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(57) Abstract: Disclosed herein are stable organic photosensitive devices including at least one exciton-blocking charge carrier fil -
ter. The filters comprise a mixture of at least one wide energy gap material having a sufficiently high glass transition temperature,
e.g., higher than the temperature or temperature range at which the device typically operates, higher than a highest operating temper -
ature of the device, higher than a threshold temperature value, etc. and at least one electron or hole conducting material. As de-
scribed herein, the novel filters simultaneously block excitons and conduct the desired charge carrier (electrons or holes).
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STABLE ORGANIC PHOTOSENSITIVE DEVICES WITH EXCITON-BLOCKING
CHARGE CARRIER FILTERS UTILIZING HIGH GLASS TRANSITION
TEMPERATURE MATERIALS

Cross-Reference to Related Applications

[1] This application claims the benefit of International Application No.
PCT/US2014/062351, filed October 27, 2014, which is incorporated herein by
reference in its entirety, and also claims the benefit of U.S. Provisional Application
No. 62/026,301, filed July 18, 2014, which is incorporated herein by reference in its
entirety.

Statement Regarding Federally Sponsored Research

[2] This invention was made with U.S. Government support under
Contract Nos. DE-SC0000957, DE-SC0001013, and DE-EE0005310 awarded by the
U.S. Department of Energy, and under FA9550-10-1-0339 awarded by the Air Force
Office of Scientific Research. The government has certain rights in the invention.

Joint Research Agreement

[3] 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: The Regents of the University of Michigan,
University of Southern California, and NanoFlex Power 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.

[4] The present invention generally relates to electrically active, optically
active, solar, and semiconductor devices and, in particular, to organic photosensitive
optoelectronic devices comprising at least one exciton-blocking charge carrier filter

comprising a wide energy gap material that is morphologically stable at the operating
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temperature of the device. Also disclosed herein are methods of preparing the
same.

[5] 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.

[6] 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.

[7] 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.

[8] 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
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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.

[9] These three classes of photosensitive optoelectronic devices may be
characterized according to whether a rectifying junction as defined below is present
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.

[10] 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
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to semiconductor materials which are chosen for their property of absorbing
electromagnetic radiation to generate electric charge carriers.

[11] 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
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. More recent efforts have focused on the use of organic
photovoltaic cells to achieve acceptable photovoltaic conversion efficiencies with
economical production costs.

[12] 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.

[13] 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 Vog.
When irradiated with its electrical contacts shorted, a PV device generates its

maximum possible current, | short-circuit, or Isc. When actually used to generate
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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
Voc. When the load value is optimized for maximum power extraction, the current
and voltage have the values, Imax and Vyax, respectively.

[14] 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 Py, is the power incident on
a device, the power efficiency of the device, ne, may be calculated by:

ne = FF* (Isc * Voc) / Pinc

[15] 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
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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
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.

[16] The term “rectifying” denotes, infer 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.

[17] 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.

[18] Conventional inorganic semiconductor PV cells may employ a p-n

junction to establish an internal field. However, it is now recognized that in addition
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to the establishment of a p-n type junction, the energy level offset of the
heterojunction also plays an important role.

[19] 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.

[20] 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 efficiency, A for photon absorption, ED for diffusion, CC for
collection, and INT for internal quantum efficiency. Using this notation:

np~Nexr = Na * Nep * Hee
HEXT = N4 * HINT

[21] 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
7
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thick, and therefore resistive, cell with multiple or highly folded interfaces, or a thin
cell with a low optical absorption efficiency.

[22] 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. For commercialization, however, device efficiencies must further improve via
new material and device design approaches.

[23] In organic PV cells, interfacial phenomena can be seen to dominate
the behavior of key processes, such as charge separation at the donor/acceptor
interface and charge extraction at the organic/electrode interface. To enhance
charge extraction while inhibiting exciton recombination, buffer layers are often used
between the photoactive region and one or both of the electrodes.

[24] Wide energy gap materials, such as BCP and BPhen, have been
employed as buffers. These materials function by blocking the transport of excitons
due to their wide HOMO-LUMO energy gap while transporting electrons through
defect states induced by the deposition of the cathode. A second function of these
wide gap buffers is to space the optically absorbing layers further from the reflective
cathode at the optimal position in the optical field. However, these buffers are limited
to extremely thin films (< 10 nm) by the penetration depth of the defect states
accrued during deposition and they are highly resistive.

[25] Materials with small HOMO energies, such as Ru(acac), have been
used as buffers to transport holes from the cathode to recombine with electrons at
the acceptor/buffer interface.

[26] A third type of buffer has been developed based on materials with

LUMO energies aligned to that of the acceptor, such as PTCBIl and NTCDA. The
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alignment of the LUMO levels allows efficient conduction of electrons from the
acceptor to the cathode. These materials can also function to block excitons if their
HOMO/LUMO gap is sufficiently large. However, these materials can hinder device
performance if they absorb in the same spectral region as the active layer materials.
Improvements to these device architectures must be made to increase conversion
efficiencies of organic PV cells.

[27] The present inventors have developed a new type of buffer, disclosed
herein as exciton-blocking charge carrier filters. These novel buffers comprise a
mixture of at least one wide energy gap material and at least one electron or hole
conducting material. The filters are optimized depending on their location in the
device. Thatis, an exciton-blocking hole conducting filter is disposed between the
photoactive region and the anode in order to block excitons and conduct holes to the
anode. Conversely, an exciton-blocking electron conducting filter is disposed
between the photoactive region and the cathode in order to block excitons and
conduct electrons to the cathode. For example, in the exciton-blocking electron filter,
electrons are transported by the electron conducting material via an impurity-band
like mechanism. Simultaneously, excitons are blocked by a combination of an
energetic barrier caused by the wide energy gap material and a statistical barrier
caused by a reduction in the number of states available for transfer to the electron
conductor.

[28] A problem with many buffers such as BCP or BPhen is that they are
highly resistive and rely on damage induced transport states which limit the practical
layer thickness to ~10 nm. By mixing a wide energy gap material (e.g. BCP) with a
material with good transport properties (e.g. Ceo), the overall conductivity can be

improved by using an impurity band-like transport.
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[29] A second problem with buffers such as BCP or Bphen is that they can
become morphologically unstable at operating temperatures that begin to approach
or, in some cases, exceed their respective glass transition temperatures (Tg), which
can contribute to performance degradation over time, significantly reducing the
operational lifetime of the device. Under such conditions, the buffers can crystallize
and degrade. The present inventors discovered that by mixing the wide energy gap
material with an electron conductor (such as a fullerene) or a hole conductor, the
buffer layer has increased stability, akin to “doped pinning” of the morphology.
Moreover, by utilizing morphologically stable wide energy gap materials, i.e., wide
energy gap materials having a sufficiently high glass transition temperature, in the
exciton-blocking charge carrier filters described herein, the operational lifetime of the
devices can be significantly extended.

[30] The exciton-blocking charge carrier filters described herein also
function to prevent a buildup of charges in the active layer which helps to reduce
exciton-polaron quenching of excitons, increasing the short circuit current and fill
factor of devices.

[31] In a first aspect of the present disclosure, an organic photosensitive
optoelectronic device comprises two electrodes in superposed relation comprising an
anode and a cathode; a photoactive region comprising at least one donor material
and at least one acceptor material disposed between the two electrodes to form a
donor-acceptor heterojunction, wherein the at least one acceptor material has a
Lowest Unoccupied Molecular Orbital energy level (LUMOacc) and a Highest
Occupied Molecular Orbital energy level (HOMOAac), and the at least one donor
material has a Lowest Unoccupied Molecular Orbital energy level (LUMOg.,) and a

Highest Occupied Molecular Orbital energy level (HOMOqon); and an exciton-
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blocking electron filter disposed between the cathode and the at least one acceptor
material, wherein the electron filter comprises a mixture comprising at least one
cathode-side wide energy gap material and at least one electron conducting
material, and wherein the at least one cathode-side wide energy gap material has:
- a Lowest Unoccupied Molecular Orbital energy level (LUMOc¢s.wg) smaller
than or equal to the LUMOacc;
- a Highest Occupied Molecular Orbital energy level (HOMOg¢s.we) larger than,
equal to, or within 0.3 eV smaller than the HOMOacc; and
- a HOMOg¢s.we-LUMOgcs.we energy gap wider than a HOMOace-LUMOacc
energy gap; and

wherein the at least one cathode-side wide energy gap material has a glass
transition temperature equal to or greater than 85° C.

[32] In a second aspect, an organic photosensitive optoelectronic device
comprises two electrodes in superposed relation comprising an anode and a
cathode; a photoactive region comprising at least one donor material and at least
one acceptor material disposed between two electrodes to form a donor-acceptor
heterojunction, wherein the at least one donor material has a Lowest Unoccupied
Molecular Orbital energy level (LUMOpo,) and a Highest Occupied Molecular Orbital
energy level (HOMOpon); and an exciton-blocking hole filter disposed between the
anode and the at least one donor material, wherein the hole filter comprises a
mixture comprising at least one anode-side wide energy gap material and at least
one hole conducting material, and wherein the at least one anode-side wide energy
gap material has:

- a Highest Occupied Molecular Orbital energy level (HOMOas-wg) energy level

larger than or equal to the HOMOpon;

11
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- a Lowest Unoccupied Molecular Orbital energy level (LUMOas.wg) smaller
than, equal to, or within 0.3 eV larger (further from the vacuum) than the
LUMOpon; and

- a HOMOas-we-LUMOgs.we energy gap wider than a HOMOpon,-LUMOpon
energy gap; and
wherein the at least one anode-side wide energy gap material has a glass

transition temperature equal to or greater than 85° C.

[33] The accompanying figures are incorporated in, and constitute a part
of this specification.

[34] Figure 1 shows schematics of exemplary organic photosensitive
optoelectronic devices in accordance with the present disclosure. Device A
comprises an exciton-blocking electron filter or an exciton-blocking hole filter, and
Device B comprises an exciton-blocking electron filter and an exciton-blocking hole
filter.

[35] Figure 2 shows extinction spectra of Cgo:BCP films with volume doping
ratios of 1:0 («), 3:1(V), 1:1 (e), 1:2 (m), and 0:1 (») calculated from k determined
by spectroscopic ellipsometry. Inset: Decay of extinction as a function of Cg fraction.
450 nm (m), 360 nm (e).

[36] Figure 3 shows J-V curves of devices under one sun AM1.5G
illumination on top with top inset showing characteristics of the devices and a plot of
external quantum efficiency on bottom with bottom inset showing device structure.
(A:B) = 1:0 (D1), 2:1 (D2), 1:1 (D3), and 1:2 (D4).

[37] Figure 4 shows J-V curves of devices under one sun AM1.5G
illumination on top and a plot of external quantum efficiency on bottom with inset

showing the device structure. x = 10 nm (D7), 20 nm (D6), 30 nm (D5).

12
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[38] Figure 5 shows J-V curves of devices under one sun AM1.5G
illumination on top and a plot of external quantum efficiency on the bottom with inset
showing the device structure. x = 0 nm (D8), 20 nm (D9), and 40 nm (D10).

[39] Figure 6 shows J-V curves of devices under one sun AM1.5G
illumination on top, and external quantum efficiency on the bottom, with the bottom
inset showing the device structure. The “First Cg thickness” refers to the thickness of
the at least one acceptor material forming a donor-acceptor heterojunction with
DPSQ (x =5 nm, 15 nm, 25 nm, 35 nm).

[40] Figure 7 shows J-V curves of devices under one sun AM1.5G
illumination on top, and external quantum efficiency on the bottom, with the bottom
inset showing the device structure.

[41] Figure 8 shows the external quantum efficiency under applied bias
(+0.5 V dashed, -1 V solid) normalized to EQE at zero bias for various buffer layers.

[42] Figure 9 shows Monte Carlo simulation of the diffusion of excitons into
a mixed layer of BCP:Cgo on top of a neat Cgq active layer, based solely on the
reduced number of Ceo molecules in the mixed films available for exciton transfer.
Excitons are randomly generated in the active layer. They move randomly for a set
number of steps, then their final position is recorded. They are assumed to diffuse
solely by nearest-neighbor hopping. At the interface between the mixed and active
layers, the probability for hopping between layers is scaled by the relative number of
molecules of Cg in each layer.

[43] Figure 10 on top shows normalized extinction spectra of C7 capped
with different buffer layers and on bottom shows emission spectra of Cy (excited at
450 nm) capped with quenching (NPD), blocking (BCP), and mixed buffer layers on

the bottom.

13
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[44] Figure 11 shows EQE spectra of devices capped with various buffer
layers (top) and J-V curves of devices under 0.8 sun AM1.5G illumination.

[45] Figure 12 shows J-V curves of devices under one sun AM1.5G
illumination on top, and a plot of external quantum efficiency on the bottom, with
bottom inset showing the device structure. Buffers: 10 nm BCP (D11), 10 nm
Cs0:BCP (D12), 10 nm PTCBI (D13), 10 nm Cgo:BCP/5 nm PTCBI (D14), 10 nm
BCP:Cso/5 nm BCP (D15).

