%%Si ti oned such that the ETL
of the OLED is closer to the light sensitizing | ayer of the photodetector

with gain than it is to the electron bl ocking/tunneling |ayer of the
phot odet ect @8. wi {ThegR-te-visible upconversibn divace Reoopding 4 Hlamypeonbersy 8§

devi ce ding.tq. claim5b2 .furth Py S| Qg Rart
bot woerl el it an i Carag vl YL PR dpld Ak UHINe0, 14

i nt er conAREdicBataddWith ihe sB@Fidtghofediestoc bletth@de. t he el ectron

bl ocki ng/ tunneling | ayer of the photodetector with gain is closer than the

| i dAt sensitizing layer is to the 15interconnecting part, and wherein the

i nter connectiong PALt %, BQ8hd hathat abdseaibl Lo Qflaikhe7 OwERcirs ud oser
t han t he ETIfwi S Itﬂ)%ﬁt Hie&i 2820#%%&%%&6%% part. a 1hg °
TAPC layer has a thickness of no more than 100 nm, and wherein the MoQ; layer has a

thickness of no more than 100 nm.

15 50. The IR-to-visible upconversion device according to claim 37, further

comprising a hole blocking layer on the first photodetector electrode and under the light

sensitizing layer.

51.  The IR-to-visible upconversion device according to claim 50, wherein the hole

20  blocking layer comprises at least one material selected from the group consisting of ZnO,

naphthalene  tetracarboxylic  anhydride (NTCDA), 2,9-Dimethyl-4,7-diphenyl-1,10-

phenanthroline  (BCP), p-bis(triphenylsilyl)benzene ~ (UGH2), 4,7-diphenyl-1,10-

phenanthroline (BPhen), tris-(8-hydroxy quinoline) aluminum (Alq3), 3,5°-N,N’-dicarbazole-
benzene (mCP), C60, tris[3-(3-pyridyl)-mesityl]borane (3TPYMB), and TiO;.

25
52.  The IR-to-visible upconversion device according to claim 37, wherein the
OLED comprises an OLED electrode, a hole transporting layer (HTL), a light emitting layer
(LEL), and an electron transporting layer (ETL).
30 53.  The IR-to-visible upconversion device according to claim 52, wherein the

OLED electrode comprises at least one material selected from the group consisting'of ITO,
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62. The I R-to-visible upconversion device according to claim®61, wherein
the interconnecting part conprises a hole blocking |layer (HBL) and an

el ect r on Wwbaeois/mgsshayer 20( EBL), wher ei n t he i nt ePcomuseaionz7part is
posi tioned such that the HBL of the interconnecting part is adjacent to and
in direct contact with the second phot odetector el ectrode, and

wherein the interconnecting part is po%?ti oned such that EBL of the

i nterconnecting 25part is adjacent to and in direct contact with the HTL of
the OLED), ATO, ABB®, silher, |cBiciwn,ymapidsaimupgddy elusiioumdearbor naseiobeh 1gvaro

of "1 e PRHUBFE GO o BT:FCaP R Rorert G RE O Wl B (V) of a hi ghest
occupi ed nol ecular orbital (HOMO of the EBL of 30the interconnecting part.

WO 2013/ 003850PCT/ US2012/ 045272 27 64. The | R-to-visible upconversion
devi ce accoidi ngThe IR-wivisible, upesnyensioncéavie s¢ontding tp @ shnwberchythsar t

't b comicerPRGepar e o ol P Rgm Ep PREaf U APC, TFB,

bl ocki ngi3 WANalafise danativef the photodetector with gain is closer than the
i ght sensitizing layer is to the 5interconnecting part. 65. The
| R-to-visi bl e upconversi on device according to claim®64, wherein the

| nter connecting BGLLEAINIRESpA MO AR DG ANE o (B sendiaRiehectron

bl ocki ng | af r e’ Interconnecting part 1s positioned such
that theHBbmBfisdshe 1bddt ohe anaedd]i eipcrdrfrorh shadrageainsisingrod liidiudi fre-
contact with the second_phot odet ector_ el elﬁt r(rfde, an}()tl . gflc]erei &g:it}?e

i ntlérc@hﬁl@dpylﬁ@eba(rllt(pli’393£o@ﬂ%lﬁé‘d'5$@cﬁh¥ sy lea)-nsphanylenr HPEERgn iRt ng
part i | acenty i i t oWt 3 -gnrfel%até—S

66. Th rﬁ&f‘l@&s\'}(‘% sci‘ﬁ‘i‘cgﬂ%bdé n\gliélﬁrglﬁ%rﬁfggg baggc%?%ﬁﬁgﬁﬂgogpg%ﬁ%% , Wherein a
| owest JyReLsUpIdehigiol ecul ar orbital (LUMO of the HBL of the

i nterconnecting part is within 0.5 electron volts (eV) of a highest
occupi ed nol ecul ar orbital (HOMO of the EBL of the interconnecting part.

