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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
20 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. 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 that have
25 higher conversion efficiencies, although no device has been identified that allows sufficient
efficiency to be considered a practical up-conversion device. For some applications, such as
night vision devices, up-conversion devices having an IR sensitizing layer with a broad

absorption spectrum is very desirable.

30 BRIEF SUMMARY
Embodiments of the invention are directed to an IR photodetector comprising a

cathode, an anode, and an IR sensitizing layer, comprising polydispersed quantum dots
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BRIEF DESCRIPTION OF DRAWINGS
Figure 1 shows a) a schematic energy band diagram of a prior art infrared-to-visible
light up-conversion device with single absorption peak spectrum, b) an absorbance spectrum
of an IR absorbing PbSe quantum dot (QD) film with monodispersed QDs, and ¢) a plot of
the photon-to-photon conversion efficiency of the up-conversion device.
Figure 2 shows composite of absorbance spectra for a PbSe quantum dot film having
different sized monodispersed QDs.

20 Figure 3 shows a) an up-conversion device with an IR sensitizing layer of mixed QDs
and b) the absorbance spectra of a polydispersed PbSe QD film that would result from the
combination of the three monodispersed QDs of the films of Figure 2.

Figure 4 shows absorption spectra for polydispersed PbS QDs prepared with different
metal to calcogenide ratios at a) 160 °C and b) 140 °C and c) an up-conversion device with

25 an IR sensitizing layer of polydispersed QDs according to an embodiment of the invention.

Figure 5 shows a schematic energy band diagram of a photodetector comprising a
broad absorption IR sensitizing layer comprising polydispersed QDs according to an
embodiment of the invention.

Figure 6 shows a schematic energy band diagram of an up-conversion device with an

30 IR sensitizing layer of polydispersed quantum dots according to an embodiment of the

invention
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10 efficiency of the IR up-conversion device. The conversion efficiency spectrum of the up-
conversion device reflects the absorbance spectrum of the PbSe quantum dot film.

The absorption spectra of PbSe quantum dots depend on the size of PbSe quantum
dots, as shown in Figure 2, where the spectra of three different sized PbSe QDs are
superimposed with their longest wavelength maximum normalized to one absorbance unit.

15 According to an embodiment of the invention, an up-conversion device includes an IR
photodetector that comprises a sensitizing layer of polydispersed PbSe QDs of different sizes
and a light emitting diode (LED). As illustrated, for either up-conversion device in Figure 3a,
by having a polymodal combination of three monodispersed QDs of the different sizes, which
individually display the absorbance spectra of Figure 2, a combined absorbance spectrum

20 results, as indicated in Figure 3b. Rather than combining different available monodispersed
QDs, a monomodal polydispersed QDs mixture can be synthesized. In this manner, many
different sized QDs are present as a continuum of sizes rather than as a mixture of discrete
sizes. Figures 4a and 4b show broad absorption spectra for films of polydispersed PbS QDs
that could be included in an IR photosensitizing layer in an up-conversion device, for

25 example, as illustrated in Figure 4c. By controlling the molar proportions of the metal and
calcogenide reagents and the reaction temperature, QDs with broad absorptions are possible.
As shown in Fig. 4a and 4b, PbS QDs with absorption maxima at 1320 nm and 1150 nm are
formed at a Pb:S ratio of 1:1.5 at 160 °C and 140 °C, respectively, while increasing the S ratio
results in the formation of PbS QD with broader absorption spectra at 160 °C and 140 °C,

