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METAL OXIDE CHARGE TRANSPORT MATERIAL
DOPED WITH ORGANIC MOLECULES

TECHNICAL FIELD
10001] The present disclosure relates to the field of organic semiconductors and more

particularly to organic films for use in organic electronic devices.

BACKGROUND
{0002] Optoelectronic devices rely on the optical and electronic properties of materials to
either produce or detect electromagnetic radiation electronically or to generate electricity
from ambient electromagnetic radiation. Optoelectronic devices that make use of organic
semiconductor materials are becoming more desirable because of their potential for cost
advantage over inorganic semiconductor materials and certain beneficial inherent properties
organic materials, such as their flexibility.
[0003] Photosensitive optoelectronic devices convert electromagnetic radiation into an
electrical signal or electricity. Solar cells, also called photovoltaic (“PV”) devices, are a type
of photosensitive optoelectronic devices that are specifically used to generate electrical
power. An organic photosensitive device comprises at least one photoactive region in which
light is absorbed to form an exciton, which may subsequently dissociate into an electron and
a hole. The photoactive region will typically comprise a donor-acceptor heterojunction, and
is a portion of a photosensitive device that absorbs electromagnetic radiation to generate
excitons that may dissociate in order to generate an electrical current. The donor-acceptor
heterojunction can be a planar heterojunction, bulk heterojunction, or hybridized mixed-
planar heterojunction. A hybridized mixed-planar heterojunction comprises a first organic
layer comprising a mixture of an organic acceptor material and an organic donor material;
and a second organic layer comprising an unmixed layer of the organic acceptor material or
the organic donor material of the first organic layer. Such hybridized mixed-planar
heterojunction is described in United States patent application Publication No. 2005/0224113
of Xue, et al., published on October 13, 2005, the contents of which are incorporated herein
by reference in its entirety.
[0004] An organic photosensitive optoelectronic device may also comprise transparent
charge transfer layers, electrodes, or charge recombination zones. A charge transfer layer
may be organic or inorganic, and may or may not be photoconductively active. A charge

transfer layer is similar to an electrode, but does not have an electrical connection external to
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the device and only delivers charge carriers from one subsection of an optoelectronic device
to the adjacent subsection. A charge recombination zone is similar to a charge transfer layer,
but allows for the recombination of electrons and holes between adjacent subsections of an
optoelectronic device. Charge recombination zones are described, for example, in U.S.
Patent No. 6,657,378 to Forrest et al.; Published U.S. Patent Application 2006-0032529 Al,
entitled “Organic Photosensitive Devices” by Rand ef al., published February 16, 2006; and
Published U.S. Patent Application 2006-0027802 Al, entitled “Stacked Organic
Photosensitive Devices” by Forrest et al., published February 9, 2006; each incorporated
herein by reference for its disclosure of recombination zone materials and structures. A
charge recombination zone may or may not include a transparent matrix layer in which the
recombination centers are embedded. A charge transfer layer, electrode, or charge
recombination zone may serve as a cathode and/or an anode of subsections of the
optoclectronic device. An electrode or charge transfer layer may serve as a Schottky contact.
[0005] For additional background explanation and description of the state of the art for
organic photosensitive devices, including their general construction, characteristics,
materials, and features, U.S. Patent Nos. 6,972,431, 6,657,378 and 6,580,027 to Forrest et al.,
and U.S. Patent No. 6,352,777 to Bulovic et al., are incorporated herein by reference in their
entireties.

[0006] In the context of organic materials, the terms “donor” and “acceptor” refer to the
relative positions of the Highest Occupied Molecular Orbital (“HOMO?) and Lowest
Unoccupied Molecular Orbital (“LUMO”) energy levels of two contacting but different
organic materials. If the HOMO and LUMO energy levels of one material in contact with
another are lower, then that material is an acceptor. If the HOMO and LUMO energy levels
of one material in contact with another are higher, then that material is a donor. It is
energetically favorable, in the absence of an external bias, for electrons at a donor-acceptor
junction to move into the acceptor material.

[0007] As used herein, a first HOMO or LUMO energy level is “higher than” a second
HOMO or LUMO energy level if the first energy level is closer to the vacuum energy level
and the first HOMO or LUMO energy level is “lower than” a second HOMO or LUMO
energy level if the first energy level is further away from the vacuum energy level. A higher
HOMO energy level corresponds to an ionization potential having a smaller absolute energy
relative to a vacuum level. Similarly, a higher LUMO energy level corresponds to an

electron affinity having a smaller absolute energy relative to vacuum level. Ona
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conventional energy level diagram, with the vacuum level at the top, the LUMO energy level
of a material is higher than the HOMO energy level of the same material.

[0008] A significant property in organic semiconductors is carrier mobility. Mobility
measures the ease with which a charge carrier can move through a conducting material in
response to an electric field. In the context of organic photosensitive devices, a material that
conducts preferentially by electrons due to high electron mobility may be referred to as an
electron transport material. A material that conducts preferentially by holes due to a high
hole mobility may be referred to as a hole transport material. A layer that conducts
preferentially by electrons, due to mobility and/or position in the device, may be referred to
as an electron transport layer. A layer that conducts preferentially by holes, due to mobility
and/or position in the device, may be referred to as a hole transport layer. Preferably, but not
necessarily, an acceptor material is an electron transport material and a donor material is a
hole transport material.

[0009] As used herein, the term “organic” includes polymeric materials as well as small
molecule organic materials that may be used to fabricate organic opto-electronic devices.
«“Small molecule” refers to any organic material that is not a polymer, and “small molecules”
may actually be quite large. Small molecules may include repeat units in some
circumstances. For example, using a long chain alkyl group as a substitute does not remove a
molecule from the “small molecule” class. Small molecules may also be incorporated into
polymers, for example as a pendent group on a polymer backbone or as a pait of the
backbone. Small molecules may also serve as the core moiety of a dendrimer, which consists
of a series of chemical shells built on the core moiety. The core moiety of a dendrimer may
be a fluorescent or phosphorescent small molecule emitter. A dendrimer may be a “small
molecule.” In general, a small molecule has a defined chemical formula with a molecular
weight that is the same from molecule to molecule, whereas a polymer has a defined
chemical formula with a molecular weight that may vary from molecule to molecule. As
used herein, “organic” includes metal complexes of hydrocarbyl and heteroatom-substituted
hydrocarbyl ligands.

[0010] An example of organic optoelectronic devices that produce electromagnetic
radiation electronically include organic light emitting devices (OLEDs). OLEDs make use of
thin organic films that emit light when voltage is applied across the device. OLEDs are
becoming an increasingly interesting technology for use in applications such as flat panel

displays, illumination, and backlighting. Several OLED materials and configurations are
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described in U.S. Pat. Nos. 5,844,363, 6,303,238, and 5,707,745, the disclosures of which are
incorporated herein by reference in their entireties.

[0011] OLED devices are often configured to emit light through at least one of the
electrodes, and one or more transparent electrodes may be useful in an organic opto-
electronic devices. For example, a transparent electrode material, such as indium tin oxide
(ITO), may be used as the bottom electrode. A transparent top electrode, such as disclosed in
U.S. Pat. Nos. 5,703,436 and 5,707,745, which are incorporated herein by reference in their
entireties, may also be used. For a device intended to emit light only through the bottom
electrode, the top electrode does not need to be transparent, and may include a thick and
reflective metal layer having a high electrical conductivity. Similarly, for a device intended
to emit light only through the top electrode, the bottom electrode may be opaque and/or
reflective. This is because, where an electrode does not need to be transparent, using a
thicker layer may provide better conductivity, and usiﬁg a reflective electrode may increase
the amount of light emitted through the other electrode, by reflecting light back towards the
transparent electrode. Fully transparent devices may also be fabricated, where both
electrodes are transparent.

[0012] In many color display applications, three OLEDs, each emitting light of one of the
three primary colors, blue, green and red, are arranged in a stack, thereby forming a color
pixel from which any color can be emitted. Examples of such stacked OLED (“SOLED”)
structures can be found described in PCT International Application WO 96/19792 and U.S.
Pat. No. 6,917,280, the disclosures of which are incorporated herein by reference in their
entireties.

[0013] In such a stacked structure, a pair of electrode layers are provided, one at the
bottom and another at the top of the SOLED stack. In one variation of SOLEDs, an
intermediate electrode layer that is externally connected can be provided between each of the
OLED units in the stack. In other variations of SOLEDs, a charge generating layer (“CGL”)
that injects charge carriers but without direct external electrical connection is provided
between each of the OLED units in the stack.

[0014] As used herein, “top” means furthest ‘away from the optoelectronic device’s
substrate, while “bottom” means closest to the substrate. For example, for a device having
two electrodes, the bottom electrode is the electrode closest to the substrate, and is generally
the first electrode fabricated. The bottom electrode has two surfaces, a bottom surface closest

to the substrate, and a top surface further away from the substrate. Where a first layer is
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described as “disposed over” a second layer, the first layer is disposed further away from
substrate but not necessarily in physical contact with the second layer. There may be one or
more other layers between the first and second Jayers, unless it is specified that the first layer
is “in physical contact with” the second layer. For example, a cathode may be described as

being “disposed over” an anode, even though there are various layers in between.