[46] Figure 13 on top shows EQE at -1 V normalized to 0 V EQE for the
devices of Figure 12 with various buffer layers, and on bottom shows responsivity as
a function of illumination intensity for the devices. Buffers: 10 nm BCP (D11), 10 nm
BCP:Cs (D12), 10 nm PTCBI (D13), 10 nm BCP:Cg/5 nm PTCBI (D14), 10 nm
BCP:Cso/5 nm BCP (D15).

[47] Figure 14 shows J-V curves of devices under one sun AM1.5G
illumination on top, and a plot of external quantum efficiency on the bottom, with
bottom inset showing the device structure. x =5 nm (D16), 15 nm (D17), 25 nm
(D18), and 35 nm (D19).

[48] Figure 15 shows J-V curves under one sun AM1.5G illumination on top
and on the bottom a plot of the external quantum efficiency of devices with various
buffer layers.

[49] Figure 16 shows J-V curves under one sun AM1.5G illumination on top
and on the bottom a plot of the external quantum efficiency of devices with various
buffer layers containing various ratios of Cgo to BCP.

[50] Figure 17 shows J-V for illumination at 1-sun simulated AM1.5G
illumination (upper left) and EQE (upper right) and extracted efficiency parameters

(lower) for planar-mixed OPV cells with active layers comprising a relatively thick 1:8
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volume ratio of DBP and a neat layer of C7,. The thickness and volume ratio of the
BPhen:Cy for each buffer is given in the table.

[51] Figure 18 shows J-V for illumination at 0.7-sun simulated AM1.5G
illumination (upper left) and EQE (upper right) and extracted efficiency parameters
(lower) for planar-mixed OPV cells with active layers comprising a relatively thin 1:8
volume ratio of DBP and a neat layer of C, and various buffers. The thickness and
volume ratio of the BCP:Cy, for each buffer is given in the table.

[52] Figure 19 shows the EQE and J-V curves for dilution with BPhen,
CBP, and UGH2.

[53] Figure 20 (a) shows spectrally-corrected current density v. voltage (J-
V) characteristics under simulated AM 1.5G, 1 sun illumination for DBP:C7¢ mixed-HJ
OPV cells. The shaded region emphasizes the difference in fill factors, and hence
maximum power output, of the two cells. Inset shows schematic of the device
structure, and (b) shows external quantum efficiency (EQE) spectra for the cells in
(a). Insert shows schematic diagrams of energy levels at the DBP:C70/buffer
interface (left: neat BPhen buffer; right: BPhen:C60 compound buffer).

[54] Figure 21 shows responsivity v. light intensity for the mixed-HJ control
cell and the compound buffer cell with linear fits according to bimolecular
recombination theory (dashed lines).

[55] Figure 22 (a) shows charge extraction time v. electric field for various
layer thicknesses calculated using 3-D Monte-Carlo simulations. The inset shows
cell series resistance (Rs) v. layer thickness with a linear fit (dashed line) to the data
obtained from the OPV cells (squares) (Error bars in the inset are smaller than data

points), and (b) shows photoluminescence (PL) spectra for a neat C+, layer in
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contact with BPhen (blocking), NPD (quenching) and BPhen:Cgy mixed layers
obtained at an excitation wavelength of 2 =520 nm.

[56] Figure 23 (a) shows spectrally-corrected current density v. voltage (J-
V) characteristics under simulated AM 1.5G, 1 sun illumination and (b) shows
external quantum efficiency spectra for DBP:C;o PM-HJ OPV cells with various
buffer layers.

[57] Figure 24 shows calculated absorption spectra and internal quantum
efficiency for the control cell and the cell with a BPhen:Ceso/BPhen buffer.

[58] Figure 25 shows responsivity (solid square) and power conversion
efficiency (hollow square) v. light intensity for the control cell and the cell with a
BPhen:Ceso/BPhen buffer.

[59] Figure 26 (a) shows spectrally-corrected J-V characteristics under
simulated AM 1.5G, 1 sun illumination, and (b) shows external quantum efficiency
spectra as a function of thickness of BPhen:Cg, mixed layer in the cells with a
BPhen:Ceso/BPhen buffer.

[60] Figure 27 shows modeled median extraction time v. electric field as a
function of BPhen:Cgy mixed layer thickness, and the inset shows series resistance
v. mixed layer thickness with a fitting.

[61] Figure 28 (a) shows J-V for illumination under 1-sun simulated
AM1.5G illumination with inset showing NPD, and (b) shows the external quantum
efficiency for OPV cells with active layers comprised of DBP and Ceo and various
buffers.

[62] Figure 29 shows schematics of exemplary tandem organic
photosensitive optoelectronic devices in accordance with the present disclosure.

Device A comprises an exciton-blocking electron filter or an exciton-blocking hole
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filter, and Device B comprises an exciton-blocking electron filter and an exciton-
blocking hole filter.

[63] Figure 30 shows a DBP:Cy; device having a mixed BPhen:Ceo buffer
layer (10 nm) with a thin BPhen cap layer (5 nm) between the mixed buffer layer and
the Al electrode, or, alternatively, a mixed TPBi:C+o buffer layer (10 nm) with a thin
TPBi cap layer (3 nm) between the mixed buffer layer and the Al electrode.

[64] Figures 31A to 31C show normalized responsivity, fill factor, Voc, and
PCE over time at 50° C, 60° C, and 80° C, respectively, for the device of Figure 30
having the mixed Bphen:Cgo buffer layer with the thin BPhen cap layer.

[65] Figures 32A to 32D show normalized responsivity, fill factor, Voc, and
PCE over time at 50° C, 80° C, and 105° C, and 130° C, respectively, for the device
of Figure 30 having the mixed TPBIi:Cgp buffer layer within the thin TPBi cap layer.

[66] Figure 33 shows the normalized power conversion efficiency over
time of a DBP:C7 mixed heterojunction with various buffers.

[67] Figures 34 to 38 show molecular structures of exemplary wide
energy gap materials BAlqg, TPBI, Algs BP4mPy, and 3TPYMB, respectively.

[68] Figures 39-41 show normalized responsivity, fill factor, Voc, and PCE
at 55° C over time for devices having mixed buffers containing a mixture of C, and
one of TPBI, 3TPYMB, and BAlq, respectively.

[69] Figure 42 shows a DBP:C7 device having a mixed 3TPYMB:Cseo
buffer layer.

[70] Figures 43-46 show normalized responsivity, fill factor, Voc, and PCE
over time for the device of Figure 42 at 55° C, 70° C, 85° C, and 100° C,

respectively.
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[71] As used herein, the term "organic” includes polymeric materials as
well as small molecule organic materials that may be used to fabricate organic
photosensitive 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 substituent 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 part of the backbone.

[72] In the context of the organic materials of the present disclosure, 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 LUMO energy level of
one material in contact with another is further from the vacuum level, then that
material is an acceptor. Otherwise it 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, and for holes to move into the donor material.

[73] Herein, the term “cathode” is used in the following manner. In a non-
stacked PV device or a single unit of a stacked PV device under ambient irradiation
and connected with a resistive load and with no externally applied voltage, e.g., a
solar cell, electrons move to the cathode from the adjacent photoconducting
material. Similarly, the term “anode” is used herein such that in a solar cell under
illumination, holes move to the anode from the adjacent photoconducting material,
which is equivalent to electrons moving in the opposite manner. Itis noted that the
“anode” and “cathode” electrodes may be charge transfer regions or recombination

zones, such as those used in tandem photovoltaic devices. In a photosensitive
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optoelectronic device, it may be desirable to allow the maximum amount of ambient
electromagnetic radiation from the device exterior to be admitted to the
photoconductive active interior region. That is, the electromagnetic radiation must
reach a photoconductive layer(s), where it can be converted to electricity by
photoconductive absorption. This often dictates that at least one of the electrical
contacts should be minimally absorbing and minimally reflecting of the incident
electromagnetic radiation. In some cases, such a contact should be transparent or
at least semi-transparent. 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. The opposing electrode may be a reflective material so that
light which has passed through the cell without being absorbed is reflected back
through the cell.

[74] As used herein, a “photoactive region” refers to a region of the device
that absorbs electromagnetic radiation to generate excitons. Similarly, a layer is
“‘photoactive” if it absorbs electromagnetic radiation to generate excitons. The
excitons may dissociate into an electron and a hole in order to generate an electrical
current.

[75] 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
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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).

[76] As used herein, a first HOMO or LUMO energy level is “smaller than”
a second HOMO or LUMO energy level if the first HOMO or LUMO energy level is
closer to the vacuum level than the second HOMO or LUMO energy level. Similarly,
a first HOMO or LUMO energy level is “larger than” a second HOMO or LUMO
energy level if the first HOMO or LUMO energy level is further from the vacuum level
than the second HOMO or LUMO energy level.

[77] As used herein, two orbital energy levels are “equal” to one another
as that term is used herein if their energies match to the tenth decimal place. For
example, a LUMO energy of -3.70 eV would be considered “equal’ to a LUMO
energy of -3.79 eV for purposes of the present disclosure.

[78] As used herein, LUMOac. and HOMOa represent the Lowest
Unoccupied Molecular Orbital energy level and the Highest Occupied Molecular
Orbital energy level, respectively, of the at least one acceptor material.

[79] As used herein, LUMOpo, and HOMOp,, represent the Lowest
Unoccupied Molecular Orbital energy level and the Highest Occupied Molecular
Orbital energy level, respectively, of the at least one donor material.

[80] As used herein, LUMOc¢s.we and HOMOcs.we represent the Lowest
Unoccupied Molecular Orbital energy level and the Highest Occupied Molecular
Orbital energy level, respectively, of the at least one cathode-side wide energy gap

material.
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[81] As used herein, LUMOas.we and HOMOas.wa represent the Lowest
Unoccupied Molecular Orbital energy level and the Highest Occupied Molecular
Orbital energy level, respectively, of the at least one anode-side wide energy gap
material.

[82] As used herein, LUMOgc and HOMOkgc represent the Lowest
Unoccupied Molecular Orbital energy level and the Highest Occupied Molecular
Orbital energy level, respectively, of the at least one electron conducting material.

[83] As used herein, LUMOuc and HOMOyc represent the Lowest
Unoccupied Molecular Orbital energy level and the Highest Occupied Molecular
Orbital energy level, respectively, of the at least one hole conducting material.

[84] As used herein, a HOMO-LUMO energy gap is the energy difference
between the HOMO and LUMO of a material.

[85] As used herein, the term “between” in the context of listed ranges of
glass transition temperature (Tg) values for wide energy gap materials is meant to
include endpoint values.

[86] The devices of the present disclosure comprise at least one exciton-
blocking charge carrier filter. For example, a schematic of an organic photosensitive
optoelectronic device according to the present disclosure is shown in Figure 1.
Electrode 110 comprises an anode or cathode. Electrode 140 comprises an anode
when electrode 110 comprises a cathode. Electrode 140 comprises a cathode when
electrode 110 comprises an anode. A photoactive region comprises donor/acceptor
organic layers 120 and 130 to form a donor-acceptor heterojunction as described
herein. The photoactive region may comprise additional donor and/or acceptor
layers to form, e.g., a hybrid planar-mixed heterojunction. Organic layer 120

comprises at least one donor material or at least one acceptor material. Organic
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layer 130 comprises at least one donor material when layer 120 comprises at least
one acceptor material. Organic layer 130 comprises at least one acceptor material
when layer 120 comprises at least one donor material. It is noted that the
donor/acceptor layers in Figure 1 need not be planar. That is, the present
disclosure contemplates all types of donor-acceptor heterojunctions known in the art
for organic photovoltaic devices, including those specifically described herein.

[87]1 In device A of Figure 1, layer 115 is an exciton-blocking electron filter
when electrode 110 comprises a cathode, organic layer 120 comprises at least one
acceptor material, organic layer 130 comprises at least one donor material, and
electrode 140 comprises an anode. Layer 115 is an exciton-blocking hole filter when
electrode 110 comprises an anode, organic layer 120 comprises at least one donor
material, organic layer 130 comprises at least one acceptor material, and electrode
140 comprises a cathode.

[88] In some embodiments, as in device B, the device includes both an
exciton-blocking electron filter and an exciton-blocking hole filter. Layer 115 is an
exciton-blocking electron filter when electrode 110 comprises a cathode, organic
layer 120 comprises at least one acceptor material, organic layer 130 comprises at
least one donor material, layer 135 is an exciton-blocking hole filter, and electrode
140 comprises an anode. Layer 115 is an exciton-blocking hole filter when electrode
110 comprises an anode, organic layer 120 comprises at least one donor material,
organic layer 130 comprises at least one acceptor material, layer 135 is an exciton-
blocking electron filter, and electrode 140 comprises a cathode.

[89] While not shown in Figure 1, devices A and B may comprise additional
buffer layers or cap layers located between the exciton-blocking electron/hole filters

and the nearest electrode.
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[90] The exciton-blocking electron filter is disposed between the cathode
and the at least one acceptor material and comprises a mixture comprising at least
one cathode-side wide energy gap material and at least one electron conducting
material. The at least one cathode-side wide energy gap material has:

- a Lowest Unoccupied Molecular Orbital energy level (LUMOc¢s.wg) smaller
than or equal to the LUMOacc;

- a Highest Occupied Molecular Orbital energy level (HOMOg¢s.we) larger than,
equal to, or within 0.3 eV smaller than the HOMOacc; and

- a HOMOg¢s.we-LUMOgcs.we energy gap wider than a HOMOace-LUMOacc
energy gap.

