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15 photodetecting and a luminescent section are in series. Fabrication of infrared IR-to-visible
up-conversion devices based on inorganic compound semiconductors is challenging because
of the lattice mismatch between the two types of semiconductor materials used for
photodetectors and light-emitting diodes LEDs. Because of the high cost of epitaxial grown
inorganic devices, inorganic devices have been restricted to fabrication of small area

20 applications.
Other up-conversion devices tend to display efficiencies that are typically very low.
For example, a NIR-to-visible light up-conversion device that integrates a LED with a
semiconductor based photodetector has exhibited a maximum external conversion efficiency
of only 0.048 (4.8%) W/W. More recently, a hybrid organic/inorganic up-conversion device,
25 where an InGaAs/InP photodetector is coupled to an organic light-emitting diode (OLED),
has displayed an external conversion efficiency of 0.7% W/W. Currently inorganic and
hybrid up-conversion devices are expensive to fabricate and the processes used for
fabricating these devices are not compatible with large area applications. Efforts are being
made to achieve low cost up-conversion devices with high conversion efficiencies, high
30 sensitivity, high gain, and high image fidelity. Additionally, a device where the IR irradiation
enters from a one face and light exclusively exits from a second face is desirable for many

applications such as night vision applications.
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Enbodi nents of the invention are directed to transparent up-conversion
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phenanthroline (BPhen); and tris-(8-hydroxy quinoline) aluminum (Alqs). The cathode can

be Indium Tin Oxide (ITO), Indium Zinc Oxide (IZ0), Aluminum Tin Oxide (ATO),

25 Aluminum Zinc Oxide (AZO), carbon nanotube, silver nanowire, an Mg:Al layer, or any
appropriate transparent conductor.

In an embodiment of the invention, the up-conversion device further comprises an

antireflective layer. In one embodiment the antireflective layer can be an Alg, layer having a

thickness of less than 200 nm. In another embodiment of the invention, the up-conversion

30 device further comprises an IR pass visible blocking layer. The IR pass visible blocking

layer can comprise a plurality of alternating layers of materials having different refractive

indexes, such as alternating layers of Ta,Os and SiO5.
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Is a schematic diagramof a reflective infrared (I R) up-conversion device.
Figure 2 we 21xc0smat i ¢ di agram of a transparent | R up- eomusSesi2omdevi ce
having a pair of transparent el ectrodes according to an enbodi nent of the

I nvention. S5Figure 3 is a schematic diagramof a transparent IR
up-conversi on device, according to an énbodi nent of the invention, where
emtted visible light exits fromtw surfaces of the device.

Figure 4 is a schenatic ddRUIADESCRAPTICANSPADRAN INR;$IP- conver si on devi ce
i ncl udi ng an 1R pass visible blocking | ayer to restrict em ssion of visible
light to a sifigireldxs schematic drgrampohprptlsetkedntared R )apcemapisyntds visa.

enbodi nent  ofg; 4,18 ol AVEeRLLAC di Ei IS
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orbod, 1o oiklEPERHL ARG e L BYEE I IOHE 1L 0L Sy PR e
i ndi cat ipag of hrenspateint ebtteles veokdygto droemmatimensofclaipositidnons. Fi gure
6 is a schematic diagram of ,C\aﬁ{] exenpl ary transparent | R up-conversion
devi ce i ncl udi$te an® ﬁﬁg}ﬂf’é’é@l T8O GRISPAGNT By BP-ComYEBPH RGeS Gogpding
enbodi mgnty, %b&cﬁ\%eh{‘?ﬁeﬂ& 'ixR@Ptién, SUERitd VisiBle MRl Qs J&'d{ﬂ 'tx@g§v§x?%fé? of Bl
different applied voltages for the IR up- conversion device o I gure 6.
device.
Figure 4 is a schematic diagram of a transparent IR up-conversion device including an
IR pass visible blocking layer to restrict emission of visible light to a single exit face of the
10 stacked device according to an embodiment of the invention.
Figure 5 shows visible spectra of cathodes having 10:1 Mg:Ag with and without
antireflective layers indicating the antireflective layer for various compositions.
Figure 6 is a schematic diagram of an exemplary transparent IR up-conversion device
including an IR pass visible blocking layer, according to an embodiment of the invention.
15 Figure 7 is a plot of luminescence for different applied voltages for the IR up-

conversion device of Figure 6.