30 with the broadest spectrum observed for the QDs prepared at a Pb:S ratio of 1:4 at 160 °C.
These QDs absorb in a portion of the near IR (NIR) with absorbance extending into the

visual. As can be appreciated by those skilled in the art, any monomodal mixture of
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cathode can be LiF/Al or can be any conductor with the appropriate work function including,
but not limited to, Ag, Ca, Mg, LiF/AVITO, Ag/ITO, CsCO4/ITO and Ba/Al. The device can
include a hole transport layer (HTL). Materials that can be employed as a HTL include, but
are not limited to, 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC), N,N’-diphenyl-
30 N,N’(2-naphthyl)-(1,1’-phenyl)-4,4’-diamine (NPB), and N.N’-diphenyl-N,N’-di(m-tolyl)
benzidine (TPD). The device can include an electron transport layer (ETL). Materials that
can be employed as an ETL include, but are not limited to, tris[3-(3-pyridyl)-mesityl]borane
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usi ng dijghenybphokpholnend BPPheageaction mixture. The resulting nanocrystals were
subsequently isolated by: precipitating with acetone; redispersing the nanocrystals in toluene;
and repeating the steps of precipitating and redispersing three times to remove excess
20 unreacted precursors and reaction byproducts.

Subsequently, a ligand exchange reaction was carried out where the bulky oleate
ligands were exchanged with shorter-chain octylamine or ethanethiol ligands in a nitrogen
glove box over a period of 48 hours, where: after precipitating the nanocrystals in acetone,
the nanocrystals were redispersed in 10 ml of octylamine; or, after redispersing the

25 nanocrystals in toluene, an equal volume of ethanethiol was added to the suspension.
Subsequently, the ligand exchanged particles were precipitated with acetone and finally
redispersed in chloroform at a concentration of about 60 mg/ml. The exchange of oleate
passivating groups with octylamine resulted in a clear dispersion with no agglomeration of
particles.

30 - 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.



a catalyst. In a typical reaction, |lead oxide (2 nmmol) was dissolved in a
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et hanet hi ol was added to the suspension. Subsequently, the |igand exchanged
particles were precipitated with acetone and finally redi spersed in
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passivating groups with octylamne resulted in a clear dispersion with no
aggl oneration of particles. 30All 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 wwth the explicit teachings of this
specification. WD 2012/ 118529PCT/ US2011/ 056178 6 It should be
understood that the exanples and enbodi nents descri bed herein are for
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 purview of this application.



WO 2012/ 118529PCT/ US2011/ 056178 7 CLAIMS W claim 1. An IR photodetector,
conprising: a cathode; an anode; and an IR sensitizing |ayer conprising
pol ydi speweedixusizoum dots (QDs), wherein the IR sensitipgirng20iapssi7absor bs
over a broad range including at |east a portion of the near infrared (N R).
2. The photodetector of claim1, wherein the IR sensitizing | ayer conprises
pol ydi spersed PbS QDs and/or pol ydi spersed PbSe QDs. 3. The phot odet ector
of claim1l, wherein the polydi spersed QDs conprise a pol ynodal m xture of
nmonodi spersed QDs, a nononpdal pol ydi&séSsed QD mi xture, or a pol ynodal
pol ydi spersed Q@ m xture. 4. The IR photodetector of claim11, wherein the
cat hode conprises Ag, Ca, My, Indiumtin Oxide (1 TO, IndiumZ nc Oxide
(120, WA ¢laintum Ti n Oxi de (ATO), Al umi num Zi nc Oxi de (AZO), carbon nanot ube,
silver nanowire, LiF/AVITO Ag/1TO or CsCOB/ITO 5. The IR photodetector
of claim1l, wherein the anode conprises Ag, Ca, My, Indiumtin xide (ITO,
| ndi um Zisnec ' ) LJ..Oxi A um.num-.Zi nc i de
( AZO) %afﬁbﬁ%&%@%ﬁ%ﬁg %?%%@%g%@m"g%%Eﬂ%‘%#&%}ﬂ%@s}“@g ¥4 cscos/ 1 TO
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ayer BL), and/.or an el ectron ocking layer (EBL). 7. The IR
phot odésgﬁddﬁn@rm@rléﬁn&aéfeaWw&w iae pese 1%%fﬁﬁ§ (NES-
2,9-Dimethyl-4, 7-di phenyl- 1, 10- phenant hroline (BCP),
p- bi s(triphenylsilyl)benzene (UGH), 4,7-diphenyl -1 ,1 0- phenanthroline
( BPhen}, Theipbetp8ethgtdr afkglaiqul ,naicreie thealRusensitiming AdygB pom i &'s pblyllispelisedr bazol

