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BACKGROUND OF INVENTION
Recently, light up-conversion devices have attracted a great deal of research interest
because of their potential applications in night vision, range finding, and security, as well as

semiconductor wafer inspections. Early near infrared (NIR) up-conversion devices were
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mostly based on the heterojunction structure of inorganic semiconductors, where a
photodetecting and a luminescent section are in series. The up-conversion devices are mainly
distinguished by the method of photodetection. Up-conversion efficiencies of devices are
typically very low. For example, one NIR-to-visible light up-conversion device that
integrates a light-emitting diode (LED) with a semiconductor based photodetector exhibits a
) maximum external conversion efficiency of only 0.048 (4.8%) W/W. A hybrid
organic/inorganic up-conversion device, where an InGaAs/InP photodetector is coupled to an
organic light-emitting diode (OLED), exhibits an external conversion efficiency of 0.7%
W/W.

Currently, inorganic and hybrid up-conversion devices are expensive to fabricate and
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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 that have
higher conversion efficiencies, although none has been identified that allow sufficient
efficiency for a practical up-conversion device. For some applications, such as night vision
devices, up-conversion devices having an infrared (IR) sensitizing layer with a broad
) absorption spectrum is very desirable. Additionally, the amplification of the signal is

desirable, without having the need for moonlight or any additional illuminating source.
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BRIEF DESCRIPTION OF DRAWINGS
5 Figure 1 is a schematic cross-section of an infrared-to-visible up-conversion device to
be employed with a CMOS image sensor (CIS) according to an embodiment of the invention.
Figure 2 is an energy band diagram of the up-conversion device of Figure 1.
Figure 3 shows a composite of absorbance spectra for various diameter PBSe QDs
that can be combined as the infrared (IR) sensitizing layer of the imaging device according to
) an embodiment of the invention, where the insert shows the absorbance spectrum for a 50 nm
thick film of monodispersed PbSe and a TEM image of the film.
Figure 4 shows a composite plot of conversion efficiencies for different biases for a
transparent up-conversion device as illustrated in the insert under near infrared (NIR)
illumination that can be employed in an embodiment of the invention.

Figure 5 illustrates the construction of an imaging device, according to an

S

embodiment of the invention, where a ridged up-conversion device is coupled to a CIS.
Figure 6 illustrates the construction of an imaging device, according to an

embodiment of the invention, where a flexible up-conversion device is laminated to a CIS.
Figure 7 illustrates an imaging device, according to an embodiment of the invention,

J where the up-conversion device is formed directly on a CIS substrate,
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| ami nated to a Figure 7 Tllustrates an inaging device, According
to an erhodi Ashowefhetthed dimgemt forn uphenecrtioa depice anvediap anatevibedmies §for med
direct| ¥heoglvgnt%nswigrt%sat1{0 é Sl'ocking layer is inserted between the IR sensitizing layer and the
anode to reduce dark current in the up-conversion device.
) In one embodiment of the invention, the up-conversion device uses a film of
polydispersed PbSe quantum dots (QDs) as the IR sensitizing layer, where the various sized
QDs absorb IR radiation, or IR as used herein, with various absorption maxima over a range
of wavelengths from less than 1pum to about 2 pm, to provide a broad spectrum sensitivity of

the IR sensitizing layer,
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The varying absorbance maxima for different sized QDs are illustrated in the
composite spectra shown in Figure 3. The insert of Figure 3 shows the absorbance spectrum
for a 50 nm thick film of monodispersed PbSe QDs having an absorbance peak at 1.3 pm.
However, as shown in Figure 4, the photon-to-photon conversion efficiency, for an up-
conversion device constructed with the monodispersed QDs shown in the insert of Figure 3,
) does not achieve an efficiency of more than a few percent for NIR irradiation, even at a

relatively high bias of 20V. As the conversion efficiency is less than 10% over this range,

reasonable detection of the IR signal can be accomplished by amplification of the IR input or