[91] The at least one electron conducting material has a Lowest
Unoccupied Molecular Orbital energy level (LUMOkgc) larger than, equal to, or within
0.3 eV smaller than the LUMOacc, such as within 0.2 eV smaller.

[92] To extend the operational lifetime of the device by utilizing
morphologically stable material, some embodiments of the invention utilize a
cathode-side wide energy gap material having a glass transition temperature that is
sufficiently high, e.g., higher than the temperature or temperature range at which the
device typically operates, higher than a highest operating temperature of the device,
higher than a threshold temperature value, etc.

[93] In some embodiments, the HOMOcs.we is larger than the HOMOacc,
such as at least 0.2 eV larger, at least 0.3 eV larger, at least 0.5 eV larger, at least 1
eV larger, at least 1.5 eV larger, or at least 2 eV larger, and the LUMOc¢s.wg is
smaller than the LUMOacc, such as at least 0.2 eV smaller, at least 0.3 eV smaller, at
least 0.5 eV smaller, at least 1 eV smaller, at least 1.5 eV smaller, or at least 2 eV

smaller.
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[94] In some embodiments, the LUMOg¢ is equal to the LUMOacc.

[95] In some embodiments, the LUMOkgc is larger than the LUMOacc, such
as within 0.5 eV larger, within 0.4 eV larger, within 0.3 eV larger, or within 0.2 eV
larger.

[96] In some embodiments, the LUMOg¢ is no more than 0.1 eV smaller or
larger than the LUMOacc.

[97] In some embodiments, the LUMOcs.wg is smaller than the LUMOkgc,
such as at least 0.2 eV smaller, at least 0.3 eV smaller, at least 0.5 eV smaller, at
least 1 eV smaller, at least 1.5 eV smaller, or at least 2 eV smaller.

[98] In some embodiments, the LUMO¢s.we is more than 0.2 eV smaller
than the LUMOacc, such as more than 0.3 eV smaller, more than 0.5 eV smaller,
more than 1 eV smaller, more than 1.5 eV smaller, or more than 2 eV smaller.

[99] In some embodiments, the at least one cathode-side wide energy gap
material comprises a material chosen from bathocuproine (BCP),
bathophenanthroline (BPhen), p-Bis(triphenylsilyl)benzene (UGH-2), (4,4’-N,N’-
dicarbazole)biphenyl (CBP), N,N’-dicarbazolyl-3,5-benzene (mCP),
poly(vinylcarbazole) (PVK), phenanthrene and alkyl and/or aryl substituted
phenanthrenes, alkyl and/or aryl substituted derivatives of benzene, triphenylene and
alkyl and/or aryl substituted triphenylenes, aza-substituted triphenylenes,
oxidiazoles, triazoles, aryl-benzimidazoles, adamantane and alkyl and/or aryl
substituted adamantanes, tetraarylmethane and its derivatives, 9,9-dialkyl-fluorene
and its oligomers, 9,9-diaryl-fluorene and its oligomers, spiro-biphenyl and
substituted derivatives, corannulene and its alkyl and/or aryl substituted derivatives,

and derivatives thereof.
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[100] The operational lifetime of the devices may be increased by utilizing a
cathode-side wide energy gap material that has a sufficiently high Ty, e.g., higher
than the temperature or temperature range at which the device typically operates,
higher than a highest operating temperature of the device, higher than a threshold
temperature value, etc. For example, as seen in Figs. 31A-C and 32A-D, the
performance over time (i.e., normalized responsivity, fill factor, Voc, and PCE) of an
exciton-blocking charge carrier filter comprising a mixture of Bphen:Cego (T4 of Bphen
~ 62° C) degrades faster as the operating temperature increases from 50° C to 80°C
than an exciton-blocking charge carrier filter comprising a mixture of TPBi:C7 (T4 of
TPBi = 122° C) as the operating temperature increases from 50° C to 130° C. That
is, the performance of the device utilizing TPBi:C7, degrades more slowly over time
even at higher operating temperatures than the device utilizing BPhen. Thus, the
efficiency and operational lifetime of a device can be improved by, for example,
replacing Bphen and blocking materials with similar T4 values with a cathode-side
wide energy gap material having a higher Ty, such as TPB..

[101] In some embodiments, the at least one cathode-side wide energy gap
material comprises a material having a sufficiently high Tg, e.g., higher than the
temperature or temperature range at which the device typically operates, higher than
a highest operating temperature of the device, higher than a threshold temperature
value, etc. For example, in some embodiments, the at least one cathode-side wide
energy gap material comprises a material chosen from 3,3',5,5-Tetra[(m-pyridyl)-
phen-3-yl]biphenyl (BP4mPy), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi), Bis(2-methyl-8-quinolinolate )-4-(phenylphenolato)aluminium
(BAIQ), Tris(8-hydroxy-quinolinato)aluminium (Alg3), Tris(2,4,6-trimethyl-3-(pyridin-3-

yhphenyl)borane (3TPYMB), 4,40-(1,3-phenylene) bis(2,6-dip-tolylpyridine-3,5-
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dicarbonitrile) (m-MPyCN), 4,40-(1,3-phenylene) bis(2,6-di(biphenyl-4-yl)pyridine-
3,5-dicarbonitrile) (m-PhPyCN), 4,40-(1,3-phenylene) bis(2,6-diphenylpyridine-3,5-
dicarbonitrile) (m-PyCN), 6,60-(1,4-phenylene) bis(2-phenyl-4-p-tolylnicotinonitrile )(
p-PPtNN), 4,40-(1,4-phenylene) bis(2-phenyl-6-p-tolylnicotinonitrile)( p-PPtNT),
Tris(6-fluoro-8-hydroxy-quinolinato)aluminium (6FAIQ3), 2,6-bis (4-cyanophenyl)-4-
phenylpyridine-3,5-dicarbonitrile (CNPyCN), 4,40-(1,4-phenylene) bis(2,6-dip-
tolylpyridine-3,5-dicarbonitrile) (p-MPyCN), Bisbenzimidazo[2,1-a :1',2-b’
lanthra[2,1,9-def :6,5,10-d'e'f' ]diisoguinoline-10,21-dione (PTCBI), 5,10,15-tribenzyl-
5H-diindolo[3,2-a:3",2"-c]carbazole (TBDI), 5,10,15-triphenyl-5H-diindolo[3,2-a:3",2"-
c]carbazole (TPDI), 1,3-bis[3,5-di(pyridin-3-yl)phenyl]lbenzene (BmPyPhB), 1,3,5-
Tri(m-pyridin-3-ylphenyl)benzene, 1,3,5-Tris(3-pyridyl-3-phenyl)benzene, 3,3'-[5"-[3-
(3-pyridinyl)phenyl][1,1":3",1"-terphenyl]-3,3"-diyl]bispyridine (TmPyPB), 9,9-dimethyl-
10-(9-phenyl-9H-carbazol-3-yl)-9,10-dihydroacridine (PCZAC), 3,3-Di(9H-carbazol-9-
yhbiphenyl (mCBP), 4,40-bis(triphenylsilyl)-biphenyl (BSB), and derivatives thereof.

[102] In some embodiments the glass transition temperature of the cathode-
side wide energy gap material is equal to or greater than 85° C, equal to or greater
than 95° C, equal to or greater than 105° C, equal to or greater than 115° C, equal to
or greater than 125° C, equal to or greater than 135° C, equal to or greater than 145°
C, equal to or greater than 155° C, equal to or greater than 165° C, equal to or
greater than 175° C, equal to or greater than 185° C, equal to or greater than 195° C,
equal to or greater than 200° C, equal to or greater than 225° C, or equal to or
greater than 250° C.

[103] In some embodiments, the glass transition temperature of the cathode-
side wide energy gap material is between 85-200° C, such as between 90-195° C,

between 95-190° C, between 100-185° C, between 105-180° C, between 110-175°
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C, between 115-170° C, or between 120-165° C. Itis noted that materials having
glass transition temperatures greater than 200° C may be used, such as between
200-300° C, 200-275° C, 200-250° C, or 200-225° C.

[104] The operating temperature of the device may vary and depend on a
number of factors, such as, for example, ambient conditions (e.g., temperature, light
intensity, etc.) and whether enhancement mechanisms (e.g., solar concentrators) are
used in conjunction with the device. For instance, the ambient temperature may vary
depending on the geographic location of the device, time of year, time of day, etc.
Similarly, light intensity may also depend on the geographic location, time of year,
and time of day, as well as the amount of cloud cover, angle of incidence, and other
factors. Accordingly, in some embodiments, the cathode-side wide energy gap
material has a sufficiently high Ty, e.g., higher than the temperature or temperature
range at which the device typically operates (e.g., at normal ambient conditions),
higher than the highest operating temperature of the device under normal ambient
conditions, etc.

[105] In some embodiments, a solar concentrator may be integrated with or
used in conjunction with the device to increase, magnify, or otherwise enhance light
directed at the device. The use of concentrators and/or other enhancement
mechanisms may raise the operating temperature of the device beyond that
experienced by the device under normal ambient conditions. Accordingly, to
increase the stability and operational lifetime of the device, the cathode-side wide
energy gap material may have a Tq that is higher than the highest operating
temperature experienced by the device under enhanced lighting conditions.

[106] In some embodiments, the at least one acceptor material comprises a

material chosen from subphthalocyanines, subnaphthalocyanines, dipyrrin
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complexes, such as zinc dipyrrin complexes, BODIPY complexes, perylenes,
naphthalenes, fullerenes and fullerene derivatives (e.g., PCBMs, ICBA, ICMA, etc.),
and polymers, such as carbonyl substituted polythiophenes, cyano-substituted
polythiophenes, polyphenylenevinylenes, or polymers containing electron deficient
monomers, such as perylene diimide, benzothiadiazole or fullerene polymers. Non-
limiting mention is made to those chosen from Cgo, C7o, Crs, Cs2, Csa, Or derivatives
thereof such as Phenyl-Cg4-Butyric-Acid-Methyl Ester ([60]PCBM), Phenyl-C74-
Butyric-Acid-Methyl Ester ([70]PCBM), or Thienyl-Cs1-Butyric-Acid-Methyl Ester
([60]ThCBM), and other acceptors such as 3,4,9,10-perylenetetracarboxylic-
bisbenzimidazole (PTCBI), hexadecafluorophthalocyanine (F1¢CuPc), and
derivatives thereof.

[107] In some embodiments, the at least one electron conducting material
comprises a material chosen from subphthalocyanines, subnaphthalocyanines,
dipyrrin complexes, such as zinc dipyrrin complexes and BODIPY complexes,
perylenes, naphthalenes, fullerenes and fullerene derivatives (e.g., PCBMs, ICBA,
ICMA, etc.), and polymers, such as carbonyl substituted polythiophenes, cyano-
substituted polythiophenes, polyphenylenevinylenes, or polymers containing electron
deficient monomers, such as perylene diimide, benzothiadiazole or fullerene
polymers. Non-limiting mention is made to those chosen from Ceo, C70, C76, Cs2, Csa,
or derivatives thereof such as Phenyl-Cs1-Butyric-Acid-Methyl Ester ([60]PCBM),
Phenyl-C74-Butyric-Acid-Methyl Ester ([70]JPCBM), or Thienyl-Ce4-Butyric-Acid-Methyl
Ester ([60]ThCBM), and other acceptors such as 3,4,9,10-perylenetetracarboxylic-
bisbenzimidazole (PTCBI), hexadecafluorophthalocyanine (F1¢CuPc), and

derivatives thereof.
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[108] In some embodiments, the at least one acceptor material comprises a
material chosen from fullerenes and functionalized fullerene derivatives. In some
embodiments, the at least one electron conducting material comprises a material
chosen from fullerenes and functionalized fullerene derivatives.

[109] Fullerenes are of particular interest for use as the at least one electron
conducting material. Ceo, for example, has an absorption spectrum in solution that is
dominated by two features with peaks at wavelengths of 260 nm and 340 nm that
are attributed to allowed electronic transitions resulting in Frenkel-type (i.e.,
monomolecular) excited states, while the absorption at longer wavelengths is due to
a symmetry-forbidden transition. On transition from solution to the solid state, Ceo,
for example, experiences a significant increase in absorption between A = 400 and
550 nm due to the emergence of an intermolecular charge transfer (CT) state
resulting from the excitation of an electron from the HOMO of one fullerene into the
LUMO of its nearest neighbors. When mixing Ceo with a cathode-side wide energy
gap material, such as BCP, the CT state absorption declines more rapidly than that
of the Frenkel-type feature. Thus, fullerenes when mixed with a cathode-side wide
energy gap material can be used as a good electron conducting material, with
diminished absorptivity (even at moderate dilutions, such as 70% Ceo and 30% wide
gap material), so as not to generate excitons in the fullerene electron conducting
material that would otherwise fail to contribute to the device’s efficiency.

[110] In some embodiments, the at least one electron conducting material
comprises a material chosen from Cg and Cro.