20 67. A metgod Ofyf Hi{-&%]-oaitﬁ@ upBorv@reidrs HbiGe UBERNVEr i AAindeR] aherein the
conprising: fonning a photodetector w th gain; o
15 ETL comprises at least one material selected from the group consisting of BCP, Bphen,

3TPYMB, and Alq3.

57.  The IR-to-visible upconversion device according to claim 52, wherein the

OLED electrode comprises a Mg:Ag/Alg3 stack layer, wherein the Mg:Ag layer of the

20 Mg:Ag/Alq3 stack layer has a composition of Mg:Ag (10:1), wherein the Mg:Ag layer has a
thickness of less than 30nm, and wherein the Alg3 layer of the Mg:Ag/Alq3 stack layer has a

thickness of no more than 200 nm.

58. The IR-to-visible upconversion device according to claim 52,
25 wherein the electron blocking/tunneling layer is a TAPC/MoO; stack layer,
wherein the TAPC layer is in direct contact with the light sensitizing layer,
wherein the MoOjs layer is in direct contact with the second photodetector electrode,

and

wherein the light sensitizing layer comprises PbS quantum dots.

30
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form ng an OLED, and coupling the OLED to the photodetector with gain,
25wherein form ng the photodetector with gain conprises: formng a first

el ect r odewofoeramosgsoa |ight sensitizing layer on the fir®CTalseebnoie;

form ng an el ectron bl ocking/tunneling | ayer on the |light sensitizing

| ayer; and 30form ng a second el ectrode on the el ectron bl ocking/tunneling
| ayer. WD 2013/ 003850PCT/ US2012/ 0452726 28 68. The net hod accordi ng

to claim67, wherein the light sensitizing layer is sensitive to photons
havi ng a wawél engile ilR-t@-visihige uptorfvemiom).dévipm tavotdingmo ictesinu$By efurther

69. The nethod according to claim68 erein the light sensitizing |ayer
i s 5i nSEMPIENG wedﬂ%@%%?%rmﬁg%a fisty Oé?f&t‘??t‘gf elS‘itgq%S Wd%r é‘?ﬁ g%}bt I>less
than 0.0, PMi.olaver. 70. The nmethod according to claim67, wherein the |ight
sensitizing ?%ygr conprises PbS quantum dots or PbSe quantum dots. 1071. The

met hod according to claim®67, wherein the |ight sensitizing |ayer conprises
PbS quantumq(aots. ] ; " 0

light sensi t0zi nd hlea%?o'gé%e-rrr&g%%m%ég%%eggvcgeg%%C% 'ilgrtfg!a%isme %’é?ve %gn(rait)ﬂr%] : EZ
group GRBRSkERE with fAbsispiRiHousa dRE&ly ddp@ent to the OLED, and wherein the OLED
is positioned such that the ETL of the OLED is closer to the light sensitizing layer of the
photodetector with gain than it is to the electron blocking/tunneling layer of the photodetector
with gain.
10
61. The IR-to-visible upconversion device according to claim 52, further
comprising an interconnecting part between the photodetector with gain and the OLED,
wherein the interconnecting part is positioned such that the electron blocking/tunneling layer
of the photodetector with gain is closer than the light sensitizing layer is to the
15  interconnecting part, and wherein the interconnecting part is positioned such that the HTL of

the OLED is closer than the ETL is to the interconnecting part.

62.  The IR-to-visible upconversion device according to claim 61, wherein the
interconnecting part comprises a hole blocking layer (HBL) and an electron blocking layer
20  (EBL),
wherein the interconnecting part is positioned such that the HBL of the
interconnecting part is adjacent to and in direct contact with the second photodetector
electrode, and
wherein the interconnecting part is positioned such that EBL of the interconnecting

25  part is adjacent to and in direct contact with the HTL of the OLED.