the visible light output signal.
In embodiments of the invention, the output signal is optimized by coupling the up-
5 conversion device to a CIS. The electrodes of the up-conversion device are transparent, such
that entering IR radiation is transported to the IR sensitizing layer, and the entering light and
the generated light can reach the surface of the CIS at the light exiting surface of the up-
conversion device. CIS technology is mature and is widely used for capturing images for
commercially available digital cameras. These CIS have pixels having at least onc amplifier
) with the photodetector. By inclusion of the CIS with the up-conversion device, amplification
of the IR generated image signal is achieved by coupling with the CIS, allowing the imaging
device to be used for night vision applications, even when the IR irradiation source is of low

intensity.
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The cathode can be indium tin oxide (ITO), indium zinc oxide (IZO), aluminum tin
oxide (ATO), aluminum zinc oxide (AZO), carbon nanotube, silver nanowire, or an Mg:Al
layer. In one embodiment of the invention a stacked 10:1 Mg:Ag layer with a thickness of

3 less than 20nm is used as a transparent electrode. In one embodiment of the invention, an
anti-reflective layer is situated on the exterior surface of the transparent cathode. For
example, an Alqs layer can be an anti-reflective layer that allows good transparency when the
Alg; layer is less than about 100 nm in thickness. Alternately, the antireflective layer can be
a metal oxide, such as MoQOs, of about 50 nm or less in thickness. In one embodiment of the

) invention, the visible light exit face comprises a 10:1 Mg:Al cathode layer of about 10 nm,
and an Alqs layer of 50 nm is situated upon the cathode.

Those skilled in the art, having benefit of the current disclosure, can readily identify

appropriate combinations of anodes, cathodes, LED materials, hole transport layers, HBL.s,
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2012/ 178ds8PeT/ud28re Polhggmecagversion device is constructed as a transparent flexible film
that is subsequently laminated to the CIS.

In some embodiments of the invention, the CIS is the image sensor and provides
amplification without requiring filters for specific radiation frequency ranges or micro lenses
) to direct light to the photodetector of the pixels.
In another embodiment of the invention, as illustrated in Figure 7, the CIS is used as
the substrate upon which the layers of the up-conversion device are constructed, resulting in a
single module comprising the imaging device’s up-conversion device and CIS. A
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

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



and el ectron transport |ayers by their relative work functions, HOMO and
LUMO | evel s, layer conpatibility, and the nature of any desired deposition
nmet hods wsecotuw7o4sg t heir fabrication. I n enbodi nents ofPCTIusS2012/0¢01986 on, t he
anode and the cathode are transparent and the nmultilayer stack can be
formed on a transparent support that is rigid, such as glass, or is

5fl exi bl e, such as an organic pol yrmer. 6 I n one enbodi nent of the

i nvention, the up-conversion device includes an IR pass visible blocking
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vi si bl e bl ocking | ayer used in the up-conversion device can enploy a nulti
di el ect M8 2BRIEER T -ayer . The IR pass visible blocking |ayer conprises a
stack of dielectric filns with alternating filnms having different
refractive indices, one of high refractive index and the other of a
significantly | ower refractive index. An exenplary IR pass visible blocking
| ayer is constructed of a conposite of 2 to 80 alternating |ayers of Ta205
(Rl =2.1) and Sia, (R = 1.45) that are 10 to 100 nmin thickness.

The coupling of a CIS to the up-conversion device to formthe inmaging
device can be achieved in a variety of manners. In Figures 5 and 6, the
up-conversion device is constructed i ndependently of the CI'S and the two
devi ces are coupled by stacking the two devices, such that the visible
light emtted by the light emtting |layer activates the photodetector of

pi xels of the CIS and the resulting electronic signal is anplified by the
anplifier in the pixel. The up-conversion device of Figure 5 conprises a
pair of glass substrates and is positioned onto the CIS. The two rigid
devi ces can be coupl ed, for exanple, by mechanical fasteners or an
adhesive. In Figure 6, the up-conversion device is constructed as a
transparent flexible filmthat is subsequently |lamnated to the CI' S