[111] In some embodiments, the at least one acceptor material and the at
least one electron conducting material comprise the same material. In certain

embodiments, the same material is a fullerene or functionalized fullerene derivative.
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In certain embodiments, the same material is Ceo Or C70. In some embodiments, the
at least one acceptor material and the at least one electron conducting material
comprise different materials.

[112] In some embodiments, the at least one acceptor material and the at
least one electron conducting material are chosen from different fullerenes and
functionalized fullerene derivatives.

[113] In some embodiments, the mixture comprises the at least one cathode-
side wide energy gap material and the at least one electron conducting material at a
ratio ranging from about 10:1 to 1:10 by volume, such as about 8:1 to 1:8 by volume,
about 6:1 to 1:6 by volume, about 4:1 to 1:4 by volume, or about 2:1 to 1:2 by
volume. In certain embodiments, the ratio is about 1:1. It should be understood that
the identified ratios include integer and non-integer values.

[114] In some embodiments, the donor-acceptor heterojunction is chosen
from a mixed heterojunction, bulk heterojunction, planar heterojunction, and hybrid
planar-mixed heterojunction. In certain embodiments, the donor-acceptor
heterojunction is a hybrid planar-mixed heterojunction (PM-HJ). For example, in the
PM-HJ structure, there are two principal loss mechanisms that can lead to low FF.
One is bimolecular recombination of free charge carriers in the extensive donor-
acceptor blended region of the PM-HJ structure whose rate is given by kgy = y-n-p.
Here, yis the Langevin recombination constant, and n (p) is the free electron (hole)
density. A second significant loss is due to exciton-polaron quenching in the neat
acceptor layer. The electron-polaron build-up has been observed at the neat
acceptor/blocking layer interface that results in quenching and, therefore, a reduction
of internal quantum efficiency (/QE). Note that exciton-polaron quenching follows a

similar relationship to bimolecular recombination, as both exciton and polaron
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concentrations are proportional to intensity. Both mechanisms can result in a loss in
photocurrent under forward bias that increases the slope of current density-voltage
(J-V) characteristics in the fourth quadrant, ultimately decreasing both FF and PCE.

[115] The exciton-blocking electron filter disposed between the photoactive
region and the cathode can increase the efficiency of bilayer OPV cells. The electron
conducting material efficiently conducts electron-polarons and the wide energy gap
material blocks excitons. Exciton-polaron quenching can be significantly reduced in
bilayer cells employing the electron filter due to its ability to spatially separate
excitons and polarons at the blocking interface. In turn, this can lead to a significant
increase in Jsc, while Voc and FF remained unchanged. PM-HJ cells additionally
suffer from bimolecular recombination in the mixed photoactive layer. The filters
(mixed layers) of the present disclosure, however, result in a reduced interfacial field
with the active layer due to its increased conductivity compared to a neat,
conventional blocking buffer layer. The resulting increase in field across the
photosensitive region leads to more rapid charge extraction. This, in turn, leads to
reduced bimolecular recombination in the cell.

[116] In some embodiments, the device further comprises at least one
additional buffer layer or cap layer disposed between the exciton-blocking electron
filter and the cathode. In some embodiments, the at least one cap layer has a
LUMO energy level larger than, equal to, or within 0.3 eV smaller than the LUMOkgc,
such as within 0.2 eV smaller, in order to conduct electrons to the cathode. In
certain embodiments, the LUMO energy level of the cap layer is within 0.5 eV larger
than the LUMOkgc, such as within 0.4 eV larger, within 0.3 eV larger, or within 0.2 eV
larger. In some embodiments, the cap layer has a LUMO energy level no more than

0.1 eV smaller or larger than the LUMOgc. In some embodiments, the at least one
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cap layer is chosen from fullerenes and functionalized fullerene derivatives. In some
embodiments, the at least one cap layer comprises PTCBI.

[117] In some embodiments, the cap layer comprises a material having a
LUMO energy level that does not facilitate conduction of electrons to the cathode. In
these embodiments, the cap layer may be sufficiently thin so as to transport
electrons through damaged induced states. In some embodiments, the at least one
cap layer comprises a material chosen from BCP, BPhen, UGH-2, and CBP.

[118] In some embodiments, the at least one cap layer and the at least one
electron conducting material comprise the same material. In some embodiments,
the at least one cap layer, the at least one electron conducting material, and the at
least one acceptor material comprise the same material.

[119] In some embodiments, the at least one cap layer and the at least one
cathode-side wide energy gap material comprise the same material.

[120] The exciton-blocking hole filter is disposed between the anode and the
at least one donor material and comprises a mixture comprising at least one anode-
side wide energy gap material and at least one electron conducting material. The at
least one anode-side wide energy gap material has:

- a Highest Occupied Molecular Orbital energy level (HOMOas.wa) larger

than or equal to the HOMOpon;

- aLowest Unoccupied Molecular Orbital energy level (LUMOas.wg) smaller

than, equal to, or within 0.3 eV larger than the LUMOp,,; and

- a HOMOaswe-LUMOas.we energy gap wider than a HOMOpg,-LUMOpon

energy gap.
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[121] The at least one hole conducting material has a Highest Occupied
Molecular Orbital energy level (HOMOyc) smaller (closer to the vacuum) than, equal
to, or within 0.2 eV larger (further from the vacuum) than the HOMOpon.

[122] To extend the operational lifetime of the device by utilizing
morphologically stable material, some embodiments of the invention utilize an
anode-side wide energy gap material having a glass transition temperature that is
sufficiently high, e.g., higher than the temperature or temperature range at which the
device typically operates, higher than a highest operating temperature of the device,
higher than a threshold temperature value, etc.

[123] In some embodiments, the HOMOas.we is larger than the HOMOpg,
such as at least 0.2 eV larger, at least 0.3 eV larger, at least 0.5 eV larger, at least 1
eV larger, at least 1.5 eV larger, or at least 2 eV larger, and the LUMOas wg is
smaller than the LUMOpon, such as at least 0.2 eV smaller, at least 0.3 eV smaller, at
least 0.5 eV smaller, at least 1 eV smaller, at least 1.5 eV smaller, or at least 2 eV
smaller.

[124] In some embodiments, the HOMOc is equal to the HOMOpo.

[125] In some embodiments, the HOMOyc is smaller than the HOMOp,
such as within 0.5 eV smaller, within 0.4 eV smaller, within 0.3 eV smaller, or within
0.2 eV smaller.

[126] In some embodiments, the HOMOgc is no more than 0.1 eV smaller or
larger than the HOMOpgp.

[127] In some embodiments, the HOMOas.wg is larger than the HOMOyc,
such as at least 0.2 eV larger, at least 0.3 eV larger, at least 0.5 eV larger, at least 1

eV larger, at least 1.5 eV larger, or at least 2 eV larger.

33



WO 2016/011443 PCT/US2015/041114

[128] In some embodiments, the HOMOas.wg is more than 0.2 eV larger than
the HOMOp,,, such as more than 0.3 eV larger, more than 0.5 eV larger, more than
1 eV larger, more than 1.5 eV larger, or more than 2 eV larger.

[129] In some embodiments, the at least one anode-side wide energy gap
material comprises a material chosen from tetraaryl-benzindines, such as N,N’-
diphenyl-N,N’-bis(1-naphthyl)-1-1’biphenyl-4,4’diamine (NPD) and N,N’-bis-(3-
methylphenyl)-N,N’-bis-(phenyl)-benzidine (TPD), triaryl amines, 5,10-disubstituted
anthracenes, oligothiophenes, 9,9-dialkyl-fluorene and oligomers thereof, 9,9-diaryl-
fluorene and oligomers thereof, oligophenylenes, spiro-biphenyl and substituted
derivatives thereof, and derivatives thereof.

[130] The operational lifetime of the devices may be increased by utilizing an
anode-side wide energy gap material that has a sufficiently high Ty, e.g., higher than
the temperature or temperature range at which the device typically operates, higher
than a highest operating temperature of the device, higher than a threshold
temperature value, etc. For example, in some embodiments, the at least one anode-
side wide energy gap material comprises a material chosen from 3,3',5,5-Tetra[(m-
pyridyl)-phen-3-yllbiphenyl (BP4mPy), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi), Bis(2-methyl-8-quinolinolate )-4-(phenylphenolato)aluminium
(BAlq), Tris(8-hydroxy-quinolinato)aluminium (Alg3), Tris(2,4,6-trimethyl-3-(pyridin-3-
yhphenyl)borane (3TPYMB), 4,40-(1,3-phenylene) bis(2,6-dip-tolylpyridine-3,5-
dicarbonitrile) (m-MPyCN), 4,40-(1,3-phenylene) bis(2,6-di(biphenyl-4-yl)pyridine-
3,5-dicarbonitrile) (m-PhPyCN), 4,40-(1,3-phenylene) bis(2,6-diphenylpyridine-3,5-
dicarbonitrile) (m-PyCN), 6,60-(1,4-phenylene) bis(2-phenyl-4-p-tolylnicotinonitrile )(
p-PPtNN), 4,40-(1,4-phenylene) bis(2-phenyl-6-p-tolylnicotinonitrile)( p-PPtNT),

Tris(6-fluoro-8-hydroxy-quinolinato)aluminium (6FAIQ3), 2,6-bis (4-cyanophenyl)-4-
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phenylpyridine-3,5-dicarbonitrile (CNPyCN), 4,40-(1,4-phenylene) bis(2,6-dip-
tolylpyridine-3,5-dicarbonitrile) (p-MPyCN), Bisbenzimidazo[2,1-a :1',2-b’
lanthra[2,1,9-def :6,5,10-d'e'f' ]diisoguinoline-10,21-dione (PTCBI), 5,10,15-tribenzyl-
5H-diindolo[3,2-a:3",2"-c]carbazole (TBDI), 5,10,15-triphenyl-5H-diindolo[3,2-a:3",2"-
c]carbazole (TPDI), 1,3-bis[3,5-di(pyridin-3-yl)phenyl]lbenzene (BmPyPhB), 1,3,5-
Tri(m-pyridin-3-ylphenyl)benzene, 1,3,5-Tris(3-pyridyl-3-phenyl)benzene, 3,3'-[5"-[3-
(3-pyridinyl)phenyl][1,1":3',1"-terphenyl]-3,3"-diyl]bispyridine (TmPyPB), 9,9-dimethyl-
10-(9-phenyl-9H-carbazol-3-yl)-9,10-dihydroacridine (PCZAC), 3,3-Di(9H-carbazol-9-
yhbiphenyl (mCBP), 4,40-bis(triphenylsilyl)-biphenyl (BSB), and derivatives thereof.

[131] In some embodiments the glass transition temperature of the anode-
side wide energy gap material is equal to or greater than 85° C, equal to or greater
than 95° C, equal to or greater than 105° C, equal to or greater than 115° C, equal to
or greater than 125° C, equal to or greater than 135° C, equal to or greater than 145°
C, equal to or greater than 155° C, equal to or greater than 165° C, equal to or
greater than 175° C, equal to or greater than 185° C, equal to or greater than 195° C,
equal to or greater than 200° C, equal to or greater than 225° C, or equal to or
greater than 250° C.

[132] In some embodiments, the glass transition temperature of the anode-
side wide energy gap material is between 85-200° C, between 90-195° C, between
95-190° C, between 100-185° C, between 105-180° C, between 110-175° C,
between 115-170° C, between 120-165° C. It is noted that materials having glass
transition temperatures greater than 200° C may be used, such as between 200-
300° C, 200-275° C, 200-250° C, or 200-225° C.

[133] The operating temperature of the device may vary and depend on a

number of factors, such as, for example, ambient conditions (e.g., temperature, light

35



WO 2016/011443 PCT/US2015/041114

intensity, etc.) and whether enhancement mechanisms (e.g., solar concentrators) are
used in conjunction with the device. For instance, the ambient temperature may vary
depending on the geographic location of the device, time of year, time of day, etc.
Similarly, light intensity may also depend on the geographic location, time of year,
and time of day, as well as the amount of cloud cover, angle of incidence, and other
factors. Accordingly, in some embodiments, the anode-side wide energy gap
material has a sufficiently high Ty, e.g., higher than the temperature or temperature
range at which the device typically operates (e.g., at normal ambient conditions),
higher than the highest operating temperature of the device under normal ambient
conditions, etc.

[134] In some embodiments, a solar concentrator may be integrated with or
used in conjunction with the device to increase, magnify, or otherwise enhance light
directed at the device. The use of concentrators and/or other enhancement
mechanisms may raise the operating temperature of the device beyond that
experienced by the device under normal ambient conditions. Accordingly, to
increase the stability and operational lifetime of the device, the anode-side wide
energy gap material may have a Tq that is higher than the highest operating
temperature experienced by the device under enhanced lighting conditions.

[135] In some embodiments, the at least one donor material comprises a
material chosen from phthalocyanines, such as copper phthalocyanine(CuPc),
chloroaluminium phthalocyanine (CIAIPc), tin phthalocyanine (SnPc), zinc
phthalocyanine (ZnPc), and other modified phthalocyanines, subphthalocyanines,
such as boron subphthalocyanine (SubPc), naphthalocyanines, merocyanine dyes,
boron-dipyrromethene (BODIPY) dyes, thiophenes, such as poly(3-hexylthiophene)

(P3HT), low band-gap polymers, polyacenes, such as pentacene and tetracene,
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diindenoperylene (DIP), squaraine (SQ) dyes, tetraphenyldibenzoperiflanthene
(DBP), and derivatives thereof. Examples of squaraine donor materials include but
are not limited to 2,4-bis [4-(N,N-dipropylamino)-2,6-dihydroxyphenyl] squaraine, 2,4-
bis[4-(N,Ndiisobutylamino)-2,6-dihydroxyphenyl] squaraine, 2,4-bis[4-(N,N-
diphenylamino)-2,6-dihydroxyphenyl] squaraine (DPSQ).