63. The IR-to-visible upconversion device according to claim 62, wherein a
lowest unoccupied molecular orbital (LUMO) of the HBL of the interconnecting part is
within 0.5 electron volts (eV) of a highest occupied molecular orbital (HOMO) of the EBL of

30 the interconnecting part.
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15 quantum dots, PCTDA, SnPc, SnPc: C60, AlPcCl, Al1PcCl: C60, Ti OPc,

Ti OPc: C60, PbSe, PbS, InAs, InGaAs, Si, Ge, and GaAs. 73. The net hod
accor di ngvoao/mBss 67, wherein the first photodetector eCeEaiScada42onprises
at |l east one material selected fromthe group consisting of indiumtin
oxide (1 TO, 20 indiumzinc oxide (120, alumnumtin oxide (ATO, alum num
zinc oxide (AZO, silver, calcium rrag%si um gold, alum num carbon

nanot ubes, silver nanowire, LiF/A/ITO Ag/1TO and CsC/ITO 74.

The net hod a&dcor dileg IRdooliablm 6Fconvhisicai mlevice saoohiug pleotcdrdet 8¢t ofurther

25el ectrode conprises at |l.east one material selected.fromth [

consi st@ﬂ@’rﬁpg%?rﬁ?ﬁc?wch% d’éﬂ??@ef?ﬁ?e,n ﬁﬁd?’ﬁ%‘%t%c OrOXV?thega(lﬁl 2 ,tg%%tﬁ‘lﬁ%’um tin
oxi de (Akedin tR e HRe M RKisqRsHiDEEd suchithmahe cleakéd bidLkiRBARRSIingMay@ol d,
al um num carbon nanotubes, silver nanowire, LiF/ AI/1TO Ag/1TQ and

Cs CCB/ I6fOthe3piistodtiectmet Widkl gaie oisdiclegert shanl shamlaht sensitieing fayer fif rig the
pho%odetector ?Jectrode is an anode, and wherein the second phot odet ect or
el ect r JHETENFULEPHEe. WO 2013/ 003850PCT/ US2012/ 045272 29 76. The net hod
according to claim75, wherein the first photodetector el ectrode conprises
at | east one material selected fromthe group consisting of indiumtin

oxi de (I TO),65 ndilhm Bueviskildapcomeysionavrhaasaringdwi dain Atophemin fhsum
zinc oxide (AZ silv . cal gj : i I | L4

manot useETeol Ry i inute o b BRI TR e B PG Ry

wher ei NEB1Y, second phot odet ect or el ectrode conprises at |east one nateri al
sel ected fromthe %roup consisting of .indiumtin O‘ﬁjbd (1L.TO (1r ndifu zinc
oxilde (1ZO),Whareii Abin MISTCEEN LREY 1S aPRREONRSH 2P § 8 (BB O%sier
calciu ' ; ' ifs i t WStheSidoM@d phafdAvkEes

Li F/ Al ﬁﬁ?wﬂgﬁi”%@argﬁg%&%ﬂ#%m i%%&'?’ﬂgaﬁtg?hod accordi ng pt o claim67,
wher ei relé@rodizapdt he el ectron bl ocki ng/tunneling | ayer conprises formng a

\Iﬁ\ ErC/e |Mr)1 0? h Zt %ﬁ\éénﬁég gliltellfcgmﬁf&tiﬁg daa}?tﬁl's &E%ﬁgggf puoc(ljl tﬁgtclgﬁﬂ i oq’gthé ?ntgxlc&in@c'ggg

part is adjacent to and in direct contact with the HTL of the OLED.

15
66. The IR-to-visible upconversion device according to claim 65, wherein a
lowest unoccupied molecular orbital (LUMO) of the HBL of the interconnecting part is
within 0.5 electron volts (eV) of a highest occupied molecular orbital (HOMO) of the EBL of
the interconnecting part.
20
67. A method of forming an IR-to-visible upconversion device, comprising:
forming a photodetector with gain;
forming an OLED; and
coupling the OLED to the photodetector with gain,
25 wherein forming the photodetector with gain comprises:
forming a first electrode;
forming a light sensitizing layer on the first electrode;
forming an electron blocking/tunneling layer on the light sensitizing
layer; and
30 forming a second electrode on the electron blocking/tunneling layer.
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contact with the light sensitizing |layer, and wherein the second

phot odet ector electrode is 15fornmed in direct contact with the Mb03 | ayer.
79. The meOhoms/msssording to claim 77, wherein the TAPC lpayars201a®4i272