DETAILED DISCLOSURE

Embodiments of the invention are directed to transparent IR-to-Visible up-conversion

20 devices having two electrodes that are transparent to visible light, also indicated as visible or
light herein. In an embodiment of the invention, the output of the visible light generated is
restricted from radiating out of the surface where the IR radiation, also indicated as IR herein,

enters, even though visible light can enter from the surface, or face, where the IR enters, A

typical reflective up-conversion device is shown in Figure 1, where the source IR enters and

25 the generated visible light exits the IR entry surface. A transparent up-conversion device,
according to an embodiment of the invention, is shown in Figure 2, where an IR sensitive

layer, situated on one side of an electrode, generates a charge carrier, either an electron or a

hole, that under the bias of the device is directed to a light emitting layer where the carrier
combines with its complementary charge carrier to generate visible light. As shown in Figure

30 2, the up-conversion device is constructed with two transparent electrodes and the visible
light, either that entering or that generated within the device, is transmitted through the
opposite face of the IR entry surface of the device. However, as shown in Figure 3, light

generated by the light emitting layer radiates in all directions from the light emitting layer,
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20 (MEH-PPV), tris-(8-hydroxy quinoline) aluminum (Alqs), and iridium (II) bis-[(4,6-di-
fluorophenyl)-pyridinate-N,C2 |picolinate (Flrpic).

In embodiments of the invention, an electron transport layer (ETL) is situated
between the light emitting layer and the cathode. The ETL comprises tris[3-(3-pyridyl)-
mesityl]borane  (3TPYMB), 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), 4,7-
diphenyl-1,10-phenanthroline (BPhen), tris-(8-hydroxy quinoline) aluminum (Algs), or any
other appropriate material.

In embodiments of the invention, a hole transport layer (HTL), which is situated
between the light emitting layer and IR sensitizing layer, comprises 1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane (TAPC), N,N’-diphenyl-N,N’(2-naphthyl)-(1,1’-phenyl)-

25 4.4’-diamine (NPB), N,N’-diphenyl-N,N’-di(m-tolyl) benzidine (TPD), or any other
appropriate material.

In embodiments of the invention, a hole blocking layer (HBL) resides between the

anode and the IR sensitizing layer. The HBL can be an inorganic HBL comprising ZnO,
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transparent electrode. In an embodlment of the invention, an antx reﬂccrme layer can be

situated on the exterior surface of the transparent electrode at the visible exit surface. For

example, an Alqy layer can be an anti-reflective layer that allows good transparency when the

Alqs layer is less than about 100 nm in thickness. Alternately, the antireflective layer can be

a metal oxide, such as MoO;, of about 50 nm or less in thickness. In an embodiment of the

invention, the electrode at the visible light exit surface comprises a 10:1 Mg:Al layer of about

10 nm and an Algs layer of 50 nm is situated upon the electrode. As shown in Figure 5,

different cathodes having different thicknesses of 10:1 Mg:Ag layers, with different thickness

of anti-reflective layers, illustrate the advantage of the antireflective layer. As indicated in

Figure 5, the cathode can be thicker when the antireflective layer is present, and excellent

transparency occurs for thin cathodes having antireflective layers up to about 50 nm in

thickness.

