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prising two electrodes in superposed relation comprising an anode and a
cathode, at least one donor material and at least one acceptor material loc-
ated between the two electrodes forming a donor-acceptor heterojunction,
an anode buffer layer adjacent to the anode and a cathode buffer layer ad-
jacent to the cathode, and an intermediate layer adjacent to at least one of
the anode and cathode buffer layers, wherein when the intermediate layer
is adjacent to the anode buffer layer, the intermediate layer is chosen to fa-
cilitate the transport of holes to the anode butfer layer, and when the inter-
mediate layer is adjacent to the cathode bufter layer, the intermediate layer
is chosen to facilitate the transport of electrons to the cathode buffer layer.
Also disclosed are methods of making the same.
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ORGANIC OPTOELECTRONICS WITH ELECTRODE BUFFER LAYERS

Cross-Reference to Related Application

[0001] This application claims the benefit of U.S. Provisional Application No.
61/678,497, filed August 1, 2012, which is incorporated herein by reference in its
entirety.

Statement Regarding Federally Sponsored Research

[0002] This invention was made with U.S. Government support under
Contract No. FA9550-10-1-0339, awarded by the Air Force Office of Scientific
Research and DE-SC0000957 awarded by the U. S. Department of Energy. The
government has certain rights in the invention.

Joint Research Agreement

[0003] The subject matter of the present disclosure was made by, on behalf
of, and/or in connection with one or more of the following parties to a joint university-
corporation research agreement: University of Michigan and Global Photonic Energy
Corporation. The agreement was in effect on and before the date the subject matter
of the present disclosure was prepared, and was made as a result of activities
undertaken within the scope of the agreement.

[0004] The present disclosure generally relates to electrically active, optically
active, solar, and semiconductor devices and, in particular, to organic optoelectronic
devices comprising at least one buffer layer adjacent to an electrode. Also disclosed
herein are methods of preparing the same.

[0005] 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.
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[0006] Photosensitive optoelectronic devices convert electromagnetic
radiation into electricity. Solar cells, also called photovoltaic (PV) devices, are a type
of photosensitive optoelectronic device that is specifically used to generate electrical
power. PV devices, which may generate electrical energy from light sources other
than sunlight, can be used to drive power consuming loads to provide, for example,
lighting, heating, or to power electronic circuitry or devices such as calculators,
radios, computers or remote monitoring or communications equipment. These
power generation applications also often involve the charging of batteries or other
energy storage devices so that operation may continue when direct illumination from
the sun or other light sources is not available, or to balance the power output of the
PV device with a specific application’s requirements. As used herein the term
“resistive load” refers to any power consuming or storing circuit, device, equipment
or system.

[0007] Another type of photosensitive optoelectronic device is a
photoconductor cell. In this function, signal detection circuitry monitors the
resistance of the device to detect changes due to the absorption of light.

[0008] Another type of photosensitive optoelectronic device is a
photodetector. In operation, a photodetector is used in conjunction with a current
detecting circuit which measures the current generated when the photodetector is
exposed to electromagnetic radiation and may have an applied bias voltage. A
detecting circuit as described herein is capable of providing a bias voltage to a
photodetector and measuring the electronic response of the photodetector to
electromagnetic radiation.

[0009] These three classes of photosensitive optoelectronic devices may be

characterized according to whether a rectifying junction as defined below is present
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and also according to whether the device is operated with an external applied
voltage, also known as a bias or bias voltage. A photoconductor cell does not have
a rectifying junction and is normally operated with a bias. A PV device has at least
one rectifying junction and is operated with no bias. A photodetector has at least
one rectifying junction and is usually but not always operated with a bias. As a
general rule, a photovoltaic cell provides power to a circuit, device or equipment, but
does not provide a signal or current to control detection circuitry, or the output of
information from the detection circuitry. In contrast, a photodetector or
photoconductor provides a signal or current to control detection circuitry, or the
output of information from the detection circuitry but does not provide power to the
circuitry, device or equipment.

[0010] Traditionally, photosensitive optoelectronic devices have been
constructed of a number of inorganic semiconductors, e.g., crystalline, polycrystalline
and amorphous silicon, gallium arsenide, cadmium telluride and others. Herein the
term “semiconductor” denotes materials which can conduct electricity when charge
carriers are induced by thermal or electromagnetic excitation. The term
“photoconductive” generally relates to the process in which electromagnetic radiant
energy is absorbed and thereby converted to excitation energy of electric charge
carriers so that the carriers can conduct, i.e., transport, electric charge in a material.
The terms “photoconductor” and “photoconductive material” are used herein to refer
to semiconductor materials which are chosen for their property of absorbing
electromagnetic radiation to generate electric charge carriers.

[0011] PV devices may be characterized by the efficiency with which they
can convert incident solar power to useful electric power. Devices utilizing crystalline

or amorphous silicon dominate commercial applications, and some have achieved
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efficiencies of 23% or greater. However, efficient crystalline-based devices,
especially of large surface area, are difficult and expensive to produce due to the
problems inherent in producing large crystals without significant efficiency-degrading
defects. On the other hand, high efficiency amorphous silicon devices still suffer
from problems with stability. Present commercially available amorphous silicon cells
have stabilized efficiencies between 4 and 8%. More recent efforts have focused on
the use of organic photovoltaic cells to achieve acceptable photovoltaic conversion
efficiencies with economical production costs.

[0012] PV devices may be optimized for maximum electrical power
generation under standard illumination conditions (i.e., Standard Test Conditions
which are 1000 W/m?, AM1.5 spectral illumination), for the maximum product of
photocurrent times photovoltage. The power conversion efficiency of such a cell
under standard illumination conditions depends on the following three parameters:
(1) the current under zero bias, i.e., the short-circuit current /sc, in Amperes (2) the
photovoltage under open circuit conditions, i.e., the open circuit voltage Vog, in Volts
and (3) the fill factor, FF.

[0013] PV devices produce a photo-generated current when they are
connected across a load and are irradiated by light. When irradiated under infinite
load, a PV device generates its maximum possible voltage, V open-circuit, or Voc.
When irradiated with its electrical contacts shorted, a PV device generates its
maximum possible current, | short-circuit, or Isc. When actually used to generate
power, a PV device is connected to a finite resistive load and the power output is
given by the product of the current and voltage, | x V. The maximum total power

generated by a PV device is inherently incapable of exceeding the product, Isc x
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Voc. When the load value is optimized for maximum power extraction, the current
and voltage have the values, Imax and Vyax, respectively.