t hi ckness of no nore than 100 nu, and wherein the Mb03 | ayer has a

t hi ckness of no nore than 100 nm 2080. The nethod according to claim67,
further conprising formng a hol e bl ock$ng | ayer on the first photodetector
el ectrode, wherein the light sensitizing |layer is formed on the hole

bl ocki ng | ay8r . Hheiﬁmmodemhmdhqpenmﬁmng61owh@ahnﬂﬁOthhsmeMzﬁ@hbyhome

bl ocking | ayer conprises 25at ast _one m r|a selected fromthe grou
consi sSFHEGTo 2heions, %)‘HE‘%IV‘@H%[‘?? 18 53186 2 ffaoel A B A REEEXS- Ireup
2,9-Di met hyl-4, 7-di phenyl-1, 10- phenant hrol i ne (BCP),
pbls(trlphenyIS|IyI)benzene (UGH2), 4, 7-diphenyl-1, 10-phenant hroline
(BPhen), tritd- ( 8-Theynietey apedmidig m:e)claamU(ﬁ nwhfar(emld@) Jight sensitizing layer is

ﬁyr P dy i’)l‘\geﬂglg??‘?{ﬂbﬁ 5 e&gs%ég%ygﬁhﬁgre&tdgﬁhﬁ‘ﬁﬁéh%q h88 accor di ng to

claim 67, wherein founing the OLED conprises: fornmng an OLED el ectrode; WO
2013/ 003850PCT/ US2012/ 045272 30 f or i ng a hole transporting |ayer (HTL);
formng a |i7%ght ditiet mietlpd agerdiop o) claamdot.omieredp dhe clight t *eaRtEINANKET t i ng
Iayer ETL)E The nmet htod gﬁordl n do claim 82, wherein the OLED

el ect r S4B 8ﬁ§ﬁ1 angm Q13 of AYHYED S sel ected from the group

consisting of ITO 1Z0 ATO AZQ S|Iver cal cium magnesi um gol d,

al um num carbon nanotubes, silver nanowire, LIiF/ A /ITO. Ag/1TO Cx3/ 1 TO,
andOa My: Ag/7A1q3 Tshea@wth@g/@ﬁcorc_bog4tor skirrefhoohseib ribs nléﬂhttose&,‘ﬁlgiq‘i‘g yer
mhereln the IJ‘ ”ﬁ%%3&$ at | east one material selected fromthe group
consi st W Bl FB, TPD, and di am ne derivati ve. 85.
The net hod accordl ng to claima82, wherein the LEL corrprl ses at |east one 15
mat eri al sel ected fromthe grogp cons sti 29 whel ri

tris(2-phenyl2pyi diifeymethad gpsorayne oo Slaim GV light sensitizing layer
met hoxy oﬁ*ﬁx@ étﬁé(e{s{‘&%%g’ﬁlgﬁémr s%Ithé%rﬁ'dn@ ﬂ)?‘evgrﬂﬂﬂ E8R1sti0pBHPEE Yhantum dots, PbSe

Tris- ( ' no um num
bi i5( 4 cﬁraduunf doisr BEAENY, 19nRey Sl E@OelAﬂ)PQCdl ANB@: (60, OBy, TIOPc:C60, PbSe,

PbS, InAs, InGaAs, Si, Ge, and GaAs.

73. The method according to claim 67, wherein the first photodetector electrode

comprises at least one material selected from the group consisting of indium tin oxide (ITO),

20  indium zinc oxide (IZO), aluminum tin oxide (ATO), aluminum zinc oxide (AZO), silver,
calcium, magnesium, gold, aluminum, carbon nanotubes, silver nanowire, LiF/AVITO,

Ag/ITO, and CsCO4/1TO.

74. The method according to claim 67, wherein the second photodetector

25  electrode comprises at least one material selected from the group consisting of indium tin
oxide (ITO), indium zinc oxide (IZO), aluminum tin oxide (ATO), aluminum zinc oxide
(AZO), silver, calcium, magnesium, gold, aluminum, carbon nanotubes, silver nanowire,

LiF/AVITO, Ag/ITO, and CsCO3/ITO.