SUMMARY
[0015] The present disclosure provides a charge transport material for use in an
optoelectronic device comprising a metal oxide doped with an organic compound. According
to an embodiment of the present disclosure, some examples of the organic material for
doping are 2,3,5,6-tetraﬂuor0-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), acridine orange
base (AOB), and chloroboron subphthalocyanine (SubPc).
[0016] According to another embodiment, an optoelectronic device incorporating such
charge transport material is disclosed. Such device can be a photosensitive device
comprising a first electrode, a second electrode, a photoactive region disposed between the
first electrode and the second electrode and electrically connected to the first and second
electrodes, and a charge transport layer disposed between the photoactive region and at least
one of the first and second electrodes, wherein the charge transport Jayer comprises a metal
oxide material that is doped with an organic dopant material.
[0017] The metal oxide material doped with organic compounds having decreased
resistivity can be used as either a hole-transport layer (“HTL”), an electron transport layer
(“ETL”), or both, in organic photovoltaic devices (“OPV”). The metal oxide material can
also be used as a recombination zone in tandem OPVs, or as charge transport layers in
OLEDs or CGLs in SOLEDs.
[0018] According to an embodiment, an OLED comprises an anode, a cathode, and at
Jeast one emissive layer and at least one charge transport layer disposed between the anode
and the cathode. In this embodiment, the at least one charge transport layer comprises a
metal oxide material doped with an organic dopant material.
[0019] In another embodiment, a SOLED comprises an anode, a cathode, a plurality of
emissive regions disposed between the anode and the cathode, and a CGL disposed between
successive emissive regions. In this embodiment, the CGL comprises a metal oxide material

doped with an organic dopant material.
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[0020] The present invention also provides a method of making the disclosed charge
transport material for use in an optoelectronic device comprising a metal oxide and an
organic dopant material. Examples of making such doped metal oxide compositions include
vacuum thermal evaporation, solution deposition, spin casting, spray coating, doctor-blading,

and other solution processing techniques.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021] FIG. 1 is a cross-sectional view of an organic photovoltaic device according to an
embodiment.
[0022] FIG. 2 is a cross-sectional view of an organic photovoltaic device according to
another embodiment.
[0023] FIG. 3 is a cross-sectional view of a two layer organic light emitting device.
[0024] FIG. 4 is a cross-sectional view of a three layer organic light emitting device.
[0025] FIG. 5 is a cross-sectional view of a stacked organic light emitting device.
[0026] FIG. 6 Resistivity of MoO;s films doped with AOB, measured from
ITO/M00::AOB/Au sandwich-type devices.
[0027] FIGS. 7a and 7b show absorption coefficients of various doped MoOs3 films
deposited on quartz.
[0028] FIGS. 8a and 8b show dark (8a) and one-sun illuminated (8b) plots of the J-V
characteristics of OPVs incorporating MoOs layers doped with Ag, FA,TCNQ, and AOB.
[0029] FIGS. 92 and 9b show one-sun illuminated J-V characteristics (9a) and
performance parameters (9b) of OPV devices as a function of AOB doping concentration.
[0030] FIGS. 10a and 10b show dark J-V characteristics (10a) and series resistance (10b)
of OPV devices as a function of AOB doping concentration.
[0031] FIGS. 11a and 11b show one-sun illuminated J-V characteristics (11a) and
performance parameters (11b) of OPV devices comparing different buffer layers.
[0032] Except where noted otherwise, all drawings are schematic and are not drawn to

scale and are not intended to necessarily convey actual dimensions.

DETAILED DESCRIPTION
[0033] New metal oxide charge transport materials doped with organic molecules to
increase the conductivity of the metal oxide thin films is disclosed. The resulting charge

transport material exhibit increased conductivity, optical transparency, light absorption, and
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chemical resistance suitable for optoelectronic devices. They can be used for either a HTL,
an ETL, or both, in an OPV device or OLED devices. Other applications of the disclosed
composition include uses as a recombination zone in tandem OPVs, or as a charge generation |
layers in SOLEDs.

[0034] As described herein, “metal oxide” may be any transition metal oxide which have
favorable energy level alignment, electric conductivity, optical transparency, and chemical
robustness. The metal oxides are suitable as charge transport layers in organic and molecular
electronics. They may have abilities to provide good energy level alignment with a wide
range of materials to improve carrier injection and extraction. Their optical transparency may
allow their use as optical spacers. They are compatible with a wide range of deposition
processes such as vacuum evaporation, solution deposition, spin casting, spray coating,
doctor-blading, and other solution processing techniques. They also have chemical resistance
allowing the subsequent solvent-based deposition of subsequent layers. Examples of the
metal oxide material include MoOs, CrOs, V20s, WOs, NiO, Cr3;04, Cr203, CuO, RuO», TiO,,
Ta,0s, Sn0,, Cuz0, and other transition metal oxide. A transition metal oxide having high
clectrical conductivity, optical transparency and chemical robustness is preferred.

[0035] The organic dopant as described herein may be an organic semiconducting
material, which have suitable energy alignment with the metal oxide host described above.
The organic dopant may exist in the form of small molecules, oligomers or polymers. The
small molecules are preferred. Examples of such small molecule organic dopant include
2,3,5,6-tetraﬂu0ro—7,7,8,8-tetracyanoquinodimethane (FsTCNQ), acridine orange base (AOB)
and chloroboron subphthalocyanine (SubPc).

[0036] An organic dopant can be selected to provide either n-type doping or p-type
doping based on the following principles. When the HOMO of the dopant is similar to or
smaller than (i.e., closer to the vacuum energy level) the LUMO of the metal oxide host, »n-
type doping occurs. Conversely, when the LUMO of the dopant is similar to or larger (i.e.,
further from the vacuum energy level) than the HOMO of the host, p-type doping occurs. As
used herein, “similar to” means within ~5 kT, or 0.2 eV.

[0037] For example, a wide range of organic materials can be used for n-type doping
because the LUMO of MoOs is very high (~6 V). Examples of suitable organic dopants for
n-type doping of MoOs include: acridine orange base (AOB) (~3 eV), pentacene (5.0 eV),
tetracene (5.2 eV), copper phthalocyanine (CuPc) (5.2 eV), N,N'-Bis(naphthalen-1-yl)-N,N'-
bis(phenyl)-benzidine (NPD) (5.3 eV), diindenoperylene (DIP) (5.5 €V), chloroboron
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subphthalocyanine (SubPc) (5.6 eV), and tris(8-hydroxyquinolinato) aluminium (Alq3) (5.8
eV).

[0038] This n-type doping also applies to other metal oxides with similar energy levels
such as CrOs, V,0s, and WQj3. Acridine orange base (AOB) having low HOMO (~3 eV)
may act as an n-type dopant for a wide range of metal oxides, including MoQO3, CrOs, V,0s,
WOs3, NiO, Cr;04, Cr,05, CuO, RuO,, TiO,, Ta,0s, SnO;, and CuO. For the metal oxides
with smaller HOMO levels such as CuO at -5.2 eV, organic molecules such as F,TCNQ,
whose LUMO level is -5.2 eV is suitable as a p-type dopant.

[0039] The HOMO/LUMO levels of various transition-metal oxides such as MoQs, CrOs,
V;,0s5, W03, NiO, C0304, M00O3, Cr,03, CuO, Ti0,, Ta,0s, Cu,0, and CoO are provided in
Greiner et al., “Universal energy-level alignment of molecules on metal oxides,” NATURE
MATERIALS, Vol. 11, (January 2012), the disclosure of which is incorporated herein by
reference in its entirety. The HOMO/LUMO levels of organic materials F4-TCNQ, NTCDA,
TCNQ, PTCDA, BCP, CBP, F;sCuPC, PTCBI, Alq3, a-NPD, CuPC, ZnPC, Pentacene, and
a-6T are provided in Kahn er al., “Electronic Structure and Electrical Properties of Interfaces
between Metals and n-Conjugated Molecular Films,” JOUR. OF POLY. SCI.: PART B: POLYMER
PHYSICS, Vol. 41, 2529-2548 (2003), the disclosure of which is incorporated herein by
reference in its entirety.

[0040] The organic dopant may be introduced into the metal oxide host through a gas,
solution or solid processing technique. Examples of making such doped metal oxide
composition include vacuum thermal evaporation, solution deposition, spin casting, spray
coating, doctor-blading, and other solution processing techniques. As for doping of metal
oxide films deposited from solution with organic molecules, a solvent in which both materials
are soluble or dispersed, is chosen. The organic dopant is about 1 to 20 vol.%, more
preferably 5-10 vol.%, of the whole composition.

[0041] The benefits of the doped metal oxide charge transport materials were verified by
the inventors using the specific examples of MoOj; doped with 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) or acridine orange base (AOB). With both dopants, the
resulting materials have a significantly reduced electrical resistivity while still maintéining
transparency of the charge transport material. Because of their high resistance, undoped
metal oxides are generally limited for use in very thin film (<20 nm) applications. But, the

organic molecule doped metal oxides according to the present disclosure are suitable as
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charge transport material for applications requiring charge transport layers of 150 nm or even
higher in thickness.