[0014] A figure of merit for PV devices is the fill factor, FF, defined as:

FF = {Imax Vimax }{ Isc Voc } (1)
where FF is always less than 1, as Isc and Voc are never obtained simultaneously in
actual use. Nonetheless, as FF approaches 1, the device has less series or internal
resistance and thus delivers a greater percentage of the product of Isc and Voc to the
load under optimal conditions. Where Pj. is the power incident on a device, the
power efficiency of the device, 7, may be calculated by:
ne = FF* (Isc * Voc) / Pinc

[0015] To produce internally generated electric fields that occupy a
substantial volume of the semiconductor, the usual method is to juxtapose two layers
of material with appropriately selected conductive properties, especially with respect
to their distribution of molecular quantum energy states. The interface of these two
materials is called a photovoltaic junction. In traditional semiconductor theory,
materials for forming PV junctions have been denoted as generally being of either n
or p type. Here n-type denotes that the majority carrier type is the electron. This
could be viewed as the material having many electrons in relatively free energy
states. The p-type denotes that the majority carrier type is the hole. Such material
has many holes in relatively free energy states. The type of the background, i.e., not
photo-generated, majority carrier concentration depends primarily on unintentional
doping by defects or impurities. The type and concentration of impurities determine
the value of the Fermi energy, or level, within the gap between the conduction band
minimum and valance band maximum energies, also known as the HOMO-LUMO

gap. The Fermi energy characterizes the statistical occupation of molecular quantum
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energy states denoted by the value of energy for which the probability of occupation
is equal to 2. A Fermi energy near the conduction band minimum (LUMO) energy
indicates that electrons are the predominant carrier. A Fermi energy near the
valence band maximum (HOMO) energy indicates that holes are the predominant
carrier. Accordingly, the Fermi energy is a primary characterizing property of
traditional semiconductors and the prototypical PV junction has traditionally been the
p-n interface.

[0016] The term “rectifying” denotes, inter alia, that an interface has an
asymmetric conduction characteristic, i.e., the interface supports electronic charge
transport preferably in one direction. Rectification is associated normally with a built-
in electric field which occurs at the junction between appropriately selected
materials.

[0017] The current-voltage characteristics of organic heterojunctions are
often modeled using the generalized Shockley equation derived for inorganic diodes.
However, since the Shockley equation does not rigorously apply to organic
semiconductor donor-acceptor (D-A) heterojunctions (HJs), the extracted parameters
lack a clear physical meaning.

[0018] 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 layer including a material that conducts preferentially by
electrons due to a high electron mobility may be referred to as an electron transport
layer, or ETL. A layer including a material that conducts preferentially by holes due
to a high hole mobility may be referred to as a hole transport layer, or HTL. In some

cases, an acceptor material may be an ETL and a donor material may be an HTL.
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[0019] Conventional inorganic semiconductor PV cells may employ a p-n
junction to establish an internal field. However, it is now recognized that in addition
to the establishment of a p-n type junction, the energy level offset of the
heterojunction may also play an important role.

[0020] The energy level offset at the organic donor-acceptor (D-A)
heterojunction is believed to be important to the operation of organic PV devices due
to the fundamental nature of the photogeneration process in organic materials.

Upon optical excitation of an organic material, localized Frenkel or charge-transfer
excitons are generated. For electrical detection or current generation to occur, the
bound excitons must be dissociated into their constituent electrons and holes. Such
a process can be induced by the built-in electric field, but the efficiency at the electric
fields typically found in organic devices (F ~ 10° V/cm) is low. The most efficient
exciton dissociation in organic materials occurs at a D-A interface. At such an
interface, the donor material with a low ionization potential forms a heterojunction
with an acceptor material with a high electron affinity. Depending on the alignment
of the energy levels of the donor and acceptor materials, the dissociation of the
exciton can become energetically favorable at such an interface, leading to a free
electron polaron in the acceptor material and a free hole polaron in the donor
material.

[0021] Organic PV cells have many potential advantages when compared to
traditional silicon-based devices. Organic PV cells are light weight, economical in
materials use, and can be deposited on low cost substrates, such as flexible plastic
foils. Carrier generation requires exciton generation, diffusion, and ionization or
collection. There is an efficiency n associated with each of these processes.

Subscripts may be used as follows: P for power efficiency, EXT for external quantum
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efficiency, A for photon absorption, ED for diffusion, CC for collection, and INT for

internal quantum efficiency. Using this notation:

Hp~ NExT = N4 * HED * Hce
nexr = Na * Nivr

[0022] The diffusion length (Lp) of an exciton is typically much less (Lp ~ 50
A) than the optical absorption length (~500 A), requiring a tradeoff between using a
thick, and therefore resistive, cell with multiple or highly folded interfaces, or a thin
cell with a low optical absorption efficiency.

[0023] Typically in photovoltaic devices, one of the limiting factors for the
open-circuit voltage (Voc) is the work function (¢) difference between the anode and
cathode. For example, many devices use ITO (¢iro = 5.3 eV) and Ag (pag= 4.2 eV),
which allows Voc as high as 1.1 V. Tao et al. found that when MoOs is used as an
anode buffer layer, the choice of anode work function does not affect Voc—using Ag
as the anode functioned nearly identically to Au (¢pa, = 5.2 €V), even though Ag was
used as the cathode (Appl. Phys. Lett. 93, 193307 (2008)). In Tao et al.’s device,
however, the choice of buffer layer is limited to those that exhibit favorable energy
level alignment with the adjacent hole-transporting material. Thus, there is a need to
develop new device configurations that allow for increased flexibility in choosing
electrode/buffer layers that are appropriate for the specific application of a device.

[0024] There is disclosed an organic optoelectronic device comprising two
electrodes in superposed relation comprising an anode and a cathode, at least one
donor material and at least one acceptor material located between the two
electrodes forming a donor-acceptor heterojunction, an anode buffer layer adjacent
to the anode and a cathode buffer layer adjacent to the cathode, and an intermediate
layer adjacent to at least one of the anode and cathode buffer layers, wherein when

the intermediate layer is adjacent to the anode buffer layer, the intermediate layer is
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chosen to facilitate the transport of holes to the anode buffer layer, and when the
intermediate layer is adjacent to the cathode buffer layer, the intermediate layer is
chosen to facilitate the transport of electrons to the cathode buffer layer.

[0025] In some embodiments of the present disclosure, the anode and
cathode buffer layers are independently chosen from transition metal oxides and
conductive polymers. In certain embodiments, the anode and cathode buffer layers
are independently chosen from transition metal oxides. In certain embodiments, the
transition metal oxides are MoOj3, V,0s5, WO3, CrOs, Co304, NiO, ZnO, and TiO,. In
certain embodiments, the conductive polymers are polyanaline (PANI) and poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS).

[0026] In some embodiments, the anode and cathode buffer layers comprise
the same material. In certain embodiments, the anode and cathode buffer layers
comprise the same transition metal oxide. In certain embodiments, the same
transition metal oxide is MoOs.

[0027] In some embodiments, the intermediate layer is chosen from metals.
In certain embodiments, the metals are Ni, Ag, Au, Al, Mg, Pt, Pd, Cu, Ca, Ti, and In.

[0028] In some embodiments, the intermediate layer comprises metal
nanoparticles, nanoclusters, or nanorods.

[0029] In some embodiments, the intermediate layer has a thickness of 5 nm
or less.

[0030] In some embodiments, the intermediate layer has an average
thickness of 1 nm or less.

[0031] In some embodiments, the intermediate layer is chosen from

transition metal oxides and metals. In certain embodiments, the intermediate layer is
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chosen from transition metal oxides. In certain embodiments, the transition metal
oxides are MoOs, V205, WO3, CrOs, Co304, NiO, ZnO, and TiO..

[0032] In some embodiments, the intermediate layer is adjacent to the anode
buffer layer, and the device further comprises a second intermediate layer adjacent
to the cathode buffer layer, wherein the second intermediate layer is chosen to
facilitate the transport of electrons to the cathode buffer layer.