30 75.  The method according to claim 67, wherein the first photodetector electrode is

an anode, and wherein the second photodetector electrode is a cathode.
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86. The nethod according to claim82, wherein the ETL conprises at | east
one 20 material selected fromthe group consisting of BCP, Bphen, 3TPYMB,
and Algq3.wo02013/00386. The net hod according to claim 82, waErskon2ies2nt ng the
OLED el ectrode conprises formng a My: Ag/ ALg3 stack |ayer, wherein the
My: Ag | ayer of the Mj: Ag/ Alq3 stack |ayer has a conposition of Mj: Ag
(10:1), wherein the My:Ag | ayer has a %i ckness of 25l ess than30nm and
wherein the Al g3 | ayer of the My: Ag/ AlLgq3 stack |layer has a thickness of no
more than 206. mmThe method accord@g td lekimetsh oheasic dradfirsgy photodéte¢ton gR2¢trode

wherei n for.m th | ectr. I i ng/ i ng.|l. ) i i
30 TAPCYRBUR S KR ity B eH s 1o TG UFABESR Y BISCRE of SR e BEPM"
:C%(i nt aCTind‘}h\AI}]quﬁé‘ Bxidk Q{MO)S, eMghinuizi 8 okAKEATONVR AL ASH0ARSE aRIBETABBR0iR/045272

wherei n the second phot odetect or electrode is formed in direct
cont actealgiunh traendvb08, IZalderalumindnuhearedm nehetubgsg Hilvee menewizg. nfil/ AYEFO.

conpri se S s, 589.T h I.m:
Comar | SR SR SRy TR SRR AR L f
el ect r gge maidieil 8é1Bcttd Gohi BB lor&N®Inkik@hdGr inddier tinh sxide TR, anliv eintalxéle

bl ocki n? | ayer. 90. The nethod according to claim82, wherein the .
phot odélZ) aluminm tigadxadg ATOh ahininBMNIP L (440 h dj Ee MICPBL PRENSIYD, and

wher ei n e, . OLED i s posjti t f i
_ I ser to
the. 11 gAls SuE T BT A SRESE e hshBR b e Al D, R OFLT
the el ectron bl ocking/tunneling layer of the photodetector with gain. 91.
The met hod according to claim78, wherein cgypl i? the. OLED to

) t he
15pAot odet eclor witieh THahad c asRoFd1BS s 1O f A n§7an™hrieigr JOHRES! ity %8?1{05“
blocking/tunneling layer comprises forming a TAPC/MoOs stack layer. )

78.  The method according to claim 77, wherein the TAPC layer is formed in direct
contact with the light sensitizing layer, and wherein the second photodetector electrode is

15 formed in direct contact with the MoQO; layer.

79.  The method according to claim 77, wherein the TAPC layer has a thickness of

no more than 100 nm, and wherein the MoQs layer has a thickness of no more than 100 nm.

20 80.  The method according to claim 67, further comprising forming a hole blocking
layer on the first photodetector electrode, wherein the light sensitizing layer is formed on the

hole blocking layer.

81. The method according to claim 80, wherein the hole blocking layer comprises
25  at least one material selected from the group consisting of ZnO, naphthalene tetracarboxylic
anhydride =~ (NTCDA), 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline ~ (BCP),  p-
bis(triphenylsilyl)benzene (UGH2), 4,7-diphenyl-1,10-phenanthroline  (BPhen), . tris-(8-
hydroxy quinoline) aluminum (Alg3), 3,5°-N.N’-dicarbazole-benzene (mCP), C60, tris[3-(3-
pyridyl)-mesityl]borane (3TPYMB), and TiO,.
30
82. The method according to claim 67, wherein forming the OLED comprises:

forming an OLED electrode;
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coupling the OLED to the interconnecting part; and coupling the
photodetector with gain to the interconnecting part, wherein the

i nt er conneot2orByopesnt i s positioned such that the el ectr ®@0T/US2012/045272

20bl ocki ng/ tunnel ing | ayer of the photodetector with gain is closer than
the light sensitizing layer is to the interconnecting part, and

wherein the interconnecting part is po%@ti oned such that the HTL of the
OLED is closer than the ETL is to the interconnecting part. 2592. The nethod
accor di ng t domiiag mh8lk, trankpareng ldyer (HHg); t he i nterconnecting part conpri ses:

form ng a hol e bl ocking Jayer ., and formng electron bl ocking |ayer
(EBL), %Om_“%éﬁ;’gkhegr{lﬂ%‘?g HY%REE%M@R ng part is positioned suc% th;t t he
El BL of the f&%&ﬂ%%ﬁ%f&@t’?&ﬁrh Olqglrgtla}iéégﬁiﬁcent to and in direct contact

e1

with the secon hot odet ect of el éctro and WO
2013/ 003850PCT/ US2012/ 045272 32 wherein the interconnecting part is