An up-conversion device according to an embodiment of the invention is shown in

Figure 4, where, by including an IR pass visible blocking layer between the IR entry face and

the LED layer, the device becomes visible light opaque at the IR entry face. The IR pass

visible blocking layer absorbs and/or reflects visible light internally rather than allowing

10 visible light loss through the IR entry face while permitting IR radiation to pass through the

layer, as shown in Figure 4. The electrode closest to the IR entry face must be IR transparent

to a high degree, with at least 50% transmittance, and the electrode closest to the visible

detection face must be visible light transparent to a high degree, with at least 50%



Transparent el ectrodes that can be enployed at the IR entry surface, which
is shown as the anode in Figure 3 or Figure 4, include, but are not limted
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absorbent and/or reflective surface such that visible Ilight is not |ost

t hr oughSI@W §1 Hiegreof- (Tihe dguivr dies aBivss pebitifcompasr Whish r@@qﬁa@sIRvp@is blissble 10
blyacki n grr itua er betwe

o supdurdy & 54 AR R robED: o S BRiSH L RREH A o BRE SuRREE "y

t he subsid atrengpResiT@ ahbe: (anibdﬁt, 10@rnm\1m&lﬁbkl31@§sh U;&xﬁhs aﬁt&iéﬂs tagsappagpri ate
el ectronic_pr 1p ies to act as an interconnect er or as an_active |ayer
P e b 3

in the BEVIEEC ap g Il angpd PP pe Brkdrysig! IP%S@rQ afs Be [Bisepatiang beeween
any |aygps H@fseﬁsli't?aﬁiflé'y&em%@?atrg@d B PRB 0 Yind & @%J%{ﬁ il BIR AU R & he

devi ce. 15The pass’visib bl ocki ng [ayer use up- conversion
deV| ce, ba@&bﬂd iofigS o ahTaRbodleelnght efmitting Iayw mmpamedc an ae:nspipoylteaEﬁn loff'i

stk of ey SErRYRIFRi4. L G of BTRE Kai ot P R ARG HGIon B 30 s

r Ef ract i\ dnfdbA&Sive ¥R 6h (1l @pokigf sﬁﬁ%&é ¥&ht @Qtﬁ&iémﬂlet C&ltvgx%{mﬂevfbe of

significantly |ower refractive i ndex. An exenplary IR pass visible blocking
| ayer i Sigarconmippsdyselobst2ot londles@hat tethvadarhgolidiven 8 tbfesfd205 S(Rlo 3527 1)

and Si OLzm(gergoes a%oxﬁSa) IOtOhfa d mér%ase m Sml%gsocelqgg Iasn st ;[omnclﬁr%egure 7.



METHODS AND MATERI ALS An exenpl ary up-conversion device according to
an enbodi nent of the invention is shown in Figure 6. The device has a gl ass
subst r at evopore/mMhisch resi des an IR pass visible 25 m rPOT/usko12440981
alternating | ayers of Ta205 and SiO which are about 70 rimthick on
average and a transparent | TO anode of about 100 nmin thickness. Upon the
anode is deposited a 30 nmfilmof ZnO/as a HBL and a 100 nmthick |ayer of
PBSe QDs as the IR sensitizing layer. The IR sensitizing |ayer is separated
froma 30 nmatihpaténts, fpatanp py@iceBéhsl pghisical hpplivgtibsy and pyblaatiins @ferdd tam of
TAPC. The light emtting |layer is separated, by a conposite ETL of 30 20
nm of 3PP higsein aLp Wﬁ?@@ra@&u@n{e%@&ﬁlu& theey Hyraty: lrclwg?@&@l Mpedd tleh a 50
nm ALGS Ak kel hEebick: hR¥aLisie) Vghﬁhgeg_@%i{ €t dsAtniOkpdeliatigf nOde. The
up- conversion devicte of Figure I splays al nbst "ho |umnescence in the
dark, but fr dmbhautdhreeshiclkdowmf thst Me tegarhpleV anuh debgdiesnabdastritsed 1@feif akdfor
ingrease, in lL.um nescence, as shown in Figure 7. L -