[0033] There is also disclosed an organic optoelectronic device comprising
two electrodes in superposed relation comprising an anode and a cathode, at least
one donor material and at least one acceptor material located between the two
electrodes forming a donor-acceptor heterojunction, at least one buffer layer chosen
from an anode buffer layer adjacent to the anode and a cathode buffer layer adjacent
to the cathode, and an intermediate layer adjacent to the at least one buffer layer,
wherein when the intermediate layer is adjacent to the anode buffer layer, the
intermediate layer is chosen to facilitate the transport of holes to the anode buffer
layer, and when the intermediate layer is adjacent to the cathode buffer layer, the
intermediate layer is chosen to facilitate the transport of electrons to the cathode
buffer layer.

[0034] In some embodiments, the device further comprises an exciton
blocking layer located between at least one of the anode and the donor material and
the cathode and the acceptor material. In certain embodiments, the exciton blocking
layer comprises a material chosen from BCP, BPhen, NTCDA, PTCBI, TPBi,
Ru(acac)3, and Alg2 OPH.

[0035] In some embodiments, the two electrodes comprise materials chosen
from metals, metal substitutes, conducting oxides, conductive polymers, graphene,

and carbon nanotubes. In some embodiments, at least one of the two electrodes is
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transparent. In one embodiment, the at least one transparent electrode is chosen
from transparent conducting oxides and metal or metal substitutes having a
thickness sufficient to render it transparent. In certain embodiments, the electrode
opposing the transparent electrode is reflective. In one embodiment, the reflective
electrode comprises a metal, such as steel, Ni, Ag, Au, Al, Mg, Pt, Pd, Cu, Ca, Ti,
and In having a thickness sufficient to render it reflective. In certain embodiments,
the electrode opposing the transparent electrode is at least semi-transparent. In one
embodiment, the at least semi-transparent electrode is chosen from conducting
oxides and metal or metal substitutes having a thickness sufficient to render them at
least semi-transparent. Examples of materials that are conducting oxides are indium
tin oxide (ITO), indium zinc oxide (1ZO), gallium zinc oxide (GZO), and indium
gallium zinc oxide (IGZO).

[0036] In some embodiments, the two electrodes are at least semi-
transparent.

[0037] In some embodiments, the two electrodes are reflective

[0038] In some embodiments, the anode is transparent and the cathode is
reflective. In some embodiments, the cathode is transparent and the anode is
reflective.

[0039] In certain embodiments, the anode is chosen from conducting oxides.
In certain embodiments, the cathode is chosen from metals. In one embodiment, the
anode is chosen from conducting oxides and the cathode is chosen from metals. In
certain embodiments, the anode is chosen from ITO, gallium indium tin oxide (GITO)
and zinc indium tin oxide (ZITO), and the cathode is chosen from Ni, Ag, Al, Mg, and

In and mixtures or alloys thereof.

11
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[0040] In some embodiments, the at least one donor material comprises a
material chosen from phthalocyanines, such as boron subphthalocyanine (SubPc),
copper phthalocyanine(CuPc), chloroaluminium phthalocyanine (CIAIPc), tin
phthalocyanine (SnPc), zinc phthalocyanine (ZnPc), and other modified
phthalocyanines, naphthalocyanines, merocyanine dyes, boron-dipyrromethene
(BODIPY) dyes, thiophenes, such as poly(3-hexylthiophene) (P3HT), pentacene,
tetracene, diindenoperylene (DIP), and squaraine (SQ) dyes. In certain
embodiments the at least one donor material comprises 2,4-bis[4-(N,N-
diphenylamino)-2,6-dihydroxyphenyl] squaraine (DPSQ).

[0041] In some embodiments, the at least one acceptor material comprises a
material chosen from fullerenes (e.g., Ceo C70, Cs4) and functionalized fullerene
derivatives (e.g., PCBMs, ICBA, ICMA, etc.), 3,4,9,10-perylenetetracarboxylicbis-
benzimidazole (PTCBI), phenyl-C61-butyric-acid-methyl ester ([60]PCBM), phenyl-
C71-butyric-acid-Methyl ester ([70]PCBM), thienyl-C61-butyric-acid-methyl ester
([60]ThCBM) and hexadecafluorophthalocyanine (F1sCuPc). In certain
embodiments, the at least one acceptor material comprises Cro.

[0042] In certain embodiments, the at least one donor material comprises
SQ, such as DPSQ, the at least one acceptor material comprises fullerene, such as
Cro.

[0043] In some embodiments, the device is a photovoltaic device, such as a
solar cell.

[0044] In other embodiments, the device is a photodetector.

[0045] In other embodiments, the device is a photoconductor.

[0046] There is also disclosed a method of preparing an organic

optoelectronic device comprising depositing a first buffer layer on a first electrode
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comprising an anode or cathode, depositing at least one donor material and at least
one acceptor material over the first buffer layer, depositing a second buffer layer
over the donor and acceptor materials, and depositing a second electrode on the
second buffer layer, wherein the second electrode is a cathode when the first
electrode is an anode, or an anode when the first electrode is a cathode; wherein an
intermediate layer is deposited adjacent to at least one of the first and second buffer
layers; and wherein the intermediate layer is chosen to facilitate the transport of one
of holes and electrons to the adjacent buffer layer.

[0047] In some embodiments of the present method, the first and second
buffer layers are independently chosen from transition metal oxides and conductive
polymers. In certain embodiments, the first and second buffer layers are
independently chosen from transition metal oxides. In certain embodiments, the
transition metal oxides are MoOs, V205, WO3, CrOs, C0304, NiO, Zn0O, and TiO. In
certain embodiments, the conductive polymers are polyanaline (PANI) and poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS).

[0048] In some embodiments, the intermediate layer is chosen from metals.
In certain embodiments, the metals are Ni, Ag, Au, Al, Mg, Pt, Pd, Cu, Ca, Ti, and In.

[0049] In some embodiments, the intermediate layer is chosen from
transition metal oxides. In certain embodiments, the transition metal oxides are
MoQs3, V205, WO3, CrOs, Co304, NiO, ZnO, and TiO..

[0050] In some embodiments, the intermediate layer is deposited adjacent to
the first buffer layer, and the method further comprises depositing a second
intermediate layer adjacent to the second buffer layer, wherein the second
intermediate layer is chosen to facilitate the transport of one of holes and electrons

to the adjacent second buffer layer.
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[0051] In another disclosed method of preparing an optoelectronic device,
the method comprises depositing at least one donor material and at least one
acceptor material over a first electrode comprising an anode or cathode, and
depositing a second electrode over the donor and acceptor materials, wherein the
second electrode is a cathode when the first electrode is an anode, or an anode
when the first electrode is a cathode; wherein at least one buffer layer is deposited
adjacent to at least one of the anode and cathode; wherein an intermediate layer is
deposited adjacent to the at least one buffer layer and is chosen to facilitate the
transport of one of holes and electrons to the adjacent buffer layer.

[0052] Figure 1 shows schematics of example optoelectronic devices in
accordance with the present disclosure having (a) two buffer layers and one
intermediate layer, (b) two buffer layers and two intermediate layers, and (c) one
buffer layer and one intermediate layer.

[0053] Figure 2 shows a specific, non-limiting example of a device in
accordance with the present disclosure.

[0054] Figure 3(a) shows a linear plot of the J-V characteristics of devices
with various electrodes under one-sun simulated illumination, and Figure 3(b) shows
a semilog plot of the same devices in the dark.

[0055] Figure 4 shows external quantum efficiencies (EQEs) for devices with
various electrodes.

[0056] Figure 5 shows a plot of Voc versus Jsc¢ for the devices with varying
electrodes.