[0042] According to an embodiment, an organic photosensitive de{/ice is disclosed. The
device comprises a first electrode, a second electrode, a photoactive region disposed between
the first electrode and the second electrode, and a charge transport layer disposed between the
photoactive region and at least one of the first and second electrodes, wherein the charge
transport layer comprises a metal oxide host material that is doped with an organic dopant
material. |

[0043] FIG. 1 shows an example of an OPV device 10 according to an embodiment of
the present disclosure. The device 10 comprises an anode 11 (e.g. ITO), a cathode 15, and a
photoactive region 13 disposed between the two electrodes. The OPV device 10 can further
include a charge transport layer 12, 14 disposed between the photoactive region 13 and at
Jeast one of the two electrodes 11, 15, where the charge transport Jayer comprises a metal
oxide material doped with an organic dopant material. The charge transport layer 12
disposed between the photoactive region 13 and the anode 11 is a HTL and the charge
transport layer 14 disposed between the photoactive region 13 and the cathode 15 1s an ETL.
The photoactive region 13 generally includes at least one organic electron donor material and
at least one organic electron acceptor material that form a donor-acceptor heterojunction.
Various types of donor-acceptor heterojunctions are possible as described herein.

[0044] FIG. 2 shows another example of an OPV device 20 according to another
embodiment. The OPV device 20 is a tandem device and can comprise an anode 21, a
cathode 26 and multiple photoactive subcells 22, 24 provided in series between the two
clectrodes. Each of the subcells 22, 24 can comprise at least one organic electron donor
material and at least one organic electron acceptor material that form a donor-acceptor
heterojunction in the subcell. A thin layer of electron-hole recombination zone 23 is
provided between the individual subcells separating the subcells. According to the present
disclosure, the electron-hole recombination zone 23 comprises a metal oxide material doped
with an organic dopant material. The recombination zone 23 serves to prevent the formation
of an inverse heterojunction between the acceptor material of the anode-side subcell and the
donor material of the cathode-side subcell. The recombination zone allows the electrons
approaching from the anode-side subcell and the holes approaching from the cathode-side

subcell to recombine.
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[0045)] Another application of the charge transport material of the present disclosure is in
organic light emitting devices (OLEDs). In one embodiment, the metal oxide material doped
with organic molecules can be used as one or both types of the charge transport layers in
OLEDs. In other words, the novel charge transport material can be used for hole transport
layers and/or electron transport layers in OLEDs.

[0046] FIG. 3 shows an example of a two-layer OLED 30 comprising an emissive layer
32 and an electron transport layer 33 disposed in between two electrodes, an anode 31 and a
cathode 34. According to an embodiment, the electron transport layer 33 can comprise the
metal oxide doped with organic molecules. FIG. 4 shows an example of a three-layer OLED
40 comprising an emissive layer 43, a hole transport layer 42, and an electron transport layer
44 that are disposed in between an anode 41 and a cathode 44. According to another
embodiment, one or both of the charge transport layers 44 and 42 can comprise the metal
oxide doped with organic molecules. Various methods of fabricating OLEDs having these
architecture are known to those skilled in the art.

[0047] Another application of the charge transport material of the present disclosure is in
stacked light emitting devices (SOLEDs), where multiple active layers are combined
monolithically. In SOLEDs, two or more individual emissive regions are stacked in vertical
arrangement, the successive emissive regions being separated by an intermediate layer. The
intermediate layers are also referred to as charge generation layers (CGLs) because of their
charge carrier generating or injecting function in the device. A CGL is a layer that injects
charge carriers but does not have direct external electrical connection. When a voltage is
applied across the SOLED, the CGLs inject holes into the emissive region on the cathode side
of the CGL, and electrons into the emissive region on the anode side of the CGL.

[0048] FIG. 5 shows an example of a SOLED 300 having two emissive regions. The
SOLED 300 comprises an anode 310, two organic emissive regions 320 and 330, a CGL 350,
and a cathode 340. Organic emissive regions 320 and 330 can comprise multiple layers, such
as hole injection layers, electron injection layers, and emissive layers. As will be appreciated
by one skilled in the art, the emissive regions can include other layers such as electron
blocking layers, hole blocking layer, etc. The CGL 350 is disposed between the two emissive
regions 320 and 330. In a preferred embodiment, the CGL 350 comprises a metal oxides
material doped with organic molecules described herein. When voltage is applied across the

device, the CGL 350 may inject holes into the emissive region 330 and electrons into the
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emissive region 320. Due to the charge carrier injection properties of the CGL 350, the
device 300 may have improved efficiencies. ,
[0049] In one embodiment of such SOLEDs, a CGL consisting of doped organic/MoQO;
has been used by Kanno et al. (Adv. Mater. 18, 339-342 (2006)). When voltage is applied to
the device, the CGL generates an electron on the organic side and a hole on the MoOs side,
which then contribute to light emission. As this process is dependent on the availability of
free charges (Qi ez al. J. Appl. Phys. 107, 014514 (2010)), it is likely that doping the MoOs
layer with an organic molecule, thereby increasing the free charge density, would lead to
improved performance.
[0050] In another embodiment, the OLEDs and SOLEDs described above are
phosphorescent organic light emitting devices (“PHOLED?”) that utilize emissive materials
that emit light from triplet states (“phosphorescence”). But the improved charge transport
material of the present disclosure can be applied to PHOLEDs as well as fluorescent OLEDs.
The organic emissive materials for PHOLEDs and fluorescent OLEDs are known in the art.
EXAMPLES
[0051] Specific representative embodiments of the invention is now described. Itis
understood that the specific methods, materials, conditions, process parameters, apparatus
and the like are merely examples and do not necessarily limit the scope of the invention.

Experimenta] Methods;

[0052] The inventors prepared and tested examples of OPV devices according to the
following experimental procedures. Substrates consisting of indium tin oxide-coated glass
(“ITO”) (150 nm, <150, Prazisions Glas & Optik GmbH) quartz (qtz), or silicon were
cleaned sequentially in Tergitol, deionized water, acetone, trichloroethylene, acetone, and
isopropanol. Ceo (MER, 99.9% sublimed) and AOB (Aldrich, 75%) were purified once and
SubPc (Aldrich, 85%) was purified three times by thermal gradient sublimation at <1x107
Torr. Other materials were used as received. The ITO substrates were subjected to a UV-
ozone treatment for 600 seconds and transferred into a nitrogen glovebox with <0.1 ppm O,
and H,O. The substrates were loaded into a high-vacuum chamber with base pressure
<1.0x10° Torr. The metal oxide host and organic dopant materials were evaporated at 0.10
nm/s. Squaraine films were deposited from solution via spin coating in a nitrogen
environment. All rates were measured by quartz crystal monitor and calibrated by

spectroscopic ellipsometry.
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[0053] The device performance of the sample OPV devices were measured in a nitrogen
glovebox with <1.0 ppm O, and <0.1 ppm H,O by an Agilent semiconductor parameter
analyzer under illumination by a 150W Xe lamp with AM1.5G filters (Oriel). Lamp intensity
was varied by using neutral density filters and measured using an NREL-calibrated Si
photodiode. Incident light intensity was determined by using the spectral correction factor,
determined from the lamp intensity and device and detector responsivities.

Experimental Results:

[0054] Single-layer “sandwich-type” devices having the structure glass/ITO/MoOz/Au
were fabricated. The current-voltage (/-¥) characteristics of these devices were measured
and the resistivity (p=RA/t) was calculated, where R is the resistance, A4 is the device area,
and ¢ is the layer thickness, by using the Mott-Gurney relation:
_y ., o4 suy?

R 82
[0055] First, the /- characteristics of 90 nm MoOj; layers doped with various

1

concentrations of AOB were measured. As shown in FIG. 6, for the neat MoQOs film, the
resistivity p was 1.6 MQcm and decreased to below 800 kQcm when the MoOs film was
doped with 7 vol. % AOB. Next, the absorption coefficient a of the doped metal oxide films
was measured. As seen in FIGS. 7a and 7b, increased doping led to increased a at longer
wavelengths. Additionally, the emergence of a new absorption peak at higher doping
concentrations of AOB appear near 530 nm. This absorption does not correspond to that of
neat AOB, but may reflect energy transfer from the organic dopant to the metal oxide host.
This new absorption peak near 530 nm does not appear when doping with SubPc, indicating
that energy transfer is not occurring.

[0056] Next, the doped MoOj films were incorporated into sample OPV devices. The
device structure consisted of glass/ITO/40 nm MoOjz:dopant/9 nm MoO3/13 nm SubPc/40 nm
Ceo/8 nm bathocuproine (BCP)/100 nm Ag. A control device with no MoOs layers was also
included for comparison. The dopants in these working OPV examples were AOB, FsTCNQ
or SubPc, as compared to the control without any dopant, or the MoOs3 film doped with silver.
The 9 nm MoOjs buffer layer was incorporated into the sample devices to ensure that the
organic dopants in the 40 nm MoOs are not affecting MoO2/SubPC interface (e.g. causing
exciton quenching, etc.). The inventors have found that this is not a problem.