2052/ 170MSTEEST DSDOTs RoRbeRn et varows TagdifiHat s chies i lighpieest rohe

provi si aﬁges@@m b&8d QR ledaR hdPHPhALAE HOBS i K @ARUNBiEhih heOdpitd 4R UREERIGE are

i ncorporated by reference in their entirety, including all figures and

t abl es, thipapisatextent they are not inconsistent with the explicit teachings
of this specification. It should be understood that the exanples and

enbodi nents described herein are for 5 illustrative purposes only and that
various nodifications or changes in light thereof will be suggested to
persons skilled in the art and are to be included within the spirit and
purvi ew of this application. W) 2012/170457PCT/ US2012/ 040981



8 CLAIM5 W claim 1. A transparent up-conversion device, conprising a
stacked | ayer structure conprising: a transparent anode; at |east one hole
bl ocki ng wayer217e4571 R sensiti zing | ayer; at |east one heCe/usec@anspost | ayer;
alight emtting layer; at |east one electron transport |ayer; and a
transparent cathode. 2. The up-conversion device of claim1l1, wherein the
stacked | ayer structure is less than a8micron in thickness. 3. The

up- conversion device of claim1, wherein the stacked |ayer structure
permts at |east 20 percent transm t(ilaxio€s of visible |ight through the
stacked | ayer structure. 4. The up-conversion device of claim1l, wherein
the transparent anode or transparent cathode at a surface for entry of

i nci dentyd R.padiation to the stacked |ayer structure has an IR

transm ttance of at |east 50% and wherein the surface for exit of visible
i ght fromthe stacked | ayer structure has a visible light transmttance of
at | eas ﬁg%transn‘i ttance.. 5 The u -ponversicgn ?evi ce of claiml,

wher ei n 't e HaSETR M@oY HSHE %Wﬁr? RIS P ACKPh [T dBuStite oPMPFSE_ UM Zi nc
Oxi de (LhfdpareAt HBARUM [Ehfl bR KIATRe 1LY B NTRMALRCINLAS: LA onEREIPON
nanot ubes, "or silver nanowires. 6. T%e up-conversion device of claiml,
wher ei ntrahspolidheerbh beki agitliay byec ehppriises elécd@n tZn&orBERer; Bpheriyan$eRevB, or
ucH2. 7. Tﬁ?e up- conversion device of claim1, wherein the IR sensitizing

| ayer c6#PPiSes PbSe QDs, PbS QDs, PbSe film PbS film InAs film InGaAs
film Si film Ge film GaAs film

peryl ene-3, 4,9, 10-tetracarboxyl ic-3, 4,9, 10-di anhydride (PTCDA), tin (I1)
pht hal oéyah¢ ne-ceSyPsipn dsrvimém%@almal,uwhmm thitstaskod yaist seudhicosilers thai PcCl) ,
Al PeCl: t l...pht hal ocyani ne (Ti OPc), or TiOPc:C60. WO

2012/ 1783‘%%&5%8?2/ 040981

3. The up-conversion device of claim 1, wherein the stacked layer structure permits at least

20 percent transmittance of visible light through the stacked layer structure.

4. The up-conversion device of claim 1, wherein the transparent anode or transparent cathode
at a surface for entry of incident [R radiation to the stacked layer structure has an IR
transmittance of at least 50% and wherein the surface for exit of visible light from the stacked

layer structure has a visible light transmittance of at least 50% transmittance.

5. The up-conversion device of claim 1, wherein the transparent anode comprises Indium tin
Oxide (ITO), Indium Zine Oxide (IZO), Aluminum Tin Oxide (ATO), Aluminum Zine Oxide

(AZO), carbon nanotubes, or silver nanowires.

6. The up-conversion device of claim 1, wherein the hole blocking layer comprises TiO,,

Zn0O, BCP, Bphen, 3TPYMB, or UGH2.