T ict “cont ot wildh a0 feoting Kb Brag: WhkAdpBULAY BBMACH AR ATC | 0
cl ai m 92yt WHETRABriA ONESE fOROGRUBIRY rsRENE & 1505, bizca! ATOUMYO ofilvene HBL

of the interconnecting part is within 0.5 electron volts (eV) of a highest
occupi edlcimh.eouwigaesionbigoll, MOWOM. oarbeie nEBptubgs. t iver maaewBanbEY AHE Par t .

94. The (g i_ng. to cl aj ein coupling the OLED to the
phot oqéAtggﬁ ?@%ﬁﬁcgiaﬂg%\gn%%gg‘%@%%ﬁ?%'ng an interconnecting part;
coupling the OLED to the interconnecting part; and
10 84.  The method according to claim 82, wherein the HTL comprises at least one
material selected from the group consisting of NPD, TAPC, TFB, TPD, and diamine

derivative.

85.  The method according to claim 82, wherein the LEL comprises at least one

15  material selected from the group consisting of Iridium tris(2-phenylpyidine) (Ir(ppy)3), [2-

methoxy-3-(2-ethylhexyloxy)-p-phenylenevinylene]  (MEH-PPV), Tris-(8-quinolinolato)
aluminum) (Alg3), and bis[(4,6-di-fluorophenyl)-pyridinate-]picolinate (Flrpic).

86.  The method according to claim 82, wherein the ETL comprises at least one

20  material selected from the group consisting of BCP, Bphen, 3TPYMB, and Alq3.

87.  The method according to claim 82, wherein forming the OLED electrode
comprises forming a Mg:Ag/Alg3 stack layer, wherein the Mg:Ag layer of the Mg:Ag/Alq3
stack layer has a composition of Mg:Ag (10:1), wherein the Mg:Ag layer has a thickness of

25 less than 30nm, and wherein the Alq3 layer of the Mg:Ag/Alq3 stack layer has a thickness of

no more than 200 nm.

88.  The method according to claim 82,
wherein forming the electron blocking/tunneling layer comprises forming a
30  TAPC/MoOQ;s stack layer,

wherein the TAPC layer is formed in direct contact with the light sensitizing layer,
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coupling the photodetector with gain to the interconnecting part,

wherein the interconnecting part is positioned such that the el ectron

bl ocki ng/wormsldosssol ayer of the phot odetector w th gai npcs/usb@zmus2than t he
i ght sensitizing 15layer is to the interconnecting part. 95. The
met hod according to claim94, wherein formng the interconnecting part
conprises: formng a hol e bl ocking Iayéi (HBL); and 20form ng el ectron

bl ocki ng | ayer (EBL), wherein the interconnecting part is positioned
such that t heheriBh tlaf settrel phnttedetatoreddcingde pafotmedinatljest emttact evithride Mp @i r ect
contact with the second photodetector electrode, and wherein the

interc ?’Vﬁééﬁnflng part is positioned such that EBL of the interconnecting
25part is adiRegRthd! %@e&lsml@ BS&cofPs@CE LN Rt 8oL of the OLED.

96. The nethod according to claim 95, wherein a | owest unoccupi ed nol ecul ar
orbital (LUMO of the HBL of the interconnecting part is within 0.5

eIe tron vol of i ghest occupi.ed l.e ular t he
EBL of the |8£?te %&Ttﬁﬁ(g ag&?f %ngs% <R égof nggr%fﬁgde(t) ec%? ]1](8&
radi at igpsekd D?'eﬁ oRhat quet gﬁét%etwt&ﬂ"el@@ﬂrdt}e Gﬂi@%h Shéﬁ 1igWOsensitizing layer is
2013/ 003850PCT/ US2012/ 045272 33 provi ding a photodetector with gain,

such t HatmddrRon édhatei Weckiieg lakier dent upon the phot odetector with gain,
wherein the photodetector with gain conprises: a first electrode; 5an IR
i ght sensitizing |layer on the first electrode; an electron

bl ocki ng/ t urgrel i Mhel AyglbdaRcélitrg togblkins Sas iwthiedimghd ayendetand withemomds

el ectrode on the el ectron bl OCkI ng/tunneling |la 98. A..net hod, of
upd8nv arositieged Rirpely asjacsnt toghs CLHL) @nd ygiesaiy g ég{apgls é’ﬁ“Pﬁ“‘?%ﬁuc}l That the

ETL of the OLED is closer to the light sensitizing layer of the photodetector with gain than it

is to the electron blocking/tunneling layer of the photodetector with gain.