[0057] FIGS. 8a and 8b show the dark (8a) and one-sun illuminated (8b) plots of the J-V

characteristics of these sample OPV devices incorporating MoO; layers doped with Ag,
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F,TCNQ, and AOB. R, was then calculated from the dark J-V curves at forward bias by
using a simplified version of the ideal diode equation, J =J {exp[g(V —JR)/nk,T]-1} ,

where J, is the reverse saturation current, ¢ is the electron charge, » is the ideality factor, & 1s
Boltzmann’s constant, and 7' is absolute temperature.

{0058] Table I summarizes the results of the calculated Rs of the OPVs from these un-
doped and doped MoOs layers. While Rs increases from 11241 Qcm’ for undoped case, it is
reduced to 4.3+0.1 Qcm? when doped with 1 vol.% Ag and reduced to 6.5%0.1 Qcm? when
doped with 10 vol.% AOB, which is near the value of 4.4+3 Qcm’ obtained without a MoOj3
layer. Rsalso decreases when F4,TCNQ is used, though to a lesser degree—this is
unexpected, as F,TCNQ is typically used as a p-type dopant for organic materials and MoO;
is considered by most to be an n-type material. It is possible that, because the ionization

potential of MoQj is larger, F,TCNQ in this case is acting as a weak n-type dopant.

[0059] Table 1. Comparison of the series resistance for OPVs with different buffer layers.

Buffer Dopant Ratio Rg
(vol%) (Qem?)
None n/a n/a 4.44+0.3
MoO3 None 0 112+1
MoO3 Ag 1 4.3+0.1
MoO3 F4,TCNQ 10 29.8+0.4
MoO3 AOB 10 6.5:0.1
MoO SubPc 4 70.7+0.3

3

[0060] Similar OPV devices were fabricated with 90 nm MoQj layers and varying
concentrations of AOB as the dopant. FIGS. 9a, 9b show one-sun illuminated J-V
characteristics (9a) and performance parameters (9b) of the sample OPV devices as a
function of AOB doping concentration. As shown in FIGS. 10a, 10b, Rs decreased from 46
Qcm? for the neat case to 8 Qcm” for 15.6 vol.% AOB.

[0061] Similar devices were also fabricated using SubPc as the dopant. In this case, a

thick MoOs layer was doped with 0.7 vol.% Ag, 4.0 vol.% SubPc, or undoped. FIGS. 11a,
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11b show the performance of such device. The doping with SubPc doping increases the
device performance, compared to the undoped case.

[0062] The use of metal oxide doped with organic compounds is likely to be beneficial in
other devices. For example, metal oxide films doped with organic molecules could be used
for either the hole-transport layer, the electron transport layer, or both.

[0063] It may also be possible to dope oxide films which are deposited from solution.
Although all data shown here utilizes MoOj; deposited by vacuum thermal evaporation, it is
also possible to deposit MoO3 from solution via spincasting, spray coating, doctor-blading, or
other techniques. Doping of oxide films deposited from solution with organic molecules is
also possible, if a solvent is chosen which both materials are soluble in.

[0064] The foregoing description and examples have been set forth merely to illustrate
the invention and are not intended to be limiting. Each of the disclosed aspects and
embodiments of the present disclosure may be considered individually or in combination with
other aspects, embodiments, and variations of the invention. In addition, unless otherwise
specified, none of the steps of the methods of the present disclosure are confined to any
particular order of performance. Modifications of the disclosed embodiments incorporating
the spirit and substance of the invention may occur to persons skilled in the art and such
modifications are within the scope of the present invention.

[0065] Those skilled in the art may appreciate that changes could be made to the
embodiments described above without departing from the broad inventive concept thereof. It
is understood, therefore, that this invention is not limited to the particular embodiments
disclosed, but it is intended to cover modifications within the spirit and scope of the present

invention as defined by the attached claims.
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What is claimed is:

1. A metal oxide charge transport material for use in an optoelectronic device
comprising:
a metal oxide material; and

an organic dopant material.

2. The metal oxide charge transport material of claim 1, wherein the organic dopant
material is selected from 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ),

acridine orange base (AOB), and chloroboron subphthalocyanine (SubPc).

3. The metal oxide charge transport material of claim 1, wherein the metal oxide
material is selected from MoOQOs, CrOs, V;0s5, W03, NiO, Cr30q4, C1,03, CuO, RuOs, TiO,,
Tay0s, SnO,, and Cu,O.

4, The metal oxide charge transport material of claim 1, wherein the HOMO of the

organic dopant is similar to or smaller than the LUMO of the metal oxide material.

5. The metal oxide charge transport material of claim 1, wherein the LUMO of the

organic dopant is similar to or larger than the HOMO of the metal oxide material.

6. The metal oxide charge transport material of claim 1, wherein the metal oxide

material is doped with 1 to 20 vol.% of the organic dopant material.

7. The metal oxide charge transport material of claim 1, wherein the metal oxide

material is doped with 10 vol.% of the organic dopant material.

8. An organic photosensitive device comprising:
a first electrode;
a second electrode;
a photoactive region disposed between the first electrode and the second clectrode;

and

a charge transport layer disposed between the photoactive region and at least one of
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the first and second electrodes, wherein the charge transport layer comprises a metal oxide

material doped with an organic dopant material.

9. The device of claim 8, wherein the organic dopant material is selected from 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), acridine orange base (AOB), and

chloroboron subphthalocyanine (SubPc).

10. The device of claim 8, wherein the metal oxide material is selected from MoOs, CrOs,

VgOs, WO3, NiO, Cl‘304, Cl’203, CUO, Rqu, TiOz, Tazos, SllOz, and CUZO,

11. The device of claim 8, wherein the HOMO of the organic dopant is similar to or

smaller than the LUMO of the metal oxide material.

12, The device of claim 8, wherein the LUMO of the organic dopant is similar to or larger

than the HOMO of the metal oxide material.

13. The device of claim 8, wherein the metal oxide material is doped with 1 to 20 vol.%

of the organic dopant material.

14. The device of claim 8, wherein the metal oxide material is doped with 10 vol.% of the

organic dopant material.

15.  The device of claim 8, wherein the photoactive region comprises an organic donor

material and an organic acceptor material forming a donor-acceptor heterojunction.

16. An organic photosensitive device comprising:
an anode;
multiple subcells in series, each subcell comprising:
an electron donor layer, and an electron acceptor layer in contact with the
electron donor layer forming a donor-acceptor heterojunction, an electron-hole recombination
zone separating the subcells; and

a cathode,
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wherein the electron-hole recombination zone comprises a metal oxide material doped

with an organic dopant material.

17. The device of claim 16, wherein the organic dopant material is selected from 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4,TCNQ), acridine orange base (AOB), and

chloroboron subphthalocyanine (SubPc).

18. The device of claim 16, wherein the metal oxide material is selected from MoOs,

Cr0s, V20s, W03, NiO, Cr304, Cr;03, CuO, RuO,, TiO,, Ta,0s, SnO3, and Cuz0.

19 The device of claim 16, wherein the HOMO of the organic dopant is similar to or

smaller than the LUMO of the metal oxide material.

20.  The device of claim 16, wherein the LUMO of the organic dopant is similar to or

larger than the HOMO of the metal oxide material.

51 The device of claim 16, wherein the metal oxide material is doped with 1 to 20 vol.%

of the organic dopant material.

22. The device of claim 16, wherein the metal oxide material is doped with 10 vol.% of

the organic dopant material.

23. An organic light emitting device comprising:

an anode;

a cathode; and

at least one emissive layer and at least one charge transport layer disposed between
the anode and the cathode, wherein the at least one charge transport layer comprises a metal

oxide material doped with an organic dopant material.
24.  The device of claim 23, wherein the organic dopant material is selected from 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FsTCNQ), acridine orange base (AOB), and

chloroboron subphthalocyanine (SubPc).
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25. The device of claim 23, wherein the metal oxide material is selected from MoOs,

CI'O;, VzOs, WO}, NlO, CI'3O4, Crzog, CUO, RLIOz, Ti02, Tazos, SIlOg, and CUZO.

26. The metal oxide charge transport material of claim 23, wherein the HOMO of the

organic dopant is similar to or smaller than the LUMO of the metal oxide material.

27. The metal oxide charge transport material of claim 23, wherein the LUMO of the

organic dopant is similar to or larger than the HOMO of the metal oxide material.

28.  The device of claim 23, wherein the metal oxide material is doped with 1 to 20 vol.%

of the organic dopant material.

29.  The device of claim 23, wherein the metal oxide material is doped with 10 vol.% of

the organic dopant material.

30. The device of claim 23, wherein the at least one charge transport layer is an electron’
transport layer in direct contact with the at least one emissive layer and disposed between the

at least one emissive layer and the cathode.

31 The device of claim 23, wherein the at least one charge transport layer is a hole
transport layer in direct contact with the at least one emissive layer and disposed between the

at least one emissive layer and the anode.