[136] In some embodiments, the at least one hole conducting material
comprises a material chosen from phthalocyanines, such as copper
phthalocyanine(CuPc), chloroaluminium phthalocyanine (CIAIPc), tin phthalocyanine
(SnPc), zinc phthalocyanine (ZnPc), and other modified phthalocyanines,
subphthalocyanines, such as boron subphthalocyanine (SubPc), naphthalocyanines,
merocyanine dyes, boron-dipyrromethene (BODIPY) dyes, thiophenes, such as
poly(3-hexylthiophene) (P3HT), low band-gap polymers, polyacenes, such as
pentacene and tetracene, diindenoperylene (DIP), squaraine (SQ) dyes,
tetraphenyldibenzoperiflanthene (DBP), and derivatives thereof. Examples of
squaraine donor materials include but are not limited to 2,4-bis [4-(N,N-
dipropylamino)-2,6-dihydroxyphenyl] squaraine, 2,4-bis[4-(N,Ndiisobutylamino)-2,6-
dihydroxyphenyl] squaraine, 2,4-bis[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl]
squaraine (DPSQ)..

[137] In some embodiments, the at least one donor material and the at least
one hole conducting material comprise the same material. In some embodiments,
the at least one donor material and the at least one hole conducting material
comprise different materials.

[138] In some embodiments, the mixture comprises the at least one anode-
side wide energy gap material and the at least one hole conducting material at a

ratio ranging from about 10:1 to 1:10 by volume, such as about 8:1 to 1:8 by volume,
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about 6:1 to 1:6 by volume, about 4:1 to 1:4 by volume, or about 2:1 to 1:2 by
volume. In certain embodiments, the ratio is about 1:1. It should be understood that
the identified ratios include integer and non-integer values.

[139] In some embodiments, the device further comprises at least one
additional buffer layer or cap layer disposed between the exciton-blocking hole filter
and the anode.

[140] The organic photosensitive 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 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.

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

[142] 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. For example, appropriate thicknesses can
be selected to achieve the desired optical spacing in the device and/or reduce
resistance in the device. Whenever the organic photosensitive optoelectronic

devices described herein function as photodetectors or photoconductors, the
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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.

[143] In addition, the devices may further comprise at least one smoothing
layer. A smoothing layer may be located, for example, between the photoactive
layers and either or both of the electrodes. A film comprising 3,4
polyethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS) is an example of a
smoothing layer.

[144] The organic photosensitive optoelectronic devices of the present
disclosure may exist as a tandem device comprising two or more subcells. A
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.

[145] In some embodiments, the charge transfer layer or charge
recombination layer may be chosen from Al, Ag, Au, MoQOs, Li, LiF, Sn, Ti, WO3,
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
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layer or charge recombination layer may be comprised of metal nanoclusters,
nanoparticles, or nanorods.

[146] According to another embodiment, the devices of the present
disclosure may comprise an exciton-blocking charge carrier filter, as described
herein, disposed between a first subcell and a second subcell of a device that
comprises two or more subcells. For example, schematics of organic tandem
photosensitive optoelectronic devices according to the present disclosure are shown
in Figure 29. Electrode 110 comprises an anode or cathode. Electrode 140
comprises an anode when electrode 110 comprises a cathode. Electrode 140
comprises a cathode when electrode 110 comprises an anode. The tandem devices
include two photoactive regions 150 and 160. Each of these regions may comprise
donor and acceptor organic materials to form donor-acceptor heterojunctions as
described herein.

[147] In device A of Figure 29, layer 115 may be an exciton-blocking
electron filter as described herein. In some embodiments, layer 115 may be an
exciton-blocking hole filter as described herein. The layer 115 is disposed between
the photoactive regions 150 and 160 of the subcells. In still other embodiments, as
depicted by device B of Figure 29, a tandem device may include additional exciton-
blocking charge carrier filters. For example, the tandem photosensitive device may
include two charge carrier filters disposed between the subcells. In this
configuration, if exciton blocking charge filter 115 is an exciton blocking hole filter,
then exciton blocking charge filter 135 is an exciton blocking electron filter, and vice
versa. The tandem device may also further include exciton blocking charge carrier
filters disposed between a photoactive region and an electrode, such as between the

photoactive region 150 and the electrode 140.
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[148] Although not shown in Figure 29, Devices A and B may further
comprise an additional separating layer disposed between the subcells. The
separating layer may comprise at least one electrode, at least one charge transfer
layer, or at least one charge recombination layer. For example, in Device A, the
separating layer may be disposed between exciton blocking charge filter 115 and
either photoactive region 150 or photoactive region 160, and is optionally adjacent to
the exciton blocking charge filter 115. In some embodiments, the separating layer is
a charge recombination layer as known in the art or otherwise described herein.

[149] As a further example, in Device B, the separating layer may be
disposed between exciton blocking charge filter 115 and exciton blocking charge
filter 135, and is optionally adjacent to either or both of layers 115 and 135. In some
embodiments, the separating layer is a charge recombination layer as known in the
art or otherwise described herein.

[150] Toillustrate, in device A of Figure 29, if a charge recombination layer
is disposed between layer 115 and photoactive region 150 and when the electrode
110 comprises a cathode, the layer 115 may be an exciton-blocking hole filter that
blocks excitons and conducts holes from the photoactive region 160 to the charge
recombination layer.

[151] Alternatively, in the same configuration, except when the electrode 110
is an anode, the layer 115 may be an exciton-blocking electron filter that blocks
excitons and conducts electrons from the photoactive region 160 to the charge
recombination layer.

[152] A tandem device could also include two or more exciton-blocking
charge filters disposed between the subcells, as depicted by device B of Figure 29.

If a charge recombination layer is disposed between layers 115 and 135, when the
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electrode 110 comprises a cathode, the layer 135 may be an exciton-blocking hole
filter that blocks excitons and conduct holes from the photoactive region 160 to the
charge recombination layer. The layer 115 may be an exciton-blocking electron filter
that blocks excitons and conducts electrons from the photoactive region 150 to the
charge recombination layer.

[153] Alternatively, in the same configuration, except when the electrode 110
is an anode, the layer 135 may be an exciton-blocking electron filter that blocks
excitons and conducts electrons from the photoactive region 160 to the charge
recombination layer. The layer 115 may be an exciton-blocking hole filter that blocks
excitons and conducts holes from the photoactive region 150 to the charge
recombination layer.

[154] An advantage of the present disclosure is that the exciton-blocking
charge carrier filters may be transparent because they utilize wide energy gap
materials. By mixing a transparent wide energy gap material with an electron or hole
conducting material, the electron or hole conducting material may be sufficiently
diluted, rendering the exciton-blocking charge carrier filter transparent at relevant
wavelengths. An exciton-blocking charge carrier filter is said to be “transparent’
when it permits at least 50% of the incident electromagnetic radiation at relevant
wavelengths to be transmitted through it. In some embodiments, the filters permit at
least 60%, at least 70%, at least 80%, at least 90%, or approximately 100% of
incident electromagnetic radiation at relevant wavelengths to be transmitted through
it. The charge carrier filters are said to be optically lossless when they absorb very
little (<1%) electromagnetic radiation in relevant wavelengths.

[155] In various embodiments, the devices may employ one or more buffer

layers that are preferably transparent throughout the visible spectrum. Charge
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collecting/transporting buffer layers, for example, may be between the photoactive
regions and the corresponding electrodes. Charge collecting/transporting buffer
layers may also be disposed, for example, between the separating layer and a
photoactive region. In certain embodiments, the charge collecting/transporting
layers comprise a material chosen from metal oxides. In certain embodiments, the
metal oxides are chosen from MoOs, V205, ZnO, and TiO,.

[156] Layers and materials may be deposited using techniques known in the
art. For example, the layers and materials described herein can be deposited or co-
deposited from a solution, vapor, or a combination of both. In some embodiments,
organic materials or organic layers can be deposited or co-deposited via solution
processing, such as by one or more techniques chosen from spin-coating, spin-
casting, spray coating, dip coating, doctor-blading, inkjet printing, or transfer printing.

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

[158] The exciton-blocking charge carrier filters of the present disclosure,
which comprise a mixture of materials, may be fabricated by varying deposition
conditions. For example, the concentration of each material in the mixture can be
controlled by varying the deposition rate of each material.

[159] It should be understood that embodiments described herein may be
used in connection with a wide variety of structures. Functional organic photovoltaic
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
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other than those specifically described may be used. The names given to the
various layers herein are not intended to be strictly limiting.

[160] 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.

[161] 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.

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

Examples
Example 1

[163] Csoand bathocuproine (BCP) were mixed at various concentrations to

form an exciton-blocking electron filter. BCP is a wide-energy gap material with

higher singlet (3.17 eV) and triplet (2.62 eV) energies than Ceo (1.86 eV singlet, 1.55
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eV triplet) and a LUMO (-1.6 eV), making BCP an inert dopant and preventing both
energy and electron transfer from Cgo. The doped Cg:BCP film effectively blocks
excitons, while still conducting electrons. Based on these properties, the doped films
were applied as a buffer layer/filter resulting in improved device performance
compared to devices with other buffers .

[164] The effect of BCP doping on fullerene absorption was investigated by
fabrication of Cgo:BCP films at various volume ratios. The absorption spectra of the
neat and doped Cego films are shown in Figure 2. When the fraction of Ceo
decreases, the absorption diminishes and approaches that of BCP. However, the
decay of the two absorption peaks at 340 nm and 450 nm, which correspond to
Frenkel and charge transfer (CT) excitons, respectively, adopted quite different rates
as depicted in the inset of Figure 2. The extinction coefficient of the allowed Frenkel
transition at 340 nm has been fitted to a linear decay with Cg fraction as predicted
by Beer’s law, reflecting the monomolecular nature of this transition. Interestingly,

the extinction coefficient of the intermolecular CT absorption at 450 nm exhibited an

-~

exponential decay and was fitted to the equation & = 3™** where x is the Cs volume
fraction. This implied that the formation of CT excitons involves 2-3 molecules. The
absorption spectra of the Cgp:BCP films showed that the doping concentration
displays a significant effect on the CT exciton, suppressing its formation even at
modest doping levels.
Example 2

[165] Devices were fabricated as follows: Glass substrates coated with
patterned ITO (width of patterned stripes were 2 mm, thickness = 150 £10 nm; sheet
resistance = 20 £ 5 Q cm-2; transmission 84% at 550 nm; courtesy of Thin Film

Devices, Inc.) were cleaned with soap and boiled in tetrachloroethylene, acetone and
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propanol (5 min. each). ITO substrates were exposed to ozone atmosphere
(UVOCS T10X10/0OES) for 10 min immediately before loading into the high vacuum
chamber. Deposition rates for layers of neat materials were as follows: MoO (0.02
nm/s), NPD (0.1 nm/s), Ceo (0.1 nm/s), BCP (0.1 nm/s) and Al (0.2 nm/s). Deposition
rates for doped films (Cgo:BCP content by volume) were as follows: Cgo:BCP (2:1) —
codeposition Cgp (0.08 nm/s) : BCP (0.04 nm/s); Cs0:BCP (1:1) — codeposition Ceo
(0.06 nm/s) : BCP (0.06 nm/s); Ceo:BCP (1:2) — codeposition Cso (0.04 nm/s) : BCP
(0.08 nm/s). After organic depositions, masks with 2 mm stripe width were placed on
substrates under N2, and 100 nm of Al cathode was deposited. The area of the
devices was 4 mm?Z.

[166] In order to observe an unambiguous photoresponse from Cegg, bilayer
devices using the wide gap, hole transporting material N,N-di-[(1-naphthyl)-N,N'-
diphenyl]-1,1-biphenyl)-4,4"-diamine (NPD) as the donor, with the structure
illustrated in Figure 3, were fabricated. The neat layer of Cg at the D/A interface
was meant to preserve the thermodynamics and kinetics of charge separation so
that all changes observed between devices will be related to the bulk of the doped
films instead of interfacial effects.

[167] The current-voltage (J-V) characteristics under simulated AM1.5G
illumination with 1 sun intensity (100 mW/cm?) and external quantum efficiency
(EQE) curves of the devices are shown in Figure 3. As the doping concentration of
the Cg0:BCP layer increased from 1:0 to 1:2, short circuit current (Js;) decreased by
1.7 mA/cm? from 3.0 £ 0.1 mA/cm® to 1.3 £ 0.1 mA/cm?, as shown in Table 1. This
decrease was due to the drop in Cgp photoresponse, as reflected in EQE
measurements, while the open circuit (Voc) remained largely unchanged at 0.87 +

0.01 and the fill factor (FF) increases from 0.45 + 0.01 to 0.49 £ 0.01 as the fraction
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of Csp decreased. The drop in EQE response correlated well with the absorption
profile of the doped Cgo films, where the decrease in response between 400 nm and
550 nm occurred more rapidly than the response at wavelengths shorter than 400
nm. The impact of the CT exciton can be seen most clearly by comparing D1 and
D2. In these devices, the EQE response at 350 nm remained unchanged while the
EQE response at 450 nm decreases by roughly one third from 23 % to 15.5%.