[0057] Figure 6 shows an equilibrium energy level diagram depicting the

energy level alignment of intermediate layer Ag and cathode buffer layer MoOs.
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[0058] As used and depicted herein, a “layer” refers to a member or
component of a photosensitive device whose primary dimension is X-Y, i.e., along its
length and width. It should be understood that the term layer is not necessarily
limited to single layers or sheets of materials. In addition, it should be understood
that the surfaces of certain layers, including the interface(s) of such layers with other
material(s) or layers(s), may be imperfect, wherein said surfaces represent an
interpenetrating, entangled or convoluted network with other material(s) or layer(s).
Similarly, it should also be understood that a layer may be discontinuous, such that
the continuity of said layer along the X-Y dimension may be disturbed or otherwise
interrupted by other layer(s) or material(s).

[0059] As used herein, the expression that a material or component is
deposited “over” another material or component permits other materials or layers to
exist between the material or component being deposited and the material or
component “over” which it is deposited. For example, a buffer layer may be
described as deposited “over” donor and acceptor materials, even though there are
various materials or layers in between the buffer layer and the donor and acceptor
materials.

[0060] As used herein, an electrode is said to be “transparent” when it
permits at least 50% of the ambient electromagnetic radiation in relevant
wavelengths to be transmitted through it. An electrode is said to be “semi-
transparent” when it permits some, but less that 50% transmission of ambient
electromagnetic radiation in relevant wavelengths.

[0061] As used herein, the term "metal" embraces both materials composed
of an elementally pure metal, e.g., Mg, and also metal alloys which are materials

composed of two or more elementally pure metals, e.g., Mg and Ag together,
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denoted Mg:Ag. Herein, the term "metal substitute” refers to a material that is not a
metal within the normal definition, but which has the metal-like properties that are
desired in certain appropriate applications.

[0062] As shown in Figure 1, the optoelectronic devices of the present
disclosure may comprise one or more buffer layers and one or more intermediate
layers. For example, there is disclosed an organic optoelectronic device comprising
two electrodes in superposed relation comprising an anode and a cathode, at least
one donor material and at least one acceptor material located between the two
electrodes forming a donor-acceptor heterojunction, at least one buffer layer chosen
from an anode buffer layer adjacent to the anode and a cathode buffer layer adjacent
to the cathode, and an intermediate layer adjacent to the at least one buffer layer,
wherein when the intermediate layer is adjacent to the anode buffer layer, the
intermediate layer is chosen to facilitate the transport of holes to the anode buffer
layer, and when the intermediate layer is adjacent to the cathode buffer layer, the
intermediate layer is chosen to facilitate the transport of electrons to the cathode
buffer layer.

[0063] There is also disclosed an organic optoelectronic device comprising
two electrodes in superposed relation comprising an anode and a cathode, at least
one donor material and at least one acceptor material located between the two
electrodes forming a donor-acceptor heterojunction, an anode buffer layer adjacent
to the anode and a cathode buffer layer adjacent to the cathode, and an intermediate
layer adjacent to at least one of the anode and cathode buffer layers, wherein when
the intermediate layer is adjacent to the anode buffer layer, the intermediate layer is

chosen to facilitate the transport of holes to the anode buffer layer, and when the
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intermediate layer is adjacent to the cathode buffer layer, the intermediate layer is
chosen to facilitate the transport of electrons to the cathode buffer layer.

[0064] In accordance with the present disclosure, by employing anode and
cathode buffer layers, such as transition metal oxide buffer layers, adjacent to the
anode and cathode, respectively, the choice of anode and cathode is arbitrary with
respect to work function/energy levels. In addition, the inventors have discovered
that by inserting a disclosed intermediate layer adjacent to at least one of the anode
and cathode buffer layers, the choice of the adjacent buffer layer is also arbitrary
with respect to work function.

[0065] In accordance with the present disclosure, the intermediate layer, if
adjacent to the anode buffer layer, is chosen to facilitate the transport of holes to the
anode buffer layer, and if adjacent to the cathode buffer layer, is chosen to facilitate
the transport of electrons to the cathode buffer layer. In accordance with the present
disclosure, the intermediate layer may facilitate the respective charge transport by
aligning the energy transport levels of an adjacent organic material with the
respective buffer layer. An adjacent organic material may be a donor or acceptor
material, an electron or hole transporting material, or an exciton-blocking, electron or
hole transporting material.

[0066] As a non-limiting example of the aligning effect of the intermediate
layer, Figure 6 shows an equilibrium energy level diagram depicting the energy level
alignment of intermediate layer Ag and cathode buffer layer MoOs. The top line is
the vacuum level shift, which denotes the shift when the energy levels in two
materials, (e.g., Ag and MoQ3) shift to align.

[0067] In some embodiments, the intermediate layer is chosen with a work

function to align with the highest occupied molecular orbital (HOMO) of an adjacent
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organic material to facilitate the transport of holes to the anode buffer layer. In some
embodiments, the intermediate layer is chosen with a work function to align with the
lowest unoccupied molecular orbital (LUMO) of an adjacent organic material to
facilitate the transport of electrons to the cathode buffer layer.

[0068] Thus, in accordance with the present disclosure, by using an
intermediate layer adjacent to at least one of the anode and cathode buffer layers,
the choice of electrode and buffer layer adjacent to the intermediate layer is arbitrary
with respect to work function/energy levels. For example, the inventors have
discovered that MoOs, which is typically used as an anode buffer layer, can also be
used as the cathode buffer layer when used in conjunction with the intermediate
layer of the present disclosure, because the intermediate layer will align the energy
transport levels of an adjacent organic material with the cathode buffer layer. In
addition, organic PVs using an intermediate layer with symmetric electrodes
consisting of Ag/MoOs or ITO/MoOs functioned comparably to a device with
archetypal ITO/MoO3; anode and Ag cathode.

[0069] These discoveries suggest a new, flexible design criteria for organic
optoelectronic devices wherein electrode/buffer materials may be selected with
arbitrary work functions/energy levels. Thus, in accordance with the present
disclosure devices can be fabricated with electrode/buffer combinations that are
appropriate for the specific application of a device, whether of typical or inverted
orientation. That is, suitable anode and cathode combinations can be selected from
electrodes that are transparent, semi-transparent, reflective, etc. in order to optimize
the performance of the device based upon its specific application.

[0070] The anode and cathode buffer layers as disclosed herein may be

independently chosen from transition metal oxides and conductive polymers. In
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certain embodiments, the anode and cathode buffer layers are independently chosen
from transition metal oxides. In certain embodiments, the transition metal oxides are
MoOs, V205, WO3, CrOs, Co304, NiO, ZnO, and TiO2. In certain embodiments, the
conductive polymers are polyanaline (PANI) and poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT-PSS).

[0071] In some embodiments, the intermediate layer is chosen from metals.
In certain embodiments, the metals are Ni, Ag, Au, Al, Mg, Pt, Pd, Cu, Ca, Ti, and In.

[0072] In some embodiments, the intermediate layer comprises metal
nanoparticles, nanoclusters, or nanorods.

[0073] In certain embodiments, the intermediate layer has a thickness of 15
nm or less, 10 nm or less, or 5 nm or less. In some embodiments, the intermediate
layer has an average thickness of 1 nm or less.

[0074] In some embodiments, the intermediate layer is adjacent to the anode
buffer layer, and the device further comprises a second intermediate layer adjacent
to the cathode buffer layer, wherein the second intermediate layer is chosen to
facilitate the transport of electrons to the cathode buffer layer.