91.  The method according to claim 78, wherein coupling the OLED to the
15  photodetector with gain comprises: |

forming an interconnecting part;

coupling the OLED to the interconnecting part; and

coupling the photodetector with gain to the interconnecting part,

wherein the interconnecting part is positioned such that the eclectron
20  blocking/tunneling layer of the photodetector with gain is closer than the light sensitizing

layer is to the interconnecting part, and
wherein the interconnecting part is positioned such that the HTL of the OLED is

closer than the ETL is to the interconnecting part.

25 92.  The method according to claim 91, wherein forming the interconnecting part
comprises:
forming a hole blocking layer (HBL); and
forming electron blocking layer (EBL),
wherein the interconnecting part is positioned such that the HBL of the
30  interconnecting part is adjacent to and in direct contact with the second photodetector

electrode, and
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10vi si bl e upconversi on devi ce, conpri sing: providing an IR-to-visible
upconversion device such that IR radiation is incident upon the

| R-t o-vi swbl2e13upsssnver si on device, wherein the | R to-vi sChlus2upmes2oer si on
device conprises: a photodetector with gain; and 15an organic
light-emtting device (OLED) coupled to the photodetector with gain,
wherein the photodetector with gain coAprises: a first photodetector

el ectrode; an IR light sensitizing |layer on the first

phot odet ect arhegdiggh¢ ddecoRRatingbactis positddredkiuniy b riiidl ofighd ayeconmactitge

l'i ght sensiti zi | .
el gct rcﬂ%ﬂg; 6&3%@2‘87%%ﬁéidiifggtdqoggazﬁ?’gﬂﬂ\e%{%gﬁltee(%k%, el ectrode on the

93. The method according to claim 92, wherein a lowest unoccupied molecular
5 orbital (LUMO) of the HBL of the interconnecting part is within 0.5 electron volts (eV) of a
highest occupied molecular orbital (HOMO) of the EBL of the interconnecting part.

94. The method according to claim 63, wherein coupling the OLED to the
photodetector with gain comprises: |
10 forming an interconnecting part;
coupling the OLED to the interconnecting part; and
coupling the photodetector with gain to the interconnecting part,
wherein the interconnecting part is positioned such that the electron
blocking/tunneling layer of the photodetector with gain is closer than the light sensitizing

15  layer is to the interconnecting part.

95.  The method according to claim 94, wherein forming the interconnecting part
comprises:

forming a hole blocking layer (HBL); and

20 forming electron blocking layer (EBL),

wherein the interconnecting part is positioned such that the HBL of the
interconnecting part is adjacent to and in direct contact with the second photodetector
electrode, and

wherein the interconnecting part is positioned such that EBL of the interconnecting

25  part is adjacent to and in direct contact with the HTL of the OLED.

96.  The method according to claim 95, wherein a lowest unoccupied molecular
orbital (LUMO) of the HBL of the interconnecting part is within 0.5 electron volts (eV) of a
highest occupied molecular orbital (HOMO) of the EBL of the interconnecting part.
30
97. A method of detecting IR radiation using a photodetector with gain,

comprising:
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providing a photodetector with gain, such that IR radiation is incident upon the
photodetector with gain,
wherein the photodetector with gain comprises:
a first electrode;
5 an IR light sensitizing layer on the first electrode;
an electron blocking/tunneling layer on the light sensitizing layer; and

a second electrode on the electron blocking/tunneling layer.

98. A method of upconverting IR radiation to visible radiation using an IR-to-
10 visible upconversion device, comprising:
providing an IR-to-visible upconversion device such that IR radiation is
incident upon the IR-to-visible upconversion device,
wherein the IR-to-visible upconversion device comprises:
a photodetector with gain; and
15 an organic light-emitting device (OLED) coupled to the photodetector
with gain,
wherein the photodetector with gain comprises:
a first photodetector electrode;
an IR light sensitizing layer on the first photodetector electrode;
20 an electron blocking/tunneling layer on the light sensitizing
layer; and
a second photodetector electrode on the electron

blocking/tunneling layer.
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