[168] The observation of a decrease in photoresponse as the doping
concentration of BCP in the mixed layer increased was in stark contrast to those of
Menke et al., J. Nat. Mater. 2012, where the dilution of SubPc with the wide-energy
gap material UGHZ2 resulted in a significant increase in photocurrent. For the case of
SubPc, Menke demonstrated that the increase in photocurrent was due to the
increase in exciton diffusion length caused by the fact that there was a concentration
regime in which the Forster radius increased faster than the average molecular
separation distance. The increase in diffusion length was due to an increase in the
photoluminescence efficiency, excited state lifetime, and spectral overlap integral
and a decrease in nonradiative decay rate in the doped film. The contrast between
these results can be explained by examining the parentage of the excitons involved
in the two systems. In SubPc, monomolecular Forster excitons were formed. On
dilution, the loss in absorption was linear while the gains in exciton diffusion
length were exponential. Conversely, in Ceo, there were a significant number of
multimolecular CT excitons formed. On dilution, this led to an exponential
decay in CT exciton formation which outweighed any gains in diffusion length.
Due to the fact that the CT absorption feature in Cg resides in an area of high solar

irradiance, the overall performance of the device decreased.
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[169] While the mixed devices have lower photocurrent, the V¢ of the
devices remained unchanged indicating that the preservation of the D/A interface
achieved its desired effect. The fact that the FF did not decrease on Ceo dilution
indicated that the mixed films were able to transport electrons efficiently. The
unaltered V¢ and increase in FF combined with the decrease in Js. resulted in a
power conversion efficiency (n) drop of greater than 50 % from 1.14 % (D1) to 0.56
% (D4) on dilution. However, the increase in transparency and efficient charge
transport of the mixed films make Ceo:BCP films an attractive candidate for a buffer
layer.

Table 1: Device performance data.

Example 3

[170] A device, shown in Figure 4, was fabricated according to the
fabrication method disclosed in Example 2. Figure 4 shows J-V curves of devices
under one sun AM1.5 G illumination and a plot of the external quantum efficiency as
a function of wavelength, with the device structure in the inset. (x =10 nm (D7), 20
nm (D6), and 30 nm (D5)). Table 2 provides performance data for this device.

Table 2: Device performance data.

e,
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Example 4

[171] A device, shown in Figure 5, was fabricated according to the
fabrication method disclosed in Example 2. Figure 5 shows J-V curves of devices
under one sun AM1.5G illumination and a plot of external quantum efficiency as a
function of wavelength, with the device structure in the inset. (x =0 nm (D8), 20 nm
(D9), and 40 nm (D10)). Table 3 provides performance data for this device.

Table 3: Device performance data.

Example 5

[172] OPV devices, as shown in Figure 6 (bottom inset), were fabricated.
OPVs containing a 10 nm thick BCP:Ceo layer sandwiched between two Ceo layers
(one is x < 35nm thick and the other is [40 nm — x] thick) were fabricated with the
red absorbing donor (2,4-bis[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl] squaraine)
(DPSQ). The total thicknesses of neat Cgg and BCP:Cgp films were 50 nm. Figure 6
shows the J—V and EQE characteristics of devices D20-D23 with x =5 nm to 35 nm,
with other performance parameters given in Table 4. The Jsc decreased from
6.2 + 0.3 mA/cm? to 4.1 £ 0.2 mA/cm? as the BCP:Ce layer moved toward the D/A
interface (i.e. as x is decreased). This trend was also apparent in the EQE spectra
where the response from Cgo decreased as the thickness of the neat Cgg layer
adjacent to the D/A interface decreased (D20 to D23 in Table 4). These data
suggested that BCP:Cg prevents excitons generated in the Cg film adjacent to the
metal electrode from diffusing to the D/A interface where dissociation into free

charges can occur. In contrast, the mixed layer does not impede charge transport,
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as inferred from the constant and high FF=0.72 £ 0.01 and V. =0.94 £ 0.01 V.
Increasing the thickness of the Cego layer adjacent to the D/A interface from x =5 nm
to 35 nm increased the power conversion efficiency under 1 sun, AM 1.5G
ilumination from 2.7 £ 0.1 % to 4.1 £ 0.1 %.

Table 4: Device performance data.

Example 6

[173] A device, shown in Figure 7, was fabricated according to the
fabrication method disclosed in Example 2. Figure 7 shows J-V curves of devices
under one sun AM1.5G illumination with the inset showing characteristics of the
devices, and external quantum efficiency as a function of wavelength with the inset
showing the device structure. These devices compared the performance of the
mixed buffer layer capped with an additional layer to enhance charge collection to a
single neat PTCBI buffer layer.

Example 7

[174] A device, as shown in Figure 8, was fabricated according to the
fabrication method disclosed in Example 2. Figure 8 shows the external quantum
efficiency under applied bias (+0.5 V dashed, -1 V solid) normalized to EQE at zero
bias for various buffer layers. These data demonstrated that the mixed buffer layer
reduced the bias dependence of the device illustrating a decrease in charge buildup
at the active layer/buffer interface, consequently decreasing the amount of exciton-
polaron quenching.

Example 8
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[175] The mechanism by which the mixed layer blocks excitons can be
thought of in a statistical manner, where a reduction in the density of states available
in the doped layer reduces the rate of exciton transfer. In the mixed layer there are a
significantly reduced number of states which the energy can transfer into, effectively
blocking their progress. The effect of the change in the density of states was
modeled by a Monte Carlo simulation, the results of which can be seen in Figure 9.
In the model, excitons were randomly generated in a neat film adjacent to a mixed
film. To simulate diffusion, the excitons then moved via a random walk for a set
number of steps and their final position was recorded. The excitons were assumed
to transfer solely through nearest-neighbor hopping. At the interface between the
doped and neat layers, the probability for hopping between layers was scaled by the
relative number of available sites in each layer. The model predicted that for a
junction between two materials with equal site densities, 50% of the excitons diffused
into the buffer. In the case of a 50 % reduction in sites in the buffer, which
corresponded to the case of a Frenkel exciton of Cgp approaching a buffer of 1:1
Ce0:BCP, only 20% of excitons were transferred. At 80% site reduction, simulating
the case of a CT exciton approaching a buffer of 1:1 Ce:BCP, less than 5% of
excitons were transferred. These simulations demonstrated that the doped buffer
blocked excitons quite well even when only considering statistical means.

Example 9

[176] As shown in Figure 10, normalized extinction spectra of C;, capped
with different buffer layers was plotted as a function of wavelength on the top graph.
These data demonstrated that the exciton energy became larger with more mixing,

which helped block excitons. The bottom chart shows emission spectra of Cy
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(excited at 450 nm) capped with quenching (NPD), blocking (BCP), and mixed buffer
layers.
Example 10

[177] As shown in Figure 11, EQE spectra of devices capped with various
buffer layers (on top) and J-V curves of devices under 0.8 sun AM1.5G illumination
(on bottom) illustrated the enhancement in performance due to the inclusion of the
compound buffer compared to other buffer layers.
Example 11

[178] The use of a buffer comprised of Cg:BCP was explored and its
performance was compared to that of previously developed buffers, BCP and
PTCBI, and in compound buffers where Cgo:BCP was capped with BCP or PTCBI.
In these devices the active layer was comprised of DPSQ/Ceo. J-V, EQE, and
device architectures are shown in Figure 12, and associated data are shown in
Table 5. The V. of the devices remained constant at 0.95 + 0.01 V, independent of
the buffer. The device capped with 10 nm PTCBI buffer (D13), exhibited the
smallest Js; of 7.1 + 0.1 mA/cm? due to parasitic optical absorption from PTCBI.%
Unlike PTCBI, the other buffers with thicknesses of 10 nm, BCP (D11) and Cgo:BCP
(D12), did not absorb, resulting in an increase in Jscto 7.5 £ 0.1 mA/cm?and 7.6
0.1 mA/cm?, respectively. The compound buffer layers with a thickness of 15 nm,
Cs0:BCP/PTCBI (D14) and Ceo:BCP/BCP (D15), had even higher Jsc of 8.1 + 0.1
mA/cm? and 8.3 + 0.1 mA/cm?, respectively. EQE measurements demonstrated that
the changes in photocurrent were due to a variation in the Ceo response and optical
modeling utilizing the transfer matrix formalism® confirmed that the increase in Jsc
on transition from 10 nm to 15 nm of buffer was due to optical effects. Significant

changes also occured in the FF between devices. The devices capped with BCP,
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D11 and D15, exhibited the smallest FFs of 0.64 + 0.01 and 0.65 £ 0.01,
respectively. The buffer comprised of only Cg:BCP (D12) had a slightly better FF of
0.66 £ 0.01. The devices capped with PTCBI, D13 and D14, exhibited the largest
FFs of 0.68 £ 0.01 and 0.71 £ 0.01, respectively. Due to the increase in photocurrent
and FF, the power conversion efficiency of the Cg:BCP/PTCBI buffer was largest at
5.3 £ 0.1% compared t0 5.0 £ 0.1% for Cer:BCP/BCP, 4.8 £ 0.1 % for Cgp:BCP,
4.8 +0.0=1% for PTCBI, and 4.8 £ 0.1% for BCP.

[179] The difference in FF between the buffer layers could be explained by
examining the EQE under applied bias and responsivity (R) as a function of
ilumination intensity. Figure 13 depicts the EQE for the devices with various buffer
layers under a -1 V bias normalized to their 0 V EQE. The signal from C60, between
400 nm and 550 nm, was modulated by the application of external bias, while the
DPSQ response, between 600 nm and 825 nm, remained constant. The effect of the
buffer layer could be seen in the magnitude of the deviation from the zero bias EQE.
For the device capped with a buffer of 10 nm BCP (D11) the voltage dependence
was most significant while it was smallest for 10 nm of Cgo:BCP buffer (D12).

[180] The device capped with 10 nm Cgo:BCP/5 nm BCP (D15) experienced
a smaller voltage dependence than 10 nm BCP (D11). This was due to two factors.
First, the BCP layer was thinner reducing the number of trapped electrons. Second,
as shown above, the Cg0:BCP layer blocked excitons from diffusing to the
Cs0:BCP/BCP interface while still transporting electrons. This prevented the excitons
from interacting with the electrons trapped at the Cgo:BCP/BCP interface.

[181] The 10 nm PTCBI (D13) buffer allowed for the iso-energetic transport
of electrons from Cgo due to their LUMO alignment. Concurrently, the PTCBI/Ag

interface formed no dipoles or energetic barriers for charge extraction. 10 nm
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Ce0:BCP/5 nm PTCBI (D14), functioned in a similar fashion while also preventing
excitons from reaching the PTCBI.

[182] Polaron-exciton induced exciton quenching was further evidenced by
examining the responsivity as a function of illumination intensity shown in Figure 13.
Responsively is defined as the short circuit current density of the device divided by
the incident areal light intensity. This parameter allowed us to compare the current
generation efficiency of a device under various illumination intensities. The devices
capped with BCP, D11 and D15, exhibited a distinctly nonlinear decrease in
responsivity as the illumination was increased from 1 W/m? (0.0 1 sun) to 100 W/m?
(1 sun). The nonlinear nature of the decay was consistent with exciton-polaron
induced exciton quenching, where increased illumination intensity resulted in an
increase in the population of both excitons and polarons. The other buffers
employed in D12, D13, and D14 all exhibited a small change in responsivity as a
function of illumination intensity demonstrating that exciton-polaron induced exciton

guenching was suppressed.

Table 5: Device performance data.

Example 12

[183] To probe the exciton blocking properties of Cg0:BCP, devices
containing a doped Cgo layer sandwiched between two neat Cg layers were
fabricated with a red absorbing donor (2,4-bis[4-(N,N-diphenylamino)-2,6-

20, 21

dihydroxyphenyl] squaraine) (DPSQ) (Figure 14). The total thickness of neat
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Ceo and Ceo:BCP films were constant; only the position of the doped film was moved
away from the D/A interface toward the Ag electrode.

[184] The J-V and EQE characteristics of devices D16-19 are shown in
Figure 14, and associated data is shown in Table 6. The photocurrent of the
devices dropped significantly from 6.2 + 0.1 mA/cm? to 4.1 + 0.1 mA/cm? as the
thickness of the neat Cgo layer adjacent to the D/A interface decreased from 35 nm
to 5 nm (or the Cg0:BCP layer was moved toward the D/A interface). This trend
could also be seen in the EQE spectra where the response from Ceo decreased as
the thickness of the neat Cgo layer adjacent to the D/A interface decreased (D16 to
D19). These results clearly demonstrated that Cso:BCP acted as an exciton
blocking layer by effectively blocking excitons generated in the neat Ce film adjacent
to the metal electrode from diffusing to the D/A interface to charge separate. In
contrast to its exciton blocking function, the doped layer exhibited good charge
conductivity as the FF of the devices remained constant around 0.72 + 0.01. The
Voc also remained constant at 0.94 + 0.01. Overall, increasing the thickness of the
neat Ceo layer adjacent to the D/A interface from 5 nm to 35 nm increased n from 2.7

+01%to4.1+0.1%.