[0075] In some embodiments, the second intermediate layer is chosen from
metals. In certain embodiments, the metals are Ni, Ag, Au, Al, Mg, Pt, Pd, Cu, Ca,
Ti, and In.

[0076] In some embodiments, the second intermediate layer comprises
metal nanoparticles, nanoclusters, or nanorods.

[0077] In certain embodiments, the second intermediate layer has a
thickness of 15 nm or less, 10 nm or less, or 5 nm or less. In certain embodiments,

the second intermediate layer has an average thickness of 1 nm or less.
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[0078] In addition to being chosen from metals, the intermediate layers may
be chosen from transition metal oxides. When a buffer layer is chosen from
transition metal oxides, the adjacent intermediate layer should not be the same
transition metal oxide.

[0079] Non-limiting examples of transition metal oxides as disclosed herein
are MoOs, V205, WO3, CrOs, Co304, NiO, Zn0O, and TiOs,.

[0080] In some embodiments, the anode and cathode buffer layers comprise
the same material. In certain embodiments, the anode and cathode buffer layers
comprise the same transition metal oxide. In certain embodiments, the same
transition metal oxide is M0oOs.

[0081] In some embodiments, the two electrodes comprise materials chosen
from metals, metal substitutes, conducting oxides, conductive polymers, graphene,
carbon nanotubes. In some embodiments, at least one of the two electrodes
comprises a conducting oxide, such as indium tin oxide (ITO), tin oxide (TO), gallium
indium tin oxide (GITO), zinc oxide (ZnO), and zinc indium tin oxide (ZITO), or a
conductive polymer, such as polyanaline (PANI) or poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT-PSS). In some embodiments, at least one of the two
electrodes comprises a metal, such as Ag, Au, Ti, Sn, and Al. In some
embodiments, the anode comprises a conducting oxide. In some embodiments, the
anode comprises ITO. In some embodiments, the cathode comprises a metal. In
some embodiments, the cathode comprises a metal chosen from Ag, Au, Ti, Sn, and
Al.

[0082] The optoelectronic devices disclosed herein can be grown or placed
on any substrate that provides desired structural properties. Thus, in some

embodiments, the device further comprises a substrate. For example, the substrate
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may be flexible or rigid, planar or non-planar. The substrate may be transparent,
translucent or opaque. The substrate may be reflective. Plastic, glass, metal, and
quartz are examples of rigid substrate materials. Plastic and metal foils and thin
glass are examples of flexible substrate materials. The material and thickness of the
substrate may be chosen to obtain the desired structural and optical properties. In
some embodiments, the substrate is stainless steel, such as a stainless steel foil
(SUS). SUS substrates are relatively low cost compared to conventional materials,
and provide better heat sinks during growth of layers.

[0083] In accordance with the present description, the optoelectronic
devices, such as organic PVs, may have a conventional or inverted structure.
Examples of inverted device structures are disclosed in U.S. Patent Publication No.
2010/0102304, which is incorporated herein by reference for its disclosure of
inverted device structures.

[0084] With regard to donor materials that may be used in the present
disclosure, non-limiting mention is made to those chosen from phthalocyanines, such
as boron subphthalocyanine (SubPc), copper phthalocyanine(CuPc),
chloroaluminium phthalocyanine (CIAIPc), tin phthalocyanine (SnPc), zinc
phthalocyanine (ZnPc), and other modified phthalocyanines, naphthalocyanines,
merocyanine dyes, boron-dipyrromethene (BODIPY) dyes, thiophenes, such as
poly(3-hexylthiophene) (P3HT), pentacene, tetracene, diindenoperylene (DIP), and
squaraine (SQ) dyes.

[0085] Non-limiting embodiments of the squaraine donor material that may
be used are those chosen from 2,4-bis [4-(N,N-dipropylamino)-2,6-dihydroxyphenyl]
squaraine, 2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine, 2,4-

bis[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl] squaraine (DPSQ) and salts thereof.
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Examples of suitable squaraine materials are disclosed in U.S. Patent Publication
No. 2012/0248419, which is incorporated herein by reference for its disclosure of
squaraine materials.

[0086] In one embodiment, the donor materials may be doped with a high
mobility material, such as one that comprises pentacene or metal nanoparticles.

[0087] Examples of acceptor materials that may be used in the present
disclosure include polymeric or non-polymeric perylenes, polymeric or non-polymeric
naphthalenes, and polymeric or non-polymeric fullerenes. Non-limiting mention is
made to those chosen from fullerenes (for example, Ceo0, C70, Cs4) and functionalized
fullerene derivatives (e.g., PCBMs, ICBA, ICMA, etc.), 3,4,9,10-
perylenetetracarboxylicbis-benzimidazole (PTCBI), Phenyl-Cg1-Butyric-Acid-Methyl
Ester ([60]PCBM), Phenyl-C;41-Butyric-Acid-Methyl Ester ([70]PCBM), Thienyl-Ce4-
Butyric-Acid-Methyl Ester ([60]ThCBM), and hexadecafluorophthalocyanine
(F16CuPc).), 3,4,9,10-perylenetetracarboxylicbis-benzimidazole (PTCBI), Phenyl-Ceg1-
Butyric-Acid-Methyl Ester ([60]PCBM), Phenyl-C74-Butyric-Acid-Methyl Ester
([70]PCBM), Thienyl-Cg4-Butyric-Acid-Methyl Ester ([60]ThCBM), and
hexadecafluorophthalocyanine (F1sCuPc).

[0088] The at least one donor material and the at least one acceptor material
of the present disclosure form at least one donor-acceptor heterojunction. The
heterojunction may be formed by a planar, bulk, mixed, hybrid-planar-mixed, or
nanocrystalline bulk heterojunction.

[0089] The organic optoelectronic device according to the present disclosure
may further comprise one or more blocking layers, such as an exciton blocking layer
(EBL). With regard to materials that may be used as an exciton blocking layer, non-

limiting mention is made to those chosen from bathocuproine (BCP),
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bathophenanthroline (BPhen), 1,4,5,8-Naphthalene-tetracarboxylic-dianhydride
(NTCDA), 3,4,9,10-perylenetetracarboxylicbis-benzimidazole (PTCBI), 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene (TPBi), tris(acetylacetonato) ruthenium(lll)
(Ru(acac)s), and aluminum(lll)phenolate (Alg, OPH), N,N’-diphenyl-N,N’-bis-alpha-
naphthylbenzidine (NPD), aluminum tris(8-hydroxyquinoline) (Alqgs), and carbazole
biphenyl (CBP).

[0090] In some embodiments, the one or more blocking layers are located
between one or both of the anode and the donor material and the cathode and the
acceptor material. Examples of blocking layers are described in U.S. Patent
Publication Nos. 2012/0235125 and 2011/0012091 and in U.S. Patent Nos.
7,230,269 and 6,451,415, which are incorporated herein by reference for their
disclosure of blocking layers.

[0091] The organic optoelectronic devices of the present disclosure may
exist as a tandem device comprising two or more subcells. Subcell, as used herein,
means a component of the device which comprises at least one donor-acceptor
heterojunction. When a subcell is used individually as a photosensitive
optoelectronic device, it typically includes a complete set of electrodes. A tandem
device may comprise charge transfer material, electrodes, or charge recombination
material or a tunnel junction between the tandem donor-acceptor heterojunctions. In
some tandem configurations, it is possible for adjacent subcells to utilize common,
i.e., shared, electrode, charge transfer region or charge recombination zone. In
other cases, adjacent subcells do not share common electrodes or charge transfer
regions. The subcells may be electrically connected in parallel or in series.