R R e gy o Do S

3. The photodetector of claim 1, wherein the polydispersed QDs comprise a polymodal

mixture of monodispersed QDs, a monomodal polydispersed QD mixture, or a polymodal

polydispersed QD mixture.

4. The IR photodetector of claim 1, wherein the cathode comprises Ag, Ca, Mg, Indium tin
Oxide (ITO), Indium Zinc Oxide (IZO), Aluminum Tin Oxide (ATO), Aluminum Zinc Oxide
(AZO),carbon nanotube, silver nanowire, LiF/AI/ITO, Ag/ITO, or CsCO5/ITO.

5. The IR photodetector of claim 1, wherein the anode comprises Ag, Ca, Mg, Indium tin
Oxide (ITO), Indium Zinc Oxide (IZO), Aluminum Tin Oxide (ATO), Aluminum Zinc Oxide
(AZO),carbon nanotube, silver nanowire, LiF/AI/ITO, Ag/ITO, and CsCO3/ITO.

6. The IR photodetector of claim 1, further comprising a hole blocking layer (HBL) and/or
an electron blocking layer (EBL).

7. The IR photodetector of claim 6, wherein the HBL comprises 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 (Algs), 3,5’-N,N’-dicarbazole-
benzene (mCP), Cq, tris[3-(3-pyridyl)-mesityl]borane (3TPYMB), ZnO, or TiO,.



8 8. The IR photodetector of claim®6, wherein the EBL of claim®6 conprises
1,1-bis[(di-4- tolylam no)phenyl] cyclohexane (TAPC), N, N -di phenyl-N ,N"
(2- napht hwD)201(21118529- phenyl) - 4,4 ' -diam ne (NPB), and PCT/US2011/056178

N, N -di phenyl -N, N -di (mtolyl) benzidine (TPD). 9. An up-conversion
device, conprising the IR photodetecéﬁr of claiml1l and a light emtting

di ode (LED). 10. The up-conversion vice of claim9, wherein the LED
conprises _a light emtting |ayer. 11. The up-conversion device of claim
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12. The up-conversion device of claim9, wherein the LED further conprises
an el ectron transport |ayer (ETL) and/or a hole transport layer (HTL) 13.
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2, 9- Di aetdeyILER).7- di phenyl1-1, 10- phenant hroline (BCP), 4,7-
diphenyl-l,lO-phenanthroIine (BPhen), or tiis-(8-hydroxy qui nol i ne)

al um num (A1q3). 14. The up-conversion device of claim 12, wherein the HIL
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N, N - dlphenyl N, N -di(mtolyl) benzidine (TPD).
11. The up-conversion device of claim 10, wherein the light emitting layer comprises #ris-(2-
phenylpyidine) iridium (Ir(ppy)s), poly-[2-methoxy, 5-(2’-ethyl-hexyloxy) phenylene
vinylene] (MEH-PPV), ris-(8-hydroxy quinoline) aluminum (Alqs), or iridium (1II) bis-

[(4,6-di-fluorophenyl)-pyridinate-N,C2 ' ]picolinate (FIrpic).

12. The up-conversion device of claim 9, wherein the LED further comprises an electron

transport layer (ETL) and/or a hole transport layer (HTL)

13. The up-conversion device of claim 12, wherein 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), or tris-(8-hydroxy quinoline) aluminum (Algs).

14. The up-conversion device of claim 12, wherein the HTL comprises 1,1-bis[(di-4-
tolylamino)phenyljcyclohexane (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).