Table 6: Device performance data.

Example 13
[185] Figure 15 shows J-V curves under one sun AM1.5G illumination on top

and on the bottom a plot of the external quantum efficiency of devices with various
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buffer layers as a function of wavelength. These devices demonstrated the
performance enhancement due to inclusion of the mixed buffer layer.
Example 14

[186] Figure 16 shows J-V curves under one sun AM1.5G illumination on top
and on the bottom a plot of the external quantum efficiency of devices with various
buffer layers containing various ratios of Cgo to BCP. These devices demonstrated
an optimum blending ratio of 1:1 by volume.
Example 15

[187] Devices were fabricated with the following structure: glass
substrate/100 nm ITO/10nm MoO3/54nm 1:8 DBP:C,/Buffer/100nm Ag. Figure 17
shows J-V for illumination at 1-sun simulated AM1.5G illumination (upper left) and
EQE (upper right) and extracted efficiency parameters (lower) for planar-mixed OPV
cells with active layers comprising a relatively thick 1:8 volume ratio of DBP and a
neat layer of C7. The thickness and volume ratio of the BPhen:Cy for each buffer is
given in the table. The best fill factor and efficiency was for devices with the mixed
buffer with an additional BPhen or PTCBI layer between the mixed region and the
contact demonstrating that this contact also improved mixed or bulk heterojunction
devices.
Example 16

[188] Devices were fabricated with the following structure: glass
substrate/100 nm ITO/5 nm MoO3/25 nm 1:8 DBP:Co/Buffer/100 nm Ag. Figure 18
shows J-V for illumination at 0.7-sun simulated AM1.5G illumination (upper left) and
EQE (upper right) and extracted efficiency parameters (lower) for planar-mixed OPV
cells with active layers comprising a relatively thin 1:8 volume ratio of DBP and a

neat layer of C7o and various buffers. The thickness and volume ratio of the BCP:Co
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for each buffer is given in the table. The best fill factor and efficiency were for
devices with the mixed buffer with an additional BPhen or PTCBI layer between the
mixed region and the contact demonstrating that this contact also improved mixed or
bulk heterojunction devices and could yield exceptional fill factors in mixed-layer
devices.
Example 17

[189] Devices were fabricated with structures identified in Figure 19. The
device in Figure 19(a) had the structure
ITO/MoO3/DPSQ/C60/Cso:BPhen(x)/BPhen/Al. The device in Figure 19(b) had the
structure ITO/MoO3/DPSQ/C60/Ceo:BCP(x)/BPhen/Al. The device in Figure 19(c)
had the structure ITO/MoO3s/DPSQ/C60/Cgo:UGH2(x)/BPhen/Al. Figure 19 shows
the EQE and J-V curve for dilution with BPhen, CBP, and UGHZ2Z. An enhancement
was observed in all the cases, confirming that reducing the buildup of charge at the
Ceo/Buffer interface resulted in enhancement.
Example 18

[190] OPV cells were grown by vacuum thermal evaporation (VTE) at a base
pressure of 2x107 torr on glass substrates pre-coated with indium tin oxide (ITO,
sheet resistance: 15 Q/o). Prior to deposition, the substrates were cleaned in diluted
Tergitol® (Type NP-10), deionized water, acetone and isopropyl alcohol, and then
exposed to ultraviolet-ozone for 10 min. MoO3 was obtained from Acros Organics,
Ceo from Materials and Electrochemical Research Corp., BPhen and DBP from
Luminescence Technology Corp., and Cs from SES Research. DBP, Cg, and C+o
were purified once via thermal gradient sublimation.

[191] The MoO3; and BPhen layers were grown at a rate of 0.1 nm/s, DBP

and Cro were co-deposited using a DBP deposition rate of 0.02 nm/s and a Cro
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deposition rate of 0.16 nm/s to achieve a 1:8 ratio. The BPhen:Cgo mixed buffer was
grown by co-depositing BPhen and Cgy each at a rate of 0.05 nm/s creating a 1:1
blend. A 100 nm-thick Ag cathode was subsequently deposited through a shadow
mask defining an array of 15, 1 mm diameter devices (device area of 0.008 cm?).
Following fabrication, devices were transferred into a glovebox filled with ultra-high
purity N2 for measurement of the J-V characteristics and EQE. During measurement,
only the tested device was under illumination while other devices were kept in the
dark. The solar simulator intensities were calibrated using a NREL-traceable Si
reference cell, and Jsc was corrected for spectral mismatch. The EQE as a function
of wavelength (/) was obtained with a lock-in amplifier and monochromated light from
Xe-lamp chopped at 200 Hz. Errors in Jsc and PCE arise primarily from uncertainties
in light intensity and spectral calibration.

[192] Mixed HJ cells were grown by vacuum thermal evaporation (VTE) with
the structure: MoO3 (10 nm)/DBP:Co (54 nm, 1:8 volume ratio)/Buffer/Ag (100 nm).
Two different buffer layers were employed: 8 nm-thick BPhen (control), and 10 nm-
thick BPhen:Ceo mixed layer at 1:1 ratio (by volume) capped with a neat, 5 nm-thick
BPhen layer. Figure 20 shows the J-V characteristics and EQE spectra of mixed HJ
devices employing the control and compound buffers. The control had FF =55 + 1
%, Jsc = 12.5 £ 0.3 mA/cm?, Voc =0.91 0.1V and PCE =6.3 + 0.3 % under
simulated AM 1.5G, 1 sun illumination (spectral mismatch factor = 1.00 £ 0.01), as
previously. The cells with the compound electron-filter buffer exhibited improvement
in all three performance parameters, leadingto FF=63 £ 1 %, Js¢ =12.8 £ 0.3
mA/cm?, Voc=0.93 + 0.1 V and PCE = 7.5 + 0.4 %, the latter corresponding to a

19% increase compared to the control.
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[193] The significant improvement in FF for the device with the compound
buffer is shown in Figure 20(a) (indicated by the shaded region between the curves)
with the energy level diagram in Figure 20(b), inset. Previous studies showed that
energy level bending occured at the fullerene/BCP interface, leading to electron
accumulation and a large potential drop as shown in the left inset. Consequently, the
field across the active layers was reduced as the voltage was redistributed,
increasing the charge extraction time and, therefore, the residence time for electrons
and holes at the donor-acceptor heterointerface where they had an opportunity to
recombine. In the case of the compound buffer, the high conductivity of the 1:1
BPhen:Cgo blend resulted in less electron accumulation and, therefore, a smaller
potential drop at the interface (right inset, Figure 20(b)) and a higher electric field in
the DBP:C7 mixed region. This in turn led to reduced bimolecular quenching, and
consequently an increased FF and EQE at wavelengths between / = 400 nm and 550
nm, as shown in Figure 20(b).

[194] Both cells showed almost identical EQE at / < 400 nm and A >550 nm
(see Figure 20(b)). At A <400 nm, the photoactive region absorption decreased in
the compound buffer cell resulting from parasitic absorption in the BPhen:Cgy mixed
buffer while the internal quantum efficiency (/QE) increased due to reduced
bimolecular recombination. Overall, the EQE of the compound buffer cell was nearly
equal to the control cell. At A >550 nm, the absorbed optical power peak as well as
charge distribution peak shifted towards the anode, since the excitons generated in
the DBP:C7o mixed region almost immediately dissociated into charges. This
reduced the population of holes at the DBP:C;¢/BPhen interface (close to the
cathode side) where electrons piled up in the control cell, while at the same time

improving hole extraction. The spatial separation of the holes and electrons at longer
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excitation wavelengths reduced bimolecular recombination in the control cell, leading
to the almost identical EQE as well.

[195] To understand the role of bimolecular recombination, the responsivity
(R) for both cells as a function of light intensity (/) was investigated. The control cell
was found to have a monotonic decrease in R with /, from R =12.7 £+ 0.4 AW at | =
0.6 sun, to 11.8 £ 0.3 A/W at | = 2.7 suns, while for the compound buffer cell, R
dropped by only 0.2 A/W over the same range of intensities (see Figure 21). In
general, Jsc = Je — Jum— Jsm, Where Jg is the photogenerated current density, Juw is
the monomolecular recombination current density and Jgy is the bimolecular
recombination current density. Both Jg and Juu are linearly proportional to /, while
Jew o€ y-n-p o b-I?, where y is the Langevin coefficient and b is a constant.
Therefore, R = Jsc/l = Ro— 1, where Ry is the responsivity in the absence of
bimolecular recombination. The linear fits to this analysis (dashed lines, Figure 21)
yielded Ry = 12.9 A/W for both cells. The same intercept for both cells at zero light
intensity suggested that both OPV cells had the same responsivities as / = 0 in the
absence of bimolecular recombination. However, g for the control was four times
larger than that for the cell with the compound buffer. The smaller £ for the
compound buffer cell suggested that bimolecular recombination was only 25% of that
of the control cell, indicating that the electron and hole concentrations had each
decreased, on average, by 50% due to the increased electric field in the mixed
region. This larger internal field across the heterojunction in the compound buffer cell
compared to that of the control for a given external bias resulted in improved charge
extraction and, therefore, higher FF.

[196] The charge transport properties of the compound buffer were further

investigated by 3-D Monte Carlo simulations of the layer, programmed in Matlab.
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The buffer was modeled as a random distribution of BPhen and Ceo molecules on a
cubic lattice, with electron transport attributed to nearest-neighbor hopping between
Ceo molecules. In this model, Columbic interactions between charges were
neglected, and the lattice sites were assumed to be isoenergetic, aside from energy
differences imposed by the applied electric field. Transfer probabilities were
calculated according to Miller-Abrahams theory, from which the median extraction
time for charges injected on one side of the buffer layer was obtained. The mobility
of the layer was then calculated from the relationship between extraction time and
electric field, normalized by setting the zero-field mobility of electrons in neat Ceg
layer to the experimental value of 5.1 %102 cm?V-s. For a 1:1 mixed buffer, the
model predicted an effective mobility of 4.7x10° cm?/V/'s, only one order of
magnitude lower than that of neat Cgo. In comparison, the neat BPhen film had a
significantly lower electron mobility of 1.9x10° cm?/V:s, leading to charge pile-up at
the buffer interface that promoted quenching.

[197] The model was tested by examining the predictions for different
thicknesses of a 1:1 mixed buffer, with results in Figure 22(a). A linear relationship
was found between extraction time (corresponding to film mobility) at a given voltage
and thickness of the mixed layers, which translated to a linear increase in series
resistance, assuming a constant charge density (i.e. a constant illumination
intensity). Fits to experimental data for mixed buffer DBP:Cgo OPVs are shown in
Figure 22(a), inset. Now, a neat BPhen layer that conducted electrons through
defect states induced during metal deposition, thereby leading to a superlinear
relationship between thickness and resistance. In contrast, the mixed buffer

resistance increased linearly with thickness even up 20 nm, suggesting that
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electrons in the mixed buffer were predominantly conducted by the Cgp in the
mixture.

[198] Exciton blocking efficiency using the photoluminescence (PL) excitation
spectra of 40 nm-thick Cyo film capped with a 1:1 BPhen:Cgo blend on quartz was
experimentally investigated. By comparing the PL intensity of the layer deposited
onto the surface of the blend under study to that of either a “perfectly” blocking or
guenching layer, the relative importance of these processes could be determined.
For this, therefore, an 8 nm-thick BPhen or N,N’-diphenyl-N,N’-bis(1-naphthyl)-1-
1’biphenyl-4,4’diamine (NPD) layer were used as reference, perfectly exciton
blocking or quenching layers, respectively. The PL intensity of the mixed buffer was
nearly identical to the intensity found for the blocking reference (see Figure 22(b)),
demonstrating that BPhen:Cgo mixed layer could efficiently block excitons. Since
BPhen:Cgo mixture had a relatively high electron mobility, the mixed buffer layer
could spatially separate excitons and polarons acting as an effective filter, leading to
a reduction of exciton-polaron quenching within the neat fullerene layer.

Example 19

[199] OPV cells with a hybrid planar-mixed heterojunction (PM-HJ) were
fabricated according to the experiment disclosed in Example 18. DBP and C7, were
employed as donor and acceptor, respectively in OPV cells. The OPV cells had a
device structure of indium tin oxide (ITO)/ MoOs (10 nm)/DBP: C7 (54 nm, 1:8 ratio
by vol.)/C+o (9 nm)/Buffer/Ag (100 nm). Three different buffer layers were employed
in the DBP: C7o PM-HJ OPV cells: (1) 8nm-thick bathophenanthorline (BPhen)
(control); (2) 10 nm-thick BPhen:Cgp mixed layer at 1:1 ratio; and (3) the same mixed

buffer as (2) capped with a neat, 5 nm-thick BPhen layer.
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[200] Figures 23 shows the current density v. voltage (J-V) characteristics
and the external quantum efficiency, EQE, spectra comparing performance for
devices employing the buffer layer structures (1) -(3), with a summary in Table 7.