[0092] In some embodiments, the charge transfer layer or charge

recombination layer may be chosen from Al, Ag, Au, MoOs, Li, LiF, Sn, Ti, WOs;,
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indium tin oxide (ITO), tin oxide (TO), gallium indium tin oxide (GITO), zinc oxide
(Z0), or zinc indium tin oxide (ZITO). In another embodiment, the charge transfer
layer or charge recombination layer may be comprised of metal nanoclusters,
nanoparticles, or nanorods.

[0093] Organic optoelectronic devices of the present disclosure may
function, for example, as PV devices, such as solar cells, photodetectors, or
photoconductors.

[0094] Whenever the organic photosensitive optoelectronic devices
described herein function as a PV device, the materials used in the photoconductive
organic layers and the thicknesses thereof may be selected, for example, to optimize
the external quantum efficiency of the device. Similarly, the thicknesses of the
anode and cathode buffer layers can be selected to optimize the external quantum
efficiency of the device. For example, appropriate thicknesses can be selected to
achieve the desired optical spacing in the device and/or reduce resistance in the
device. The thickness of the intermediate layers, for example, may also be
optimized to reduce resistance. Whenever the organic photosensitive optoelectronic
devices described herein function as photodetectors or photoconductors, the
materials used in the photoconductive organic layers and the thicknesses thereof
may be selected, for example, to maximize the sensitivity of the device to desired
spectral regions.

[0095] There is also disclosed a method of preparing an organic
optoelectronic device comprising depositing a first buffer layer on a first electrode
comprising an anode or cathode, depositing at least one donor material and at least
one acceptor material over the first buffer layer, depositing a second buffer layer

over the donor and acceptor materials, and depositing a second electrode on the
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second buffer layer, wherein the second electrode is a cathode when the first
electrode is an anode, or an anode when the first electrode is a cathode; wherein an
intermediate layer is deposited adjacent to at least one of the first and second buffer
layers; and wherein the intermediate layer is chosen to facilitate the transport of one
of holes and electrons to the adjacent buffer layer.

[0096] In some embodiments, the intermediate layer is deposited adjacent to
the first buffer layer, and the method further comprises depositing a second
intermediate layer adjacent to the second buffer layer, wherein the second
intermediate layer is chosen to facilitate the transport of one of holes and electrons
to the adjacent second buffer layer.

[0097] In another disclosed method of preparing an optoelectronic device,
the method comprises depositing at least one donor material and at least one
acceptor material over a first electrode comprising an anode or cathode, and
depositing a second electrode over the donor and acceptor materials, wherein the
second electrode is a cathode when the first electrode is an anode, or an anode
when the first electrode is a cathode; wherein at least one buffer layer is deposited
adjacent to at least one of the anode and cathode; wherein an intermediate layer is
deposited adjacent to the at least one buffer layer and is chosen to facilitate the
transport of one of holes and electrons to the adjacent buffer layer.

[0098] The materials comprising the optoelectronic devices of the present
disclosure may be deposited using methods known in the art.

[0099] In some embodiments, the organic materials or organic layers, or
organic thin films, can be applied via solution processing, such as by one or more
technigues chosen from spin-coating, spin-casting, spray coating, dip coating,

doctor-blading, inkjet printing, or transfer printing. For molecules which degrade at
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temperatures lower than the evaporation or sublimation point, solution-processing
technique can be used to achieve uniform, high-quality thin films for electronic
purposes.

[00100] In other embodiments, the organic materials may be deposited using
vacuum evaporation, such as vacuum thermal evaporation, organic vapor phase
deposition, or organic vapor-jet printing.

[00101] The anode and cathode buffer layers and intermediate layers may be
deposited, for example, by vacuum evaporation, such as vacuum thermal
evaporation, vapor phase deposition techniques, such as OVPD, or by solution
processing that utilizes orthogonal solvents to previous and subsequent layers.

[00102] Schematics of example organic optoelectronic devices according to
the present disclosure are shown in Figure 1. Electrode 110 comprises an anode or
cathode. Electrode 135 comprises a cathode when electrode 110 comprises an
anode. Electrode 135 comprises an anode when electrode 110 comprises a
cathode. Organic layers 120 and 125 form a donor-acceptor heterojunction as
described herein. Organic layer 120 comprises at least one donor material or at
least one acceptor material. Organic layer 125 comprises at least one donor
material when layer 120 comprises at least one acceptor material. Organic layer 125
comprises at least one acceptor material when layer 120 comprises at least one
donor material.

[00103] In some embodiments, buffer layers 115 and 130 may be
independently chosen from transition metal oxides and conductive polymers as
described herein. Buffer layer 115 is an anode buffer layer when electrode 110 is an
anode, and is a cathode buffer layer when electrode 110 is a cathode. Similarly,

Buffer layer 130 is an anode buffer layer when electrode 135 is an anode, and is a
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cathode buffer layer when electrode 135 is a cathode. In some embodiments, as in
device A, the device includes an intermediate layer 140 adjacent to a buffer layer
130. In some embodiments, as in device B, the device includes two intermediate
layers, one adjacent to buffer layer 130 and one adjacent to buffer layer 115.

[00104] In some embodiments, as in device C, the device includes only one
buffer layer 130, and one intermediate layer 140. In certain embodiments, buffer
layer 130 may be chosen from transition metal oxides and conductive polymers, and
is an anode buffer layer when electrode 135 is an anode, and is a cathode buffer
layer when electrode 135 is a cathode.

[00105] As described herein, additional layers may be included, such as
blocking layers or transport layers. For example, Figure 2 is provided as a specific,
non-limiting embodiment of the present disclosure. In Figure 2, the anode buffer
layer is MoO3; (20 nm) and the cathode buffer layer is MoO3 (30 nm). The donor
material is DPSQ. The acceptor material is C7o. PTCBI is used as an exciton-
blocking, electron-transport layer, and an intermediate layer comprises Ag
nanoparticles, nanoclusters, or nanorods. The two electrodes comprising the anode
and cathode may be chosen as described herein.

[00106] It should be understood that embodiments described herein may be
used in connection with a wide variety of other structures. The specific materials and
structures described are exemplary in nature, and other materials and structures
may be used. Functional organic optoelectronic devices may be achieved by
combining the various layers described in different ways, or layers may be omitted
entirely, based on design, performance, and cost factors. Additional layers not
specifically described may also be included. Materials other than those specifically

described may be used. Although the examples provided herein describe various
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layers as comprising a single material, it is understood that combinations of
materials, such as a mixture of host and dopant, or more generally a mixture, may be
used. Also, the layers may have various sublayers. The names given to the various
layers herein are not intended to be strictly limiting.

[00107] Other than in the examples, or where otherwise indicated, all numbers
expressing quantities of ingredients, reaction conditions, analytical measurements
and so forth, used in the specification and claims are to be understood as being
modified in all instances by the term "about." Accordingly, unless indicated to the
contrary, the numerical parameters set forth in the specification and attached claims
are approximations that may vary depending upon the desired properties sought to
be obtained by the present disclosure. At the very least, and not as an attempt to
limit the application of the doctrine of equivalents to the scope of the claims, each
numerical parameter should be construed in light of the number of significant digits
and ordinary rounding approaches.