32. A stacked organic light emitting device comprising:
an anode;
a cathode;
a plurality of emissive regions disposed between the anode and the cathode; and
a charge generation layer disposed between successive emissive regions,
wherein the charge generation layer comprises a metal oxide material doped with an organic

dopant material.
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33. The device of claim 32, wherein the organic dopant material is selected from 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,TCNQ), acridine orange base (AOB), and

chloroboron subphthalocyanine (SubPc).

34, The device of claim 32, wherein the metal oxide material is selected from MoOs,

CI’O3, VzOs, WO3, NIO, CI’3O4, CI'203, CUO, Rqu, TiOZ, Tazos, SI’IOZ, and CUQO.

35. The metal oxide charge transport material of claim 32, wherein the HOMO of the

organic dopant is similar to or smaller than the LUMO of the metal oxide material.

36.  The metal oxide charge transport material of claim 32, wherein the LUMO of the

organic dopant is similar to or larger than the HOMO of the metal oxide material.

37. The device of claim 32, wherein the metal oxide material is doped with 1 to 20 vol.%

of the organic dopant material.

38. The device of claim 32, wherein the metal oxide material is doped with 10 vol.% of

the organic dopant material.

39. The device of claim 32, wherein the at least one charge transport layer is an electron
transport layer in direct contact with the at least one emissive layer and disposed between the

at least one emissive layer and the cathode.
40. The device of claim 32, wherein the at least one charge transport Jayer is a hole

transport layer in direct contact with the at least one emissive layer and disposed between the

at least one emissive layer and the anode.
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Cr,0,+ Cu0. Ru0,. Ti0, Ta,0,+ Sn0, F1 Cu,0.

11 BURIE R 8 M3, Hp FriR B A5 27 HOMO AT B/ F Arik 4 B S W4

L LUMO.
12. BUR)E K 8 HI2544, Horb Frid B #5245 [ LUMO 2L T 8K T ik & & S4L it
L HOMO,

13. BAIERK 8 M2, PR EBENYMEEIE | 2 20 SR% KR FE IS
FeFUAHL

14, BAIZER 8 W81, i rid B ENDM EHEFE 10 B % B TR F HL5 247
g

15. BRI K 8 B8, Hp Frk MeiE MR A & T i & - 2 = R RS B HLRE 4
BIAENZ EMEL,

16. HHEBERM, ZB(HEE .

FHAR s

ZNBREBF BT, 8N TFHRIUES

HPREE, MSHAETHEEEEMMBETZER, NTIRRHEE - ZERTLE, 5

2
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fRATIR FRITH T - BREEX

A%,

HFFrik BT - SRESRCEFBREE B RFIM R & BEADTE.

17. BURIE SR 16 frasfE, X AR H VB AFIMEIE S 2, 3,5, 6- TR -7, 7, 8, 8- LUHE
EER— F o (F,TCNQ) AT BERSHR (AOB) FHEMH LELE (SubPc) .

18. BURIE K 16 FI%s 1, H R Frid & B S AL YIM $HE B Mo0,. CrO,.V,05. W0, Ni0.Cr;0,+
Cr,05+ CuO+ Ru0,. Ti0,. Tay04. Sn0, F1 Cu,0.

19. BRI K 16 B84, oo BTk A HLB 7457 9 HOMO ZRAULF B/ T ik & B B AL W4
KL LUMO,

20. BURIEK 16 KI284F, AP BT RA HUIBZ4F0 K LUMO BB F UK T Ak & B S AL Y44
4 HOMO.

21, BUFIEE R 16 BUBS 4, Eh ik & BEMDM BB | & 20 B % TR B VLIS
TR Kk o

22. WRVESK 16 (1854, KPR & BEWIM BHE T 10 AR % K ITR LIS 245
8k

23. AVLAICEE, B F -

FHA% ; ’

RA#R K0

BB RRATIR AR Z A E L — DR BRED — AT EmE, L g
- AN HEEEREESBRB YIS AT &R SR

24. RFEK 23 (284, P TR GBI EHE B 2, 3,5, 6- U -7, 7, 8, 8- I
FRE 4 (F,TCNQ) MY REFSTH, (AOB) FIEHI L BLE (SubPc) .

25. BUF)EER 23 (834, H P BTid & B E A KLk B Mo0,.Cr0;.V,05.W0,\Ni0. Cr,0,+
Cr,05+ CuO+ Ru0,. 10, Tay05 SnO, F1 Cu,0.

26. BUREsK 23 (148 FUAL Y ST AL 5 b B, 2R ATIR T HLIB 2470 ) HOMO AT B/
FHrid & B S KLY LUMO.

27, BRI K 23 428 EAL Y B e (5 Sk Rk, 2o BTIR A L35 2770 B9 LUMO 2840 T 8K
T AR & &AM KL HOMO.

28. FFIE K 23 881, KBk & B AWM BHEZE 1| £ 20 IR % KA L5
FeFpt Al

29, BUR|EEK 23 B9 4%, Horp B ik & B E ALY BHB 24 10 15FR % 1 BT ik A BB 2451
g

30. BUMEESR 23 K81k, PR ED— B EMEZE R MR E L — AR R E#
B FAEMEF AR BEERRE L—A R ER R (8]

31. BUREER 23 HIgsth, PR E D — N B EMEREMRES—NMRFEER
B R EREF BREERRE D —NRY BAETRAKZE.

32. WAMENR G, ZSHET .

FRAK

AR .
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W EEFTRBRRFPTR AR Z R E ARSI F1

WEENE R X mE R =L,

HA R EGET A EASBIE B RFIME N EBEND T E

33. BRIE R 32 K884k, HRErR AN IS LFMRLEE 2, 3,5, 6- IUF 7,7, 8, 8- IUH
R — B¢ (F,TCNQ) Y HE#E A% (AOB) FNE M WEKFE (SubPc) .

34, MAE K 32 K81, H P BTk & BE DM EHE B Mo0;.Cr0;.V,05.W0,\Ni0. Cry0,.
Cr,0,+ Cu0. Ru0, Ti0,+ Ta,05. Sn0, K Cu,0.

35. BRI E 3R 32 i1 & B EALY B TRAE AT L, o TR LB % 7 6 HOMO ZE (LT B
T iR & B E AL YA AL LUMO.

36. AUFE K 32 & B E ALY BT A S ), 3R BT B WL 270 i LUMO 2R F BICK
T AR & B E Y1 L HOMO.

37. WHIE K 32 K23, PR & BEAYMEIBIE | 20 FR% KR A LB
FFIHA AL

38. BRI E K 32 (8848, TR & B EAM BB 7T 10 IR % TR E VLB 27
8k

39. WHIER 32 2, PR ZEL — N ENERMERSFMAED —PMRFEEH
i T EREF AREERRE D — DN RE ERFTRBAKZ E.

40. BUMER 32 K2, KPR ED— M EfEMEREIREL— MR EEE
Bl s M EF AREETRE L — R EMITRER A,
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BRABNSFHERENYBEERMR

A s
[0001] AR EAAFFEE B A M SR, KR AW KA TH YL 7R E LR,

HEHRA

(0002]  HHE BS4EHK FEAT L B 2 B B SR UL B O 7 A S B FRLRERR 5 5 BREE |
P B s AR e Ak s Rl . BRI B ML S M R L s 88 fF E R MR A F, B eA4
Lt F ML G A0 R B B AR A8 ) DR AUM R R 2735 5 O 1B 9T M8, B an e 1T
FM

[0003)  JLH Y e 4% 11 MR REAE BT S5 A M5 S E i . KPR RE s, A AR AE B AR
CPV”) #34F, BETTH A B — LA 0aESat. AIBSHEEEb—E
M DX IR, L A R A A T T R T T B JE B AR LR TN I A T AR, G
PR 0K s R IR HE T - 32 E R RES, JF FLR IR HE AR T LA AR AT LA AR RO D
WAFI— 84y . MEE - RERTLE R LR HE R L A AR RS SRR S F R
g, RUKREPHEFAEAE SE5FIZEMEIENEEMBREDHNE—F
HLE ;UKBEE—AIENEIZEMERBEIEEMENIEREEZNE_AIE. T
2005 4E 10 A 13 HAF ) Xue B AR E EFIBIE A FFE 2005/0224113 5 IR T X Fi
AR A FHE R RS, Bl B EAREAEIFARIL.