7. The up-conversion device of claim 1, wherein the IR sensitizing layer comprises PbSe
QDs, PbS QDs, PbSe film, PbS film, InAs film, InGaAs film, Si film, Ge film, GaAs film,
perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA), tin (II) phthalocyanine
(SnPc), SnPc:Cgp, aluminum phthalocyanine chloride (AIPcCl), AlPcCLCgp, titanyl
phthalocyanine (TiOPc), or TiOPc:Cg.



9 8. The up-conversion device of claim1l, wherein the hole transport |ayer
conprises 1,1- bis[(di-4-tolylam no)phenyllcycl ohexane (TAPC),

N, N - di phwoybt2N7N5¢2- napht hyl ) - (1, 1' - phenyl) -4, 4' - di anPo@/UShREP4098T

N, N -di phenyl -N, N'-di (mtolyl) benzidine (TPD). 9. The up-conversion
device of claim1, wherein the light emtting |ayer conprises tris-(2-
phenyl pyi dine) iridium 1r(ppy)3, polyf2-nethoxy, 5-(2'-ethyl-hexyl oxy)
phenyl ene vi nyl ene] (MEH PPV), tris-(8-hydroxy quinoline) alumnum (Al1q3),
or iridium(lIl) bis[(4,6-di-fluorophenyl)- pyri di nat e- N, C21pi col i nate

(Flrpic). ..10. The up-conversi.on deyice of m1, V\,herel n the el ectron
trans po%gt B Bp-caRyfETPE d&ViEs of ¢ Fegm F3vhesgip %ﬂy olrgapspprey! ayef comprises 1,1-

b X A . 1,
b 7 i P T e e oy R B By el ey

al uni nuph¢naieBY .-diamine (83 Jup: Pddhv@plsawhNdévdmm tofyl cheaizndirk, (TWfer ei n t he
transparent cathode conprises a 10:1 My: Ag layer wwth a thickness of |ess
than 30 nm 12. The up-conversion device of claim1, further conprising an

anti -rebl emel (ecdr@¥@ion debie ofM@aitPt CORMEHThONgREMh B Ofayel @inrkds L ei n
the anti-reflective | ayer conprises an Alg3 |ayer having a thickness of

| ess t hahepbwidine) 111411unrhelr(rmy&3@ n@ébsizo‘ﬁﬂchéwac e5~()?t -gghihexgloxy ur phesylene
| devi
of " o IR LTEREEFY Y SR B0 RSY SRS Bt GG By BLdighicev! o€

pl ural i f,60i- mdrs;ﬁmayn)@gnuam&m @f ﬁ‘@tﬂ@ﬁﬂe@Fﬁpi&aw ng d| fferent refractive
i ndexes. 16. The up-conversion deV| ce of claim14, wherein the materials
conprise Ta205 and Si 02 and wherein each of 2 to 80 of the alternating

layers gje 519 AR hEikD F’%Dﬁﬁsl wherein the electron transport layer comprises
tris[3-(3-pyridyl)-mesityl]borane (3TPYMB), 2,9-Dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP), 4,7-diphenyl-1,10-phenanthroline (BPhen), or tris-(8-hydroxy

quinoline) aluminum (Algs).

11. The up-conversion device of claim 1, wherein the transparent cathode comprises a 10:1

Mg:Ag layer with a thickness of less than 30 nm.
12. The up-conversion device of claim 1, further comprising an anti-reflective layer.

13.  The up-conversion device of claim 11, wherein the anti-reflective layer comprises an

Algs layer having a thickness of less than 200 nm.

14. The up-conversion device of claim 1, further comprising an IR pass visible blocking

layer.

15, The up-conversion device of claim 13, wherein the IR pass visible blocking layer

comprises a plurality of alternating layers of materials having different refractive indexes.

16. The up-conversion device of claim 14, wherein the materials comprise Ta;Os and SiO;

and wherein each of 2 to 80 of the alternating layers are 10 to 100 nm in thickness.