[00108] Notwithstanding that the numerical ranges and parameters setting
forth the broad scope of the disclosure are approximations, unless otherwise
indicated the numerical values set forth in the specific examples are reported as
precisely as possible. Any numerical value, however, inherently contains certain
errors necessarily resulting from the standard deviation found in their respective
testing measurements.

[00109] The methods and devices described herein will be further described
by the following non-limiting examples, which are intended to be purely exemplary.

Examples
[00110] Organic PV devices having anode and cathode buffer layers

adjacent to an anode and cathode, respectively, were fabricated. Devices were
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fabricated with the following structure: glass/anode/20 nm MoO3/13 nm DPSQ/10 nm
C70/5 nm PTCBI/0.1 nm Ag/30 nm MoOs/cathode, where the anode was either ITO
(pre-coated) or 20 nm Ag, and the cathode consisted of 100 nm Ag, 20 nm Ag, or 40
nm sITO. Figure 2 shows a schematic of the devices. Although MoOs typically has
an electronegative lowest unoccupied molecular orbital (LUMO), the Ag nanocluster
layer deposited on top of PTCBI has the effect of aligning the Fermi level of PTCBI
and MoOs. The result is efficient electron transport from PTCBI to MoOs to the
cathode.

[00111] Devices were grown on either 100 nm thick layers of ITO pre-
coated onto glass substrates or 20 nm thick layers of Ag on glass. Prior to
deposition, the ITO or glass surface was cleaned in a surfactant and a series of
solvents and then exposed to ultraviolet-ozone for 10 minutes before loading into a
high vacuum chamber (base pressure < 107 Torr) where MoOs was thermally
evaporated at ~0.1 nm/s.

[00112] Substrates were then transferred to a N, glovebox where DPSQ
films were spin-coated from filtered 1.6 mg/ml solutions in chloroform. Substrates
were again transferred into the high vacuum chamber for deposition of purified
organics at 0.1 nm/s, followed by transfer back into the glovebox and exposure to
saturated chlorophorm vapors for 10 minutes to create a favorable film morphology.
After a transfer back to the vacuum chamber, a 0.1 nm Ag silver nanocluster layer
and a MoO3 transport layer were deposited.

[00113] The cathode material (Ag or ITO) was deposited through a shadow
mask with an array of 1 mm diameter openings. Sputtered ITO (sITO) was
deposited at 0.01 nm/s with 20 W DC power. Current density versus voltage (J-V)

characteristics were measured in an ultra-pure N, ambient, in the dark and under
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simulated AM1.5G solar illumination from a filtered 300 W Xe lamp. Lamp intensity
was varied using neutral density filters. Optical intensities were referenced using an
NREL-calibrated Si detector, and photocurrent measurements were corrected for
spectral mismatch.

[00114] Device characteristics under 1 sun AM1.5G simulated illumination
and in the dark are shown in Figures 3(a) and 3(b), respectively, and performance is
summarized in Table 1 as follows:

Table I Device performance af one sun iluminaton.

Anede Cathode Jer {iﬁ%"cnf} Foo iV} FF PCE{%) Rs {ﬁ-*nf"_}
G 100 mm Ag &0 052 0.67 i3 BAT
nmAg  I0nmag 28 089 Q.63 L6 0.64
20w Ag i mm Ag 37 {1540 0.67 x2 8,25
ITO 2T 1.4 88 452 3.8 143

[00115] The difference in short-circuit current (Jsc) can be attributed to the
difference in reflectivity of the electrodes used. In the case of an ITO anode,
reflectivity is low, leading to more light absorbed at the active layers. Using 20 nm
Ag as the anode is more reflective, decreasing responsivity. For the cathode, using
100 nm Ag reflects light back though the active layers, further increasing
responsivity, while 20 nm Ag and sITO are increasingly transparent, leading to lower
responsivity. This transparency, however, can be advantageous when designing a
semi-transparent organic PV. These differences in responsivity can also be seen in
the external quantum efficiency data shown in Figure 4. For the device with 20 nm

Ag as the anode and 100 nm Ag as the cathode, the peak at 500 nm can be
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attributed to microcavity effects, which can be turned to enhance certain
wavelengths.
[00116] The difference in Voc between these four devices can be correlated

to the difference in Jsc. There is a known relationship between Voc and Jsc:

aF = AE & TS A0 1y
Il Yy LR :

2/ S

where q is the electron charge, AEy, is the energy difference between the donor
highest occupied molecular orbital (HOMO) and the donor LUMO, kis Boltzmann’s
constant, T is the temperature and Jo is the saturation dark current. It can be seen
from Eq. 1 that there is a logarithmic dependence of Voc and Jsc. By plotting Voc as
a function of Jsc in Figure 5, it is observed that the data for all four devices falls on a
line. This indicates that all four devices are operating similarly, and the differences in
Voc are only due to differences in the amount of light absorbed by the active layers.
[00117] By fitting the dark J-V data to the ideal diode equation, the series

resistance (Rs) can be extracted for each device:

where Js is the reverse saturation current, n is the ideality factor, and T is the
temperature. As shown in Table 1, devices with ITO and Ag have very low Rs, < 1
Qcm?. For the device with sITO, it is much higher, with Rs = 14.1 Qcm?®. This is due
to the fact that sITO is of lower quality than ITO (sheet resistance ~200 Q/o vs.
15 Q/o), leading to increased Rs and decreased FF for this device.

[00118] Although the present disclosure is described with respect to
particular examples and embodiments, it is understood that the devices described

herein are not limited to these examples and embodiments. The embodiments as
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claimed may therefore include variations from the particular examples and preferred

embodiments described herein, as will be apparent to one of skill in the art.
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What Is Claimed Is:

1. An organic optoelectronic device comprising:
two electrodes in superposed relation comprising an anode and a
cathode;
at least one donor material and at least one acceptor material located
between the two electrodes forming a donor-acceptor heterojunction;
an anode buffer layer adjacent to the anode and a cathode buffer layer
adjacent to the cathode, wherein the anode buffer layer and the cathode
buffer layer are independently chosen from transition metal oxides and
conductive polymers; and
an intermediate layer adjacent to at least one of the anode and cathode
buffer layers,
wherein when the intermediate layer is adjacent to the anode
buffer layer, the intermediate layer is chosen to facilitate the transport
of holes to the anode buffer layer, and
when the intermediate layer is adjacent to the cathode buffer
layer, the intermediate layer is chosen to facilitate the transport of
electrons to the cathode buffer layer.
2. The device of claim 1, wherein the anode buffer layer and the cathode buffer
layer are independently chosen from transition metal oxides.
3. The device of claim 1, wherein the transition metal oxides are MoOs3, V205,
WOj3, CrO3, Co304, NiO, Zn0O, and TiO..
4, The device of claim 2, wherein the anode and cathode buffer layers comprise
the same transition metal oxide.

5. The device of claim 4, wherein the same transition metal oxide is MoO:s.
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10.

11.

12.

13.

14.

15.

The device of claim 1, wherein the intermediate layer is chosen from Ni, Ag,
Au, Al, Mg, Pt, Pd, Cu, Ca, Ti, and In.

The device of claim 1, wherein the intermediate layer is chosen from transition
metal oxides.