[0004]  FHHLIGHOL BT LIEFEE W BT ARE . AR R A X . BiffERHE
AL RE PR, 3F BT LR AR SIEEN . B fEME 5w, EARA
A E S AN ER A B I B AU IR T A LB — AN FEB 4 (subsection) f&IEF4R
I FE . BRE AR S EMEHZERLL B RS TR Z B ATE TS
FRINES. Fl, TR A T EAREX :Forrest % AHIEE LT F 6, 657, 378
2 .2006 4F 2 A 16 HANTFH Rand 28 A3 “Organic Photosensitive Devices”H2FF
% [H L F #H1E 2006-0032529A1 A1 2006 4F 2 A 9 H /A FF#) Forrest % AR A “Stacked
Organic Photosensitive Devices” HIZFFEEEH|HIE 2006-0027802A1 ;@ 5| &
—BHETESRMEMEHBATHEHFALL, BEEESXAEEHTUAEFEET
MAE AP ORBEHETRZ . BEARE R BURR H 4 X 7] 78 S0 a1 H 7 572 1
BHAR AN / SRR, BEAR B EEL TR Ao 2 T 78 2 R AT

[0005] X T H M HIE SAK SIS R AR, BN —RIGE 5
ME MR RO GE, M 5 ) B Forrest 5 ARIEE%F] 6,972, 431.6, 657, 378 H 6, 580, 027
PAK Bulovic % \HIZEEEF) 6, 352, 777 #AEFHF A,

looos] FHENMEHE RS, RIEHEE” M 2E” B2HEFMEMEARPEMER
BESES FHE (“HOMO”) FIBARE &4 FHulE ( “LUMO”) BeHIAEXT R E . aniR—
bt bl (H55—Fobhil s ) i HOMO Il LUMO B8R 8HE, AR 4 iz B 232 . R inHE
— MRl (H 55 —RoA Rk ) #9 HOMO F1 LUMO e, A MBI _REE. ERA
SMINmE RS T, XERR FHERTHE - REELNBTFEHNEZ EMEF.

5
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[0007)  fnASCHTAE A B, iR E — R R BT H A LR, B4 55— HOMO B LUMO REZRk “ &
F” % — HOMO BX, LUMO B&Z%, LA R IR —BE L B in B L 25 RE 4K, R4 55 — HOMO B LUMO #&
R TF7 55 = HOMO BY LUMO B8R, ¢ HOMO BeZk Xt M T AENT T H 2 Be B B A B/ e %t
Be BRI A . JH, B R LUMO BE ST N T ABXT A BE 4 B A BN Re B B HL 3%
Fotk, EEEMEESRE L, BSREHAF T, M E LUMO 882% & T [ — 44 L) HOMO BEZK .
[0008] HHEGUNEEWRAEBMFIBE. TRREBEMFA AN B THES)
Bt GEMENAESTEE. EHEVCEBHOERT, B TENEFEBRmMALLE T B
T 5 R R AT AR A B A A R . R R A OE RS B L Sl A 7R R A R T A
FRUEZ A R, RESGFHRITHEN/ S EMAE T BT SEMERHFERIER
FiEME . RESEPREBEM / S0 E i et 25 70 S B 09 2 A W RR1E = 7k i
B kB R—E, 3 B A EHR B F A5 R R R R 2R TS A #L .

loo09] A SCAFAF ARG, RE“GH BFEAH T HEE YL EBFMREUME LUK
BTHENE . DT RIERERSWEMENAMEL IFH DT L5 L] G4
K. HE—EEEP, MM FAUAKEERSET. i, fHAKEREEARRESS K S
TIOND T KRB PR Ny FHRATIEAAREY S, FIaE N RS 5 LM E
B EHM—ES . D FE U AR F (dendrimer) ML G ES, ERIHE
W T B — RIVAEAE L O E 5 LRSI R A . MRS F RO &M
LA T C BB N F RO . BIBCRSFRI LR “/Ny 77 8%, My FRENTE
Mo T B FHRARREWZR, R EWERE T END TR0 7R BRI R 403
Ko WMAFFRE, “FH BEEERARTAE FRANBRER S NSRS EY .
fo010]  LAHEF 5 37 A HE BASE 5T B8 LG 2R AR 0 — Mol F RIEB LR L83 4F (OLED) .
OLED 1) F 24 15 3% 4 i pn He JE B R ORI AU . XF T8 AR B 7R . FE B 3 e pv A Y
¥, OLED IEFEAR 0 H 24 N BB R, % E % H USs, 844, 363. US6, 303, 238 Fl
USS5, 707, 745 H iR T JLFH OLED M RLANM i, @ 5| A H A F N EBHHF AL L.
[0011]  OLED #3418 % # A0 iE idid 2 D — ANk RS, 7+ AEBR AR — A ER
ZANE R BEARAT LURF B R . 60, 3E 0 AR B S AL (170) , I BRI sk i&
AT LA A 3% B T e AR , 491 fin 28 (B & 50) US5, 703, 436 F11 US5, 707, 745 R ET 4y FTHY, it 51 A
W e AR AN S R A A R AR R S SR R AR, TR s AR AN LA R B 1Y, 3
BAafFAEESEMKELRNNERE. A0, T & B I TSR B AR R & e i1
S, BT URTZEP M / SR K. XEEN, YEBERLRZFEHN, #FHRE
B AT R AL 807 80 S e 0, IF ELAR R S S e AR, AT LASE A Ot I S (055 B e ARG 17T 348 @
A — B R S HEE. AT LAHIE 2E B A, P A AR R .

[0012]  FEFE R BoRM A, HEBHEF) =Rb OLED, SR R 5T =86 (. 8Ma) F/
— Ry, UL REMT M EE KR EBR E. XPHEES OLED (“SOLED”) £ rifE ¥ =] I,
F PCT [E §F B2 3% W096,/19792 Fi3E [ 4 F| US6, 917, 280 FR i Hik, Bt 51 AL EA 18 A FF W
RN,

[0013] FEXFHHB LM P, VA —XFHEARE, —AN7E SOLED HE B4 KA, 57— N E
SOLED H#t &4AKTHER . 7E SOLED H—FhAE (AP, R AEHE & (A 1949/~ OLED o (R4 ft4h
EERR P AR E . 75 SOLED B, 7EH B 5 K14E1 OLED Bru [A) 32t T

6
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AR (“C6L”), ZBmm A B EANERFERAE ERSMNTHIER.

[0014] YA ST B A AR AT, “ T30 7 A e i 25 O rL AR A O BRI, T R R IR BRI R
B0, 5t F BB A B 28, R BRI ERN B, 3 LA BHIENE 1
AN, ESS A NN RE, KRREREEER, MINREETEER. 45— Bk
HREEBEZELFE, IRE-BERREANERERER, BA—E 5B _EYHEE
fll. ZHE—MEZEZ WA UE—IRENHER REREF—ESHE B WEZM”.
Blan, AT R R EE” AR LT B ENZRE&EME.

foo15]  RAFMEA

[oo16] AR BF4RHL T —F0 A T oL SR BAT AR, A A s BiE
PULEVHERBEALY. BE\EARARBEK ML R, B TBROFIMER— 26 F
#22,3,56- 0% -7,7,8,8- WOHEEER Z F L (F,TCNQ) . AY g #& 4% (AOB) | I S Al YL BK #
(SubPc) .

[0017]  RIBEH—FELHEH R, AH T — P X BB XN
(o] AR e o, S BB A S — Bl AR B A — R ik (A
H 55 55— FHER v AR e B I TR M DX IS AR B A D X I B8 — L ARCRN A — AR R
(2D —DERZ A RATER R, P Z AR RSB REISB AR B E
k.

[0018] L7 BRAK K e BE T 5 24 A 4L & W i & S i 6l w] LR PR R HLOGAR A4
(“OPV”) FRZE 7B ( “HTL”) ERFAEHE ( “ETL”) SRENFHE. SRELYH
B AT LUA TE 4R BX OPV P & X, B A B OLED H iy FiL 37 4% 4 2 8K SOLED A 9 CGL.
[oo19]  ARIE—FRSTHEJT R, OLED A4 BAMR . BA AR LA K ¥ B 78 PR AR R BAR < (B g 22 2> — A
REBEFREL—ANBEEERE. EIXZLHETRD, IREL—HEERMERSBREN
BT S B E LM B

[0020]  7ER—FpSCETy S0, SOLED A8 BHAR B4R « 1 B 76 PR AR FH R A% 2 TR i 2 > A it
X LA R B AEAR B R ST X 2 (B CGL. FERSEHEA R, BTk CGL B & B A NB A HIHM
KL 4 B S R

[0021] AZBAEEME T —FHIEFTATFHHFEE{MEE ERENYAEIIS I
FIM B BB TR fIEXMBENERBEMYAEGYRG FEBRETSHE
Y- B 112 N i Lt WA - 1 5 2 N

[0022]  fff & TeT Ik

[0023) W& 1 RARYE — P SL i 77 R A WG RBAHIBEIT L IE

[0024] P&l 2 JEARYE 55 — b SC 77 SR AWLIGAR B84 FOAE AR TH WL ] o

[oo25] FE 3 W EA VLR IGAHREEEILE .

[0026] [ 4 &= EAH VKOG HIBETE LA .

(0027] H 5 BHEMKAHN ARG FHBIER E A .

