
WO 2012/170456PCT/US2012/040980 DESCRIPTION INFRARED IMAGING DEVICE
INTEGRATING AN IR UP-CONVERSION DEVICE WITH A CMOS IMAGE SENSOR S
CROSS-REFERENCE TO RELATED APPLICATION       The present application claims
the benefit of U.S. Provisional Application Serial No. 61/493,691, filed
June 6, 2011, which is hereby incorporated by reference herein in its
entirety, including any figures, tables, or drawings. 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 (N1R) up-conversion devices were 5 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 5 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.  WO
2012/170456PCT/US2012/040980 2 BRIEF SUMMARY       Embodiments of the
invention are directed to imaging devices comprising a transparent infrared
(IR) to visible up-conversion device that has a multilayer stack structure
and a CMOS image sensor (CIS). The stacked layer structure includes a
transparent anode, at 5  least one hole blocking layer, an IR sensitizing
layer, at least one hole transport layer (HTL), a light emitting layer
(LED), at least one electron transport layer (ETL), and a transparent
cathode. Additionally the up-conversion device can include an
antireflective layer and/or an IR pass visible blocking layer. The
multilayer stack can be formed on a substrate. The substrate can be the
CIS. The substrate can be a support layer that is rigid and the up- )
conversion device is coupled to the CIS by a mechanical fastener or an
adhesive, or the support layer can be flexible and the up-conversion device
is laminated to the CIS to form the imaging device. BRIEF DESCRIPTION OF
DRAWINGS 



5Figure 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 ()Ds 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. 5Figure 5 illustrates the
construction of an imaging device, according to an 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, where the up-conversion device is formed
directly on a CIS substrate.  



WO 2012/170456PCT/US2012/040980 DETAILED DISCLOSURE       Embodiments of
the invention are directed to an up-conversion device coupling an infrared
(IR) sensitizing layer with a visible light emitting layer that is formed
on or coupled to a CMOS image sensor (CIS). Figure 1 is a schematic diagram
of an up-conversion device 5 comprising a multilayer stack, including an IR
sensitizing layer and an organic light emitting layer (LED), which
generates visible light, sandwiched between a cathode and an anode. Figure
2 shows the band diagram for an up-conversion device according to an
embodiment of the invention, where a hole blocking 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 lum to about 2 um, to provide a broad
spectrum sensitivity of the IR sensitizing layer.       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 [im. 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 one 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.  WO
2012/170456PCT/US2012/040980 



4       Figure 2 is a schematic energy band diagram of an up-conversion
device having an IR sensitizing layer, which can be a broad absorbing
sensitizing layer comprising polydispersed ODs, according to an embodiment
of the invention. The HBL can be an organic 11BL comprising, for example,
2,9-Dimethy1-4,7-dipheny1-1,10-phenanthroline (BCP) p- 5
bis(triphenylsilyObenzene (UGH2), 4,7-dipheny1-1,10-phenanthroline (BPhen),
tris-(8- hydroxy quinoline) aluminum (A1q3), 3,5'-N,N'-dicarbazole-benzene
(mCP), C60, or tris[3- (3-pyridy1)-mesityl]borane (3TPYMB). The hole
blocking layer (LIBL) can be an inorganic HBL comprising, for example, ZnO
or Ti02. The anode can be, but is not limited to: Indium tin oxide (ITO),
indium zinc oxide (IZO), aluminum tin oxide (ATO), aluminum zinc oxide
(AZO) or carbon nanotubes.       Materials that can be employed as hole
transport layers (HTLs) include, but are not limited to:
1,1-bisftdi-4-tolylamino)phenylicyclohexane (TAPC), N,N'-diphenyl-N,N'(2-
naphthyl)-(1,1'-pheny1)-4,4'-diamine (NPB), and
N,N'-diphenyl-N,N'-di(m-toly1) benzidine (TPD). Electroluminescent light
emitting (LED) materials that can be employed include, but 5 are not
limited to: iris-(2-phenylpyidine) iridium, Ir(ppy)3, poly-[2-methoxy,
5-(2'-ethylhexyloxy) phenylene vinylene] (MEH-PPV), iris-(8-hydroxy
quinoline) aluminum (A1q3), and iridium (Ill)
bis-[(4,6-di-fluoropheny1)-pyridinate-N,C2 lpicolinate (FIrpic). Materials
that can be employed as electron transport layers (ET Ls) include, but are
not limited to: tris[3-(3-pyridyI)-mesityl]borane (3TPYMB),
2,9-Dimethy1-4,7-dipheny1-1,10- phenanthroline (BCP),
4,7-dipheny1-1,10-phenanthroline (BPhen), and tris-(8-hydroxy quinoline)
aluminum (A1q3).       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 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 A1q3 layer can be an anti-reflective
layer that allows good transparency when the Alq3 layer is less than about
100 nm in thickness. Alternately, the antireflective layer can be a metal
oxide, such as Mo03, 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 Alq3 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, HBLs,  WO
2012/170456PCT/US2012/040980 5 