The device of claim 1, wherein the intermediate layer comprises metal
nanoparticles, nanoclusters, or nanorods.

The device of claim 1, wherein the intermediate layer has a thickness of 5 nm
or less.

The device of claim 1, wherein the intermediate layer has an average
thickness of 1 nm or less.

The device of claim 1, wherein the intermediate layer is adjacent to the anode
buffer layer, the device further comprising a second intermediate layer
adjacent to the cathode buffer layer, wherein the second intermediate layer is
chosen to facilitate the transport of electrons to the cathode buffer layer.

The device of claim 1, further comprising an exciton blocking layer located
between at least one of the anode and the donor material and the cathode
and the acceptor material.

The device of claim 1, wherein the two electrodes are chosen from metals,
metal substitutes, conducting oxides, conductive polymers, graphene, carbon
nanotubes.

The device of claim 13, wherein at least one of the two electrodes is
transparent.

The device of claim 14, wherein the electrode opposing the transparent

electrode is reflective.
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16.

17.

18.

19.

20.

The device of claim 14, wherein the electrode opposing the transparent
electrode is at least semi-transparent.
The device of claim 13, wherein the two electrodes are at least semi-
transparent.
The device of claim 12, wherein the at least one exciton blocking layer
comprises a material chosen from BCP, BPhen, NTCDA, PTCBI, TPBI,
Ru(acac)3, and Alg2 OPH.
An organic optoelectronic device comprising:
two electrodes in superposed relation comprising an anode and a
cathode;
at least one donor material and at least one acceptor material located
between the two electrodes forming a donor-acceptor heterojunction;
at least one buffer layer chosen from an anode buffer layer adjacent to
the anode and a cathode buffer layer adjacent to the cathode, wherein the at
least one buffer layer is independently chosen from transition metal oxides
and conductive polymers; and
an intermediate layer adjacent to the at least one buffer layer,
wherein when the intermediate layer is adjacent to the anode
buffer layer, the intermediate layer is chosen to facilitate the transport
of holes to the anode buffer layer, and
when the intermediate layer is adjacent to the cathode buffer
layer, the intermediate layer is chosen to facilitate the transport of
electrons to the cathode buffer layer.
The device of claim 19, wherein the intermediate layer is chosen from Ni, Ag,

Au, Al, Mg, Pt, Pd, Cu, Ca, Ti, and In.
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21.

22.

The device of claim 19, wherein the intermediate layer comprises metal
nanoparticles, nanoclusters, or nanorods.

The device of claim 19, wherein the intermediate layer is chosen from MoQO3,

V205, WOs, CFOs, C0304, NiO, ZnO, and Ti02.

36



WO 2014/022580

1/6

DEVICE A

135

ELECTRODE

130

BUFFER LAYER

140

INTERMEDIATE LAYER

125

DONOR/ACCEPTOR

120

DONOR/ACCEPTOR

115

BUFFER LAYER

110

ELECTRODE

FIG. 1A

PCT/US2013/053061

DEVICE B DEVICE C
135 ELECTRODE 135 ELECTRODE
130 BUFFER LAYER 130 BUFFER LAYER
140  INTERMEDIATE LAYER 140  INTERMEDIATE LAYER
125 DONOR/ACCEPTOR 125 DONOR/ACCEPTOR
120 DONOR/ACCEPTOR 120 DONOR/ACCEPTOR
145 INTERMEDIATE LAYER 110 ELECTRODE
115 BUFFER LAYER
110 ELECTRODE FIG 1C

FIG. 1B

SUBSTITUTE SHEET (RULE 26)



WO 2014/022580 PCT/US2013/053061

2/6

CATHODE
MoO, 30nm
Ag 0.1nm
PTCBI 5nm
C,o 10nm
13nm DPSQ
MoO, 20nm
ANODE

GLASS

FIG. 2

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/053061

WO 2014/022580

3/6

g¢ Old

(A) 39VLIOA @31ddY
g0 00- g0- 0'}-

0¢ gl 0l

OLIS/OLl ——
By wu 00 1/0Y WU 07 ——
16y wu 0g/By Wu 0Z —o—
by wu 00l/0L ——
JAOHLVO/AAONY

vE€ Old

(A) 3OVLIOA @3ddY

¢0

90 v'0

~

N

(ap]

<t

Lo
(;Wo/vW) ALISNIA INFHANO

(o]

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/053061

4/6

WO 2014/022580

v OId4
(Wu) HLONTTIAVYM
008 00. 009 00S 00¥

oLisioLl —a— | [ - 0¥

By wu oo1/By wu g —p— | +—r—~t—our—-~—u L 1 |
16y wu 0g/By Wu 0z —o—
by wu 00L/0Ll —O—
JAOHLYD/3AONY

(%) 303

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/053061

WO 2014/022580

5/6

G Old

(,wopyw) *Sp

0l ) 1’0 100
rrri | | | | ___ LI | | | ___ LI | |
u oLis‘oll © Hz0
| | OYMOHLBYNIHL ¥ ]
By NIHL ‘BY NIHL o
- By MOIHL ‘0Ll O = 0
B — 90
| o Vv _
= (o] o
pas: oV 80
L, WOV i
0l

(A) 2O

SUBSTITUTE SHEET (RULE 26)



WO 2014/022580 PCT/US2013/053061

6/6

EVAC

9.5
om
(@]
=
8.6

X3
\
FIG. 6

Q
O
=
8.6

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/053061

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO1L51/42
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO1L

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

organic photovoltaic cells",

USA, IEEE,
XP010822646,

ISBN: 978-0-7803-8707-2
the whole document

CONFERENCE RECORD OF THE THIRTY-FIRST IEEE
PHOTOVOLTAIC SPECIALIST CONFERENCE (IEEE
CAT. NO. 05CH37608) IEEE PISCATAWAY, NJ,
3 January 2005 (2005-01-03), pages 23-26,

DOI: 10.1109/PVSC.2005.1488061

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2012/060910 Al (SCHOENFELD WINSTON V 1-5,9,
[US] ET AL) 15 March 2012 (2012-03-15) 10,12-19
figure 4

X FORREST S R ET AL: "Strategies for solar 1-10,
energy power conversion using thin film 12-22

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

9 September 2013

Date of mailing of the international search report

18/09/2013

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Wolfbauer, Georg

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/053061

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

WO 2012/096359 Al (SUMITOMO CHEMICAL CO
[JP]; UETANI YASUNORI [JP])

19 July 2012 (2012-07-19)

the whole document

KR 2012 0029142 A (UNIST ACADEMY IND RES
CORP [KR]; PUSAN NAT UNIV IND COOP FOUND
[KR]; K) 26 March 2012 (2012-03-26)
paragraph [0042]; figure 4d

US 20117272029 Al (IHN SOO-GHANG [KR] ET
AL) 10 November 2011 (2011-11-10)
paragraph [0086]

3

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2013/053061
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2012060910 Al 15-03-2012  NONE
WO 2012096359 Al 19-07-2012 JP 2012182439 A 20-09-2012
TW 201235439 A 01-09-2012
WO 2012096359 Al 19-07-2012
KR 20120029142 A 26-03-2012 KR 20120029142 A 26-03-2012
WO 2012036337 Al 22-03-2012
US 2011272029 Al 10-11-2011 KR 20110122399 A 10-11-2011
US 2011272029 Al 10-11-2011

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - wo-search-report
	Page 46 - wo-search-report
	Page 47 - wo-search-report