[0028] & 6 JRH T A ITO/Mo0,: AOB/Au 3K 2 TU A4S (- Ul 13 148 2% AOB ) MoO, JE Y rEFH .
[0020] [ 7a F 7b SR HH T YUAREEA T L BIA FIHB 72T MoO, BRI I R 4K

[0030] & 8a 1 8b it T A& #54% Ag.F,TCNQ. I AOB FJ MoO, 2 ] OPV H) BHE (8a) F—
KPHYGHSS (8b) B J-V 4 1Edh 2k
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[0031] P& 9a Fl 9b JRH4 T OPV 2844 f) B AOB 15 4K B B AL 9 — K BRGSO J-V e 4iE
(9a) FPEEESEL (9b) .
[0032] [ 10a F1 10b 7~ H4 T OPV $$44-HIBE AOB 524K FE AL B /S J-V 4$4E (10a) FI&R
BEEEBE (10b) .
© [0033] P 1la F1 11b SR T OPV 2844 B9 — N KIBJE RSB J-V HFIE (11a) At e S 4
(11b), LB T REZ M E .
[0034] [BRIAEFHH U, FIA KK EHEREMN, FHARKRLLFIRLHFBARE—
ERIBEFFHIR T o
[0035] AR
[0036] AHTHENS FHREUENEBENYERELZSHNFLUEBEALD BTTE
kL. BTSRRI B B R R M E S T B4R S 4 S GBS SR
AL M. S0 BT OPV #8448 OLED 2844+ fY HTL. ETL Bk EF & . FiaAHEMWH
HE N AN OPV P & K i fE N SOLED F HIBi = EE A&,
[0037] WA HFEAN, “SRBEAY” TR AT H RGeS 2 BB AL
ZREMNTASESBENY . TR & RBEAYEEIEANFNN S F 73844 i B fif
fE4 2 . EATTBA R4S 5 Y8 B B R R 0T G4 HE S AT 50 R T A FIER LA
e . EAIREE LT A EAEEEEREY . 15 % EE TR TIEHEE, flin s
TR BRI IER (spin casting) (B E VIR L EHEBMIER. 11T R
ARG NETBRRRESENERZMH. TSRS BRG] F 81 Mo,
CrO, V4054 WO, NiO+ Cr30,+ Cr,05+ CuOs RuO,. Ti0,+ Ta,05+ Sn0,. Cu,0FIH & i & B E AL
ik BA Em SR GBI EREENTE S RELY.
[0038] ALIWAMBENB AT ULENL S, B FREBENDEHEH
EIERIRER S . ZEHIBEFE LN T KR RE SN RIEE. RIE DT
N THEHIB B T8EE 2, 3,5, 6- TR -7, 7, 8, 8~ FEEE — Bkt (F,TCNQ) LAY
WEREAR (AOB) FIE WA ELE (SubPc) .
[0039] HETUATRALEEFIBAFILIRH n HBA p BB 2. 25357 H HOMO
EEFINT (PERITETRE ) £ RBEYEAH) LUMO B, K4 n BYB5%. FRHE,
LB 28FIH) LUMO BT KT (B m B E R84 ) 44 HOMO B, K4 p BB 2%,
ASCFTAE R, BT 2 dE~ 5kT B 0. 2¢V Z .
[0040]  #5il4n, H T MoO, f LUMO 1B & ( ~ 6eV), BRI 3e /W E A M KA T n 2445
#. FTF MoO, 11 n BB A B A NIB A G F01E e (A0B) (~ 3eV) .3 H
K (5.0eV) JFEMZE (5. 2eV) ELEAET (CuPc) (5.2eV) N, N - = (Z-1-%)-NN - = (#F
B - BB (NPD) (5. 3eV) . — B3k 3¢ (DIP) (5. 5eV) . &1 WAL (SubPc) (5. 6eV) . FI=
(8- FREME ) 43 (Alg3) (5.8eV).
[o041] XA n BB AE A FRF RUREKN K BEMLY, #HUn Cro,. V,0, F WO,.
B K HOMO ( ~ 3eV) HINY BE AL (AOB) FIZR YT WWEKEBE N n BB, O
MoOsy+ CrOs. V,05+ WO, NiO, Cr30,+ Cry054 CuO. RuO,. Ti0,. Ta,0; Sn0,« F Cu,0. X F BB KD
HOMO 4R K& B E ALY, 40 ~5. 2eV ) Cu0, F 14> F & i F,TCNQ ( 2L LUMO REZK A -5. 2eV)
EEEN p BBRF
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[0042]  Grenier Z A, “Universal energy-level alignment of molecules on metal -
oxide”,NATURE MATERIALS, %8 11 % (20124 1 A ) #RHATEMHIEESRANLTH
HOMO/LUMO g¢4, $5] 40 MoO,+ Cr0;. V,05+ WO,\ NiOy Co,0,+ MoO,. Cr,04+ CuO. Ti0,\ Ta,04+ Cu,0
Fl Co0, BT BB HAFHNAEIKI AKX, Kahn & A, “Electronic Structure and
Electrical Properties of Interfaces between Metals and m —Conjugated Molecular
Films”, JOUR. OF POLY. SCI. :PART B:POLYMER PHYSICS, % 41 #, %8 2529-2548 W (2003)
PR T H AL F,-TCNQ. NTCDA. TCNQ. PTCDA. BCP. CBP F ;—CuPC, PTCBI. Alg3. a -NPD,
CuPC. ZnPC. 3 A ZFN a -6T fJ HOMO/LUMO REZK, I 5| A H A F AR BRI AL,
[0043] PB4 BRERE I THAREIBRAS A S RALDERE. REEEH
BN EBEACYA S WHIE FEREETRER BRI ER R B TTRA e
BRI TEAR. ST EEIS T BENERITRN & B EACY R, BT iR ] i
DEFHPNBER . HHBEF S BEHESYLA 1 2 20 FIR%, BEE S ZE 10 AR %.
[0044] AEHAMABI 2, 3,5, 6~ MUH 7,7, 8, 8- WUFEE — PLe (F,TCNQ) BT IEHE
fig (AOB) F) MoO, 19 B AASEBIIESE T 5241 & B E ALY B iTf b B a4k . 8 R IX P
BIFH, B3 BIMA LR A B2 RS0 LR M R g R AT A R g . BT E
MIFIET R, RIS & B EAL B # R HH T3 SR (<20nm) A . B2, REA
RPN FBENEBEAWEESENTE 150nm B85 256 & B R B G 8E i
IS P o R e A A

[0045]  ARHE—FPSEHE R, AF T —MEVOCEEAF. B8 —ER. BT HRE,
B R S — HUAR RN 38 e AR () [ S o R 3 DA R TR B T G T DX S B — B LR
wh ) b — AN AR 2 (A AT AR R, SR A B RS B R NS RFIM B K &R A
e E AR

loo46] P& 1 7~ T AR IR AR R A —FhSEHE S SR K OPV 284F 10 KUK 7. 234+ 10 & IR
1L 1T0) FAR 15 AR EFA AR Z ML MR A8 13, OPV 2% 4F 10 AT —4
FEREENEMERE 13 S ER 11,15 FED—DEKZ AR EAERE 12,14, K
HR SR B8 BB B AT RN EBEAM R, RELEE KK 13 FFER 11
2 B R AR 12 £ HTL, T W E IS M I 13 FiBAR 16 Z MM R ERE 14 2
ETL. iE MR 13 BEABMEEE - ZERRENEDS—MEVBFREMEIZD
—MENEFZEME . WASHTERE, SMERHEE - 27T RER .

[0047] & 2 7R T ARYE B — Pl ST HE 7 A OPV 2844 20 55 —AMBIF . OPV 2844 20 B 2%
RS 3 BT 8 PR AR 21\ BAAR 26 FIZERS /SRR Z () A BRIR (L0 2 DR RG E F 8UC 22,
24, A THIT 22.24 ATEE B FE VB FEEMRAE D —MAEIE TR I,
XU EIEF R TP AT -2 TR RS A TR EREEF - ZREEX 23
(78 2 T 23 B BT iR F 28 T8 IRIBA LB, BT - FREAKX 23 5B RAVBIFIME
K& BEAMEL. BT - FREERX 23 AT EERR MK F 58 T8 2 B8R 5 B
il 5 F B TE RO FE AR Z AR AR R 1) R & . B X VSR B BEARIU B F B TR B T S ok
B FF AR A 5 B T = TR

[0048) 7 B f) B TRT A A BB 58— Fh L AR AE B AR 6 #844 (OLED) . FE—FhSEHETy
L, BIE NS F LB R R A /E OLED i — R FR BRI EME. RS

9
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YR, 1% H R B B R ET B4 OLED S S E / BUE FERE .

foo49] P9 3 7R T—FFPH/Z OLED 30 H9HF,1% OLED 30 B4 B MM AR BIPAK 31
FIBAK 34 2 MR RS 32 M FEHE 33. M\E—MLHEHT R, B FERE DB FTLEE
FENDFRESBEALY. B 4RHET—F=JZ OLED 40 BI%IF, % OLED 40 B&WELE
FEAR 41 FIFAMK 44 Z B RS ZE 43 B MERE 42 I FAEMZ 4. WRIBEH MLt 7
K, BHEERE 4T 22 —BFHETEEBAENIS THEBENY. HI&AFXLEN
5 () OELD f8% Fft A7 v 3 F A A A AR A 7 2 DA .