In some enbodi nents of the invention, the CISis the i mage sensor and
provi des anplification without requiring filters for specific radiation
frequency ranges or mcro lenses to direct light to the photodetector of

t he pi xel s. I n anot her enbodi nent of the invention, as illustrated in
Figure 7, the CISis used as the substrate upon which the layers of the
up- conversion device are constructed, resulting in a single nodule
conprising the imagi ng device's up-conversion device and C S. Al
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
shoul d be understood that the exanples and enbodi nents descri bed herein are
for illustrative purposes only and that various nodifications or changes in

l'ight thereof will be 6



suggested to persons skilled in the art and are to be included within the
spirit and purview of this application. WD 2012/ 170456PCT/ US2012/ 040980 7
CLAI M5 Wawol2aizm70456. An i magi ng devi ce, conprising a traosase@Ento4ioR)
up- conversion device and a CMOS i mage sensor (CI'S), wherein the transparent
| R up-conversion device is a nultilayer stack conprising: an anode | ayer; a
hol e bl ocking layer; an IR sensitizing’layer; a hole transport |layer; a
light emtting |ayer; an electron transport |ayer; and a cathode. 2. The
i magi ng device of claim1, wherein tGleABd®de conprises indiumtin oxide
(1TO, iA\gdime.zi nc oxide (12Z0), alum numtin oxide (ATO, alum num zinc
oxi de (AZOF'@arbon nanotubes, or silver nanowires. 3. The imaging device
of claim 1, wherein the hole blocking | ayer conprises h02, ZnO, BCP, Bphen,
3TPYMB, or UGH2. 4. The imaging device of claim1l, wherein the IR
sensi ti Zi rg negare dongs PoagiPhSe rghpareRbIR. @BsonRisen féirg anBiS” KidSmmdgnAs
film InGAs, fi 2 Si. fil Ge fi GAs film. | ,
peryl eng3 4" béffg’%%??lﬁéfécr %%3?9??@-@{%"?ffnfﬁr-smna‘ggﬁ'ifﬁrl? AEUYBREDARCK tin (1)
pht hal ogyaptisiag( Bo)e 1558F ¢ HoR0b o ATIaR iR IR a0 Il PeCl),
Al PcCl : C60,!3 ti tganyl_ _pht%ﬁal ocyani ne ll(i]gpl 8Pc), o?%%@g%g%’gmg ot

layer; a light emitting layer; an’electron transport layer; and a cathode.

2. The imaging device of claim 1, wherein the anode comprises indium tin oxide (ITO),
indium zinc oxide (1Z0), aluminum tin oxide (ATO), aluminum zinc oxide (AZO), carbon

nanotubes, or silver nanowires.

3. The imaging device of claim 1, wherein the hole blocking layer comprises TiO, ZnO,

BCP, Bphen, 3TPYMB, or UGH2.

4. The imaging 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 (I) phthalocyanine (SnPc),
SnPc:Cep, aluminum phthalocyanine chloride (AIPcCl), AIPcCl:Cy, titanyl phthalocyanine
(TiOPc), or TiOPc¢:Cgy.

5. The imaging device of claim 1, wherein the hole transport layer comprises 1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane  (TAPC), N,N’-diphenyl-N,N’(2-naphthyl)-(1,1°-phenyl)-
4,4’-diamine (NPB), or N,N’-diphenyl-N,N’-di(m-tolyl) benzidine (TPD).

6. The imaging device of claim 1, wherein the light emitting layer comprises rris-(2-
phenylpyidine) iridium, Ir(ppy)s, poly-[2-methoxy, 5-(2’-ethyl-hexyloxy) phenylene
vinylene] (MEH-PPV), tris-(8-hydroxy quinoline) aluminum (Alqs), or iridium (IIT) bis-
[(4,6-di-fluorophenyl)-pyridinate-N,C2" picolinate (Flrpic).