and electron transport layers by their relative work functions, HOMO and
LUMO levels, layer compatibility, and the nature of any desired deposition
methods used during their fabrication. In embodiments of the invention, the
anode and the cathode are transparent and the multilayer stack can be
formed on a transparent support that is rigid, such as glass, or is
5flexible, such as an organic polymer.       In one embodiment of the
invention, the up-conversion device includes an IR pass visible blocking
layer that is situated between a substrate and the anode. The IR pass
visible blocking layer used in the up-conversion device can employ a multi
dielectric stack layer. The IR pass visible blocking layer comprises a
stack of dielectric films with alternating films having different
refractive indices, one of high refractive index and the other of a
significantly lower refractive index. An exemplary IR pass visible blocking
layer is constructed of a composite of 2 to 80 alternating layers of Ta205
(RI = 2.1) and Sia, (RI = 1.45) that are 10 to 100 nm in thickness.
The coupling of a CIS to the up-conversion device to form the imaging
device can be achieved in a variety of manners. In Figures 5 and 6, the
up-conversion device is constructed independently of the CIS and the two
devices are coupled by stacking the two devices, such that the visible
light emitted by the light emitting layer activates the photodetector of
pixels of the CIS and the resulting electronic signal is amplified by the
amplifier in the pixel. The up-conversion device of Figure 5 comprises a
pair of glass substrates and is positioned onto the CIS. The two rigid
devices can be coupled, for example, by mechanical fasteners or an
adhesive. In Figure 6, the up-conversion 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.       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  6 



suggested to persons skilled in the art and are to be included within the
spirit and purview of this application.  WO 2012/170456PCT/US2012/040980 7
CLAIMS We claim:  I. An imaging device, comprising a transparent IR
up-conversion device and a CMOS image sensor (CIS), wherein the transparent
IR up-conversion device is a multilayer stack comprising: an anode layer; a
hole blocking layer; an IR sensitizing layer; a hole transport 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 (IZ0), 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 h02, ZnO, BCP, Bphen,
3TPYMB, or UGH2.  4. The imaging device of claim 1, wherein the IR
sensitizing layer comprises PbSe QDs, PbS ODs, PbSe film, PbS film, InAs
film, InGaAs film, Si film, Ge film, GaAs film,
perylene3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA), tin (II)
phthalocyanine (SnPc), SnPc:C60, aluminum phthalocyanine chloride (AlPeC1),
AlPcCI:C60, titanyl phthalocyanine (Ti0Pc), or Ti0Pc:C60. 



5. The imaging device of claim I, wherein the hole transport layer
comprises 1,1-bisRdi-4- tolylamino)phenyl]cyclohexane (TAPC),
N,N'-diphenyl-N,N' (2-naphthyl)-(1, 1 ' -pheny1)- 4,4 ' -diamine (NPB), or
N,N'-diphenyl-N,N'-di(m-toly1) benzidine (TPD).  6. The imaging device of
claim 1, wherein the light emitting layer comprises fr/s-(2phenylpyidine)
iridium, Ir(ppy)3, poly-[2-methoxy, 5-(2'-ethyl-hexyloxy) phenylene
vinylene] (MEH-PPV), tris-(8-hydroxy quinoline) aluminum (A1q3), or iridium
(III) bis[(4,6-di-fluoropheny1)-pyridinate-N,C2 ]picolinate (FIrpic).  WO
2012/170456PCT/US2012/040980 8  7. The imaging device of claim 1, wherein
the electron transport layer comprises tris[3-(3- pyridy1)-mesityl]borane
(3TPYMB), 2,9-Dimethy1-4,7-dipheny1-1,10-phenanthroline (BCP),
4,7-dipheny1-1,10-phenanthroline (BPhen), or tris-(8-hydroxy quinoline)
aluminum (A1q3).  8. The imaging device of claim 1, wherein the cathode
comprises indium tin oxide (ITO), indium zinc oxide (IZ0), aluminum tin
oxide (ATO), aluminum zinc oxide (A70), carbon nanotube, silver nanowire,
or Mg:Al.  9. The imaging device of claim 1, wherein the cathode comprises
a 10:1 Mg:Ag layer with a thickness of less than 30 urn.  10. The imaging
device of claim 1, wherein the multilayer stack further comprises an
anti-reflective layer on the cathode.  11. The imaging device of claim 9,
wherein the anti-reflective layer comprises an A1q3 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 Ta205 and Si02 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.  9  17. The imaging
device of claim 1, wherein the support layer is rigid and the up-conversion
device is coupled to the CIS by a mechanical fastener or an adhesive.  18.
The imaging device of claim 1, wherein the support layer is flexible and
the up-conversion device is laminated to the CIS. 