[0050] A& BH A e fo A% S4Bl 0 35 — P B P AE HE B R 484 (SOLED) 1, H LA &
M8 A4 . 7E SOLED 4, BN LA L sz & B X LR B HEF 77 S HE B, S A (8] B 73 B
BEMEHX. PEZENEREBRBR4EE (CGL), BN eAIE R4 B0 7/~ £ 80F
MNEDhBE. CGL RIFAFBR FENEEERIMSBEEENE. L% SOLED Hhn & EiT, CGL
6] CGL {7 BAARAN () & 5 X v N 287, 3F HL1e) COL (9 FHAR M B & S X P iE AN B

[oo51] [ 5RH T EEFA KRS X MK SOLED 300 4] F. SOLED 300 A2 FAHZ 310 A4
BHHLREX 320 #1330, CGL 350, LA K P 340. HHLAS KX 320 F1 330 Al @& L2, 0
FREAEETFEAE MEHE. EMETURAIBAR A 2B K, RS X AR
B, i TR E RIS ES . CGL 350 WE AR RS X 320 F1 330 2 /8. ZEPLEM
LT R, COL 350 A A A ST R B B V.0 F RIS BENYH L LEs 2 E
i, CGL 350 | [ & &t X 330 HyE A= 3 Bl RS X 320 PiEANEF. BT CGL 350 H
BT rE NP, 8344 300 7] BB M R

[0052]  ZELH2K SOLED (—Fh L7 =, B ZRIIB MY /Mo0, 4H AL CGL. E 4 Kanno 4%
MR (Adv. Mater. 18, 339-342(2006)) . 4284450 HL IR B, COL ZER WL = £ 7
FH HAE MoO, Ml EF= A2 7 PR TRER B TR BT B8 T B HaRan
AR M Qi A\, J. Appl. Phys. 107, 014514 (2010)) , R B HLY T8 24 Mo0, Z, HIlk
R0 B AR A, B R S B R

(0053]  ZE5 —FhSEHETT S, £IRAT OLED 0 SOLED R #LHFHASLAR4F ( “PHOLED”),
EZRMFHNZESRIE (BE) BREMEL. BRI B SGE i B A 5 Rl /] R
PHOLED LA B %% 3% OLED. T PHOLED #1%% 5%t OLED B A & JeAt ¥l 2E A4 A 2 B 4.

S HE A

[0054] . IRFEIRA KPR ESNRMESLHET R N SHEE, BAEMFEME &4 TE
SR A EUN R R 3 BA— 52 BRI 4R B 78T

[0055]  SCIQ 7V :

[o056]  ARE T A SEIFERE, A K BN HI& FHIWAR T OPV 2841 STt . HR B E AL
TR (“ITO”) (150nm, <159, Prazisions Glas & Optik GmbH). A% (gtz) BXAEAH
PR RAKIRAE Tergitol VEBE K HE .. Z&A 2K N 7 B P #1TEvE. Bl
<IX 107 FLHIPER B FFH3 Cy, (MER, 99. 9% F 4 ) F1 AOB(Aldrich, 75% ) #ifb—ik, 3 H.
% SubPc (Aldrich,856% ) 4ifb=ikK. HEMEHZEREMGA. ff 1T0 BK A5 600 FLi 2
bhek - REAIHFEB BAR 0. Ippn 0, F1 H0 HESRFEM D BERBEANEHE L)
LOXI0PHHEEFER. SBENYEEMBYBREFISELLO. 10nn/s ER. FE
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SR R R N RN A B8 (squaraine) FE. BT A 20 i A0 T b A AS A0 2
F 1B R B R D1 U HE

[0057] 7EE A <1.O0ppm 0, F1<0. 1ppm H0 MBS FEM P, FERH AML 56 ot
(Oriel) ff) 150W 4T FES T BiT Agilent RSB SE S I B R OPV 234 H25 11
8. I ITAE A PR R R F AT R {3 i NREL- RSHERY S1 Y6 H TARE TN BAT A
BT A P AT B E LA % e R ) 43 v 7 SR S B A IE R SR B SE N DR o
loos8]  SKEQ4EER ‘

[0059]  #li& T BB BHE /1T0/Mo0,/Au ZEFARG 2 “Je Z L7 880, W E T X L8R
M- R (I-V) B E AR (o =RA/t), HP R BB, ABREER ULt EERE
B, B Mott—Gurney XA :

[0060) [=K+_9ﬁf,‘_,l£_
R 8¢

[0061] B4, MBBZAFE AOB HE K 90nm Mo, K I-V M. & 6 s, X T4l
MoO, i, FFEZE p & 1.6k Qcm, 7 H 24 MoO, IR 2% 7 168 % ) AOB I FEIK 2 800M Q cm LA
T. TR, MELLANERENYERNBRERL o . £ 7a F 7o AN, REHIBR
FEFERBACR SBOUME o . B, B E AOB B ZRE T, 78 530nm P t BLHT I
Wi o %R W AR R T4 AOB, {H ] LLR IR M B WL 2457 M & BB E A BE B H .
L5 SubPc i, 7F 530nm BHUT B HILZFT TR, X R AR K ERBEE.

[0062] T3, ¥ 15 24 B MoO, RE G N HE 5L OPV 884+, 1% 8% 1 45 44 F 3% 3 /110/40nm
MoO,: #5255 /9nm Mo0,/13nm SubPC/40nm Cy/8nm 4R R (BCP) /100nm Ag 4%, A HEE
H MoO, B HIXT A A T . 5 H [R5 245 % RS- AH b, IX 25 TAE 0PV SERE]
45 29512 AOB. F,TCNQ BX SubPc, BB 2% Ag ) MoO, . A% B34 41 9nm ) MoO,
2212 LABR 40nm MoO,  HIH K115 2431 R 52 1 MoO,/SubPe FR T (4l in 51 I FHE K% ) .
ARANCKILX AR

[0063]  [& 8a I 8b SR E T 54 Ag. F,TCNQ.FI AOB £ MoO, JZ F1IX L4 ¥ [ OPV 2311
B (8a) FA—ANKFHYEHE (8b) Y J-V HEE k. BHJE B R 7R RLR,
J = J {exp[a(V-JR,) /nk,T1-1} , i IF 4R R T A0 SRS J-V Bk T B R, B J, & X [a) d AN
B, g R F B, n BEMEET, k, BE/RESFHE UKL T RANEE.

[0064] 3R IVCH T IXLLRIBLFB LM Mo0, EHI OPV I R KITFHE R, REXS TR
BIEE R B 11251 Qen® N, 2B 2% 1 BN %[ Ag B FLIREE 4.3£0. 1Qen’ FF
B 2445 4% 10 152 % 1) AOB I PR (X & 6.540. 1 Qen’, X i 7E I H Mo0, 2 B 3R 18 i {E
4.4+0.3Qcm’, H{E A F,TONQ B R, L B&RIK, 2R 1078 B 45— & B T TIURHYT , BB 24 F,TCNQ
S0 S 3 P R AT UM LG p 3B 255, 3F B R B BN A Mo0, & n 24818} A MoO, FHE
B K, B F,TONQ 78 %16 T4 7R 75 2455 n B3 2 7] #8079,

[0065] & I ELARRIZEHZE N OPV (¥ 5 b B B A L4

[0066]

11
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(RAR%). (Qen’)
X n/a n/a 4,4+0.3
Mo0; P& 0 1121
Mo0; Ag 1 4,3+£0.1
Mo0, F,TCNQ 10 29.8+0.4
Mo0; AOB 10 6.5+0.1
MoO; SubPe 4 70.7£0.3

[0067] i T A% 90nm i MoO, 2 FNZE4L iy AOB #5 24 FI1¥K BE (113840 OPV 2344 . & 9a.9b
7%t T BE AOB 45 24Kk B AR AL O FE B OPV SR I— /N RBHYE IR J-V 4R 4E (9a) A BES K
(9b) . I 10a.10b 7R, R, B4 (neat) HHILMHT 46 Qen® PRIE R B¢ 15. 6 (451 % AOB I
i1 8 Qe

[0068] B % T {8 FH SubPc 1 Ky 3542214 . FEZNE T+, B MoO, 2B A 0.7
AF 9% 1 Agad. O (AR % [ SubPe, B R B2%. Bl Lla llb 7R H TIXMEMHHERE. 55
R B AR LL, F SubPc B 345 AR T 284 RE

[0069] BIHEHMSYNEBENMYHAHATREL G REG RN, Fl, BT
A THEBENYETHTZrUEMmE B FEMEEH M #E .

[0070] A FTAEB I MBI AR EAL I . RS AL AT R I BT B8R 1980 e B
7K B YU B MoO,, SR T 1 T B T FEIR  Eia B 1A « B B HoR M TR MoO,. 1R
AR MR AT T H AP SR, WA RN FBRMNERITIR SR .

00711  TEIR T Bk ¥t B A SE ], SR A T IR A R AT AR E RS RRHF 2
Fri 7 TR SE R 5 R SIS PR B 5 AR H L E T E R R EA S . iHh, BRAE
F A, AR R B T 3 HOAE ) 25 R AN BB T 40T 465 8 0 SE U o A TSI B R A R T AR
B2 A 5 B R 1 0 S B 4 T SEHE 7T R EVE TR B IS eSEE A R B EIVEFE A o
[0072]  AATIR B AN BT EME, EREBEARAN LRAMSHERT, irxf Lig
S 77 SBEAT 5028 o DRI BGPTSR AR , 2% B S R o6 T 7 2 T B LA S 77 S, T T PRI i
BT BRI R 5 5 SCHI AR B BRI TE B Y BB 24

12
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