5. The imaging device of claiml, wherein the hole transport |ayer
conprises 1, 1-bisRdi-4- tolylam no)phenyl]cycl ohexane (TAPC),

N, N - di phwoybt24 7056 ( 2- napht hyl )-(1, 1 ' -phenyl)- 4,4 ' PCRIUB201204(98IPB) , or
N, N -di phenyl -N, N -di (mtolyl) benzidine (TPD). 6. The imaging device of
claim1l1, wherein the light emtting |ayer conprises fr/s-(2phenyl pyi di ne)
iridium Ir(ppy)3, poly-[2-nmethoxy, 5-¢2'-ethyl-hexyl oxy) phenyl ene

vi nyl ene] (MEH PPV), tris-(8-hydroxy quinoline) alumnum (A1g3), or iridium
(111) bi7s[ i, raging daviveogpthdaiyil ) - phereidi tha ke C2rahgpoeolay¢eradoenpiiséy pisfd-(3- WO

2012/ 170456PCT/ US2012/ 04 7, . The i [ d f cl 1, wherei
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al um num (A1g3). 8. The inaging device of claim1, wherein the cathode

conprises j,ndiumtin oxide (ITO), indiumzjng oxide (1.Z0), alum numtin
oxi e ( Ara o Tt S fon pidth B SAlEgn Gt Ry SR RdmhRi e,
or My: Alindiufl-zifkh6xiHERUIMNG al@Mhe® 1Bf oGhat ATd), MHRLRLN &SRt hods) comphi ses
a 10:1 My: Ag layer with a thickness of less than 30 urn. 10. The inagi ng
devi ce ofnainbkeg, prlvier napeyies. or MeAhul til ayer stack further conprises an
anti-reflective layer on the cathode. 11. The imagi ng device of claim?9,
wherein the anti-reflective |ayer conprises an Alg3 | ayer having a

t hi ckne9s ok inagisg tdbaioe 300lainl, wherein the cathode comprises a 10:1 Mg:Ag layer with a

thickness of less than 30 nm.

10. The imaging device of claim 1, wherein the multilayer stack further comprises an anti-

reflective layer on the cathode.

1. The imaging device of claim 9, wherein the anti-reflective layer comprises an Algs layer

having a thickness of less than 200 nm.

12. The imaging device of claim 1, wherein the multilayer stack further comprises an IR pass

visible blocking layer situated on the anode.

13. The imaging device of claim 11, wherein the IR pass visible blocking layer comprises a

plurality of alternating layers of materials having different refractive indexes.

14. The imaging device of claim 12, wherein the alternating layers comprise Ta;0s and SiO,
layers of 10 to 100 nm in thickness and the IR pass visible blocking layer comprises 2 to 80
layers.

15. The imaging device of claim 1, wherein the CIS is the substrate for the multilayer stack.

16. The imaging device of claim 1, wherein the multilayer stack further comprises a support

layer.



12. The imagi ng device of claim1, wherein the nultilayer stack further
conprises an IR pass visible blocking |ayer situated on the anode. 13, The
i magi ng dwvi2er/1ob4561 ai m 11, wherein the | R pass vi si bl epbiramskeing4doay er
conprises a plurality of alternating |layers of materials having different
refractive indexes. 14. The inmaging device of claim12, wherein the
alternating layers conprise Ta205 and 8 02 |ayers of 10 to 100 nmin

t hi ckness and the IR pass visible blocking |ayer conprises 2 to 80 | ayers.
15. The li/meldierigadiegideeicofol claan, Whemfretheisnppdrela@bSisirid hed giehgtsoatesioar t he
mul tilayer. stack. .16, The inmagi device of claim1l, wherein the

mul ti | aysyCs S4ORP Ed /4 Wgr&g%‘?‘%‘g%méfa AP Or PRyERESIVe9 17, The i magi ng
device of claim1l, wherein the support layer is rigid and the up-conversion
device is coupled to the CI'S by a nechanical fastener or an adhesive. 18.
The i madfngTheunagn pfdayicgi o tlaimhbrehaeinhdiessypportt layaryisr flésble | axdi theeuand

the up- RNNELSH A0 hGfinhRalGHnked to the GS.