Table 7: Device performances of PH-HJ OPV cells with various buffer layers.
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[201] The control cell had FF = 56% and short-circuit current Jsc = 13.8 £ 0.4
mA/cm?, comparable to or marginally better than previous results.” Thus, the control
cell showed a power conversion efficiency, PCE =7.1 £ 0.2 % under simulated AM
1.5G, 1 sun illumination. Compared to the control cell, the cell with only a BPhen:Cgg
(1:1) filter at ratio had a similar open-circuit voltage (Voc) = 0.91 £ 0.01 V, butan
increased FF = 62 + 1%, which was due to the reduced polaron-exciton quenching.??
However, Jsc = 12.8 + 0.3 mA/cm?, which was slightly smaller due to, resulting the
reduced EQE for A <420 nm and A > 550 nm, as shown in Figure 23(b). Overall, the
PCE increased slightly to 7.2 + 0.2 % under 1 sun illumination.

[202] The OPV cell with a BPhen:Cgso/BPhen compound buffer had FF = 66
1%, an improvement of 18% compared to the control. Also, Voc increased from 0.91
1 0.1V for the control to 0.93 £ 0.1 V for the cell with a BPhen:Cgo/BPhen buffer.
However, Jsc decreased to 13.2 + 0.4 mA/cm?, a 5% reduction compared to the

control. Overall, the OPV cell with a BPhen:Cgo/BPhen buffer exhibited a PCE = 8.1
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1 0.4 % under simulated AM 1.5G, 1 sun illumination, a 14% increase compared to
the control cell.

[203] In Figure 24, the absorption efficiency, na, of organic photoactive
regions (i.e. DBP:C+o mixed layer and the neat C7 capping layer) was calculated
using transfer matrix method,*® and the internal quantum efficiency (IQE) for both
cells. The absorption of the capped buffer cell decreased between A = 350 nm to
500 nm owing to the absorption of the BPhen:Cg mixed buffer, as described
previously.® At A > 500nm, the mixed buffer was transparent and, hence, two cells
had almost identical absorption spectra.

[204] Similarly, the IQE increased for the cell with a BPhen:Ceso/BPhen buffer
between A = 350 nm to 550 nm compared to the control cell. For example, /QE for
the cell with a BPhen:Cgo/BPhen buffer had EQE ~ 90% between A = 350 nm and A=
500 nm, reaching ~100% at A = 430 nm, indicating that every photon absorbed
converted to charge carriers collected by the electrodes.

[205] The responsivity (R) and PCE for the BPhen:Cgo/BPhen filtered cell
and the control as functions of light intensities ranging from 0.4 sun to 2.7 sun was
studied (Figure 25). The responsivity of the control cell decreased monotonically
with intensity, from R =14.9 £ 0.4 A/W at 0.4 sun to 13.0 £ 0.4 A/W at 2.7 sun, while
the filtered cell remained unchanged over this same range of solar concentration.
The control cell also showed a roll-off of PCE as the light intensity increased as
shown in Figure 25 due to a monotonous decline of the responsivity. The PCE of the
cell with a BPhen:Cgo/BPhen buffer slightly increased to the maximum at 1 sun, then
started to roll off at higher light intensity due to a decrease of FF, probably caused by

the enhanced bimolecular recombination at high light intensity.
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[206] The thickness of mixed buffer layer in DBP:C7o PM-HJ cells with a
BPhen:Cgo/BPhen buffer was also varied. J-V characteristics under 1 sun
illumination and EQE spectra are shown in Figure 26 and device performances are
summarized in Table 8.

Table 8: Device performances of OPV cells with mixed buffer layer for different
thicknesses.

Buffer Vo V] Fa FE PUE (Y Spectral Re{Gom®)
{018 food) tsas, nismaich
aMisg e
T R G SRETEe
5 ren HALRE S1E 41 137 2403 GRde 101 AR ¢ B LR 124 2 LUK
0 8326801 133 244 .66 £ 81 81 G4 1.8 1531 2008
1am (8932801 123:03 4802001 8803 1.4 2492 009
Sham 4832001 1882403 85824081 &4+ 0.2 180 2632000

[207] Jsc decreased monotonously as the thickness of mixed buffer
increased. As shown in Figure 26(b), EQE decreased across the visible spectrum as
the mixed layer thickness increased. V¢ slightly increased from 0.91 + 0.01 V for
the cell without mixed buffer layer to 0.93 + 0.01 V for the cell with 10 nm-thick mixed
buffer and remained stable for thicker mixed buffer layers. FF increased from 0.56 +
0.01 for the control cell to 0.66 + 0.01 V for 10 nm-thick mixed buffer and then rolled
off for thicker mixed buffer, resulting from an increased series resistance as shown in
Table 8.

[208] Meanwhile, the charge transport through the mixed buffer layer using a
3-D Monte-Carlo simulation of nearest-neighbor hopping transport in a cubic lattice,
with the mixed layer modeled as a random distribution of Csp and BPhen molecules,

was modeled. Columbic interaction between charges was neglected and the lattice

65



WO 2016/011443 PCT/US2015/041114

sites were assumed to be isoenergetic, aside from energy differences due to an
applied electric field. Relative hopping probabilities between sites were calculated
using the Miller-Abrahams expressions. During each time-step of the model, the
charge picked a random nearest neighbor to hop to, weighted by the relative hopping
probability. If the chosen site contained a BPhen molecule, the charge instead
remained stationary for that step. The behavior of the charges in the mixed and neat
layers was otherwise identical.

[209] The median extraction times for different thickness was calculated by
injecting charges on one side of a 100x100 simulated lattice of sites and measuring
the time for charges to escape from the opposite side under electric fields. Figure 27
shows the median extraction time vs. electric field as a function of mixed layer
thickness. For a given thickness of mixed layer, the electric field accelerated the
charge transport in the mixed layer, therefore reducing the median extraction time as
the electric field increased. As the mixed buffer thickness increased, it took longer
time for charge to travel through the mixed layer. Thus, the median extraction time
became longer as the mixed layer thickness increased.

[210] To test the predictions of the model, the series resistances obtained by
the fitting of J-V characteristics in dark, as shown in Table 8, were compared to the
values from the modeling for PM-HJ cells with different mixed layer thicknesses. The
mobilities of the mixed layer with different thicknesses were calculated from the field
dependence of the extraction time and all simulated layers showed an effective
mobility of 4.7x107° cm?Ves, with a 1/field dependence of the extraction time. This
predicted that the resistance of the layer should be linearly dependent on thickness,
as shown in the inset of Figure 27. The predicted mobility of 1:1 mixed buffer layer

was only one order of magnitude less than pure Ceo, relatively high for organics,
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which explained how these layers were able to efficiently extract charges from the
neat layer. As shown in previous simulations, these layers were efficient at blocking
excitons, leading to the spatial separation of excitons and polarons which
suppressed quenching.
Example 20

[211] The devices, as shown in Figure 28, were fabricated as illustrated.
The full structure was glass substrate/ITO (100 nm)/MoOs; (100nm)/Buffer 1/DBP (20
nm)/Ceo (40 nm)/Buffer 2/Ag (100 nm) where Buffer 1 and Buffer 2 and
corresponding measured efficiency parameters are shown in Table 9. Figure 28(a)
shows J-V for illumination under 1-sun simulated AM1.5G illumination with inset
showing NPD, and (b) shows the external quantum efficiency for OPV cells with
active layers comprised of DBP and Cgo and various buffers.

Table 9: Measure Efficiency Parameters for OPV Cells with DBP:Cgp active layer
and various buffers.

Devices (Buffer 1/Buffer 2) '(]ISI(le/cmz) (‘;g FF (%) f"/cof

Ref 5.5 0.92 0.64 3.22
NPD(10nm)/BCP(10nm) 7.9 0.91 0.54 3.87
NPD(10nm)BCP:Ceo(10nm, 1:1) 7.5 0.91 0.53 3.64
NPD:DBP(10nm, 1:1/BCP(10nm)  -6.1 0.93 0.57 3.21
NPD:DBP(10nm, 6.6 0.93 0.57 3.53

1:1)/BCP:Ceo(10nm, 1:1)

[212] The thickness, composition, and measured efficiency parameters for
each filter are given in Table 9. Compared to the reference, the inclusion of a neat

layer of NPD as a filter resulted in a significant increase in Jsc accompanied by a

67



WO 2016/011443 PCT/US2015/041114

drop in FF. The use of a filter comprised of a 1:1 blend of DBP with NPD served to
improve FF compared to the use of NPD alone while still improving Jsc compared to
the reference device. In conjunction with an electron filter at the cathode, the
NDP:DBP hole filter resulted in a 10% increase in PCE.

Example 21

[213] The device shown in Figure 30 was fabricated as illustrated. The full
structure was glass substrate/ITO/MoO3; (10nm)/DBP:C+ (1:8) (54 nm)/C70 (9 nm)/
Buffer/Al (100 nm). This device was grown on a commercially purchased pre-
patterened ITO substrate. The substrate was cleaned using solvents and UV-ozone
system. The organic layers, metal oxide, and cathode were deposited in a thermal
evaporator at a rate of 0.1 nm/second. The device was then encapsulated by putting
an epoxy layer around the device, and pressing a glass slide on top. The epoxy was
UV-cured.

[214] In one device, the buffer layer was a mixed layer of BPhen:Ceo (1:1)
(10 nm) with a BPhen cap layer (5 nm). In another device, the buffer layer was a
mixed layer of TPBI:Cz (1:1) (10 nm) with a TPBi cap layer (3 nm). It is noted that
other wide energy gap materials, such as those listed in Table 10 below and others
discussed above, may be used.

[215] To test the lifetime at elevated temperature, the device was placed in a
carrier board made from printed circuit board. The contacts were soldered. A copper
plate was affixed to the device with a resistive heater to spread heat over the whole
device area. The temperature was measured using a thermal couple. The device
was illuminated using a xenon arc-lamp at 1000W/m2, and measured every 30

minutes using a current-voltage source meter controlled with a Matlab program.
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[216] Figures 31A-C show normalized performance values for the device
utilizing BPhen at various temperatures, and Figures 32A-D show normalized
performance values for the device utilizing TPBi at various temperatures. As shown
in Figures 31A-C and 32A-D, due to the morphological instability of BPhen
compared to TPBi as indicated by their respective Tg, the performance of the device
using BPhen degraded significantly faster over time than the device using TPBi,

particularly as temperature increased.

Table 10
Material HOMO LUMO T,
Alg3 -5.8 -3.2 = 165° C
BAlg -5.9 2.9 =02°C
TPBiI -6.3 2.8 ~122°C
3TPYMB 6.7 -3.3 ~106° C
BP4mPy 6.6 2.6 ~107° C
Example 22

[217] The device shown in Figure 33 was fabricated as illustrated and using
the same techniques described in example 21. The full structure was glass
substrate/ITO/MoO3 (10nm)/C+o:DBP(8:1) (54 nm)/C+o (9 nm)/ Buffer (15 nm)/Al (100
nm) with various buffer layers as shown, the buffer layers having a mixed layer of a
wide energy gap material and an electron conducting material and including a cap
layer of the wide energy gap material. It is noted that other wide energy gap

materials, such as those discussed above, may be used. Figure 33 shows the
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relative normalized power conversion efficiency at 55°C of devices using BPhen in
the buffer layer compared to three devices that each use a different wide energy gap
material having a higher T4 than BPhen, namely BAlg, 3TPYMB, and TPBi.

[218] As shown in Figure 33, device performance degraded significantly less
over time for the devices containing a mixed buffer layer having a wide energy gap
material with a higher Tg than BPhen. Molecular structures of these materials, along
with molecular structures of other wide energy gap materials — Algz and BP4mPy —
are shown in Figures 34-38.

[219] Figures 39-41 show normalized responsivity, fill factor, Voc, and PCE
at 55° C over time for devices having mixed buffers containing a mixture of C, and
one of TPBI, 3TPYMB, and BAIq, respectively. As shown, the normalized
performance values (e.g., based on PCE, Voc, FF, and R) of devices comprising one
of TPBi, 3TPYMB, and BAIlqg remained significantly higher over time as compared to
the performance of devices comprising BPhen (performance of BPhen devices
shown in Figures 31A-C and Figure 33).

Example 23

[220] The device shown in Figure 42 was fabricated as illustrated and using
the same techniques described in example 21. The full structure was glass
substrate/ITO (160 nm)/MoO3 (10nm)/C7:DBP(8:1) (54 nm)/C+0 (9 nm)/ 3TPYMB:Ceo
(1:1) (10 nm)/Al (100 nm). The 10 nm layer of 3TPYMN:Ceo was the buffer layer
comprising the wide energy gap material 3STPYMB (T4 of 3STPYMB = 106° C). The
lifetime of the device at elevated temperatures was tested using the same
techniques as described in example 21. Figures 43-46 show normalized
responsivity, fill factor, Voc, and PCE over time for the device of Figure 42 at 55° C,

70° C, 85° C, and 100° C, respectively.
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What Is Claimed Is:
1. An organic photosensitive optoelectronic device comprising:

two electrodes in superposed relation comprising an anode and a cathode;

a photoactive region comprising at least one donor material and at least one
acceptor material disposed between the two electrodes to form a donor-acceptor
heterojunction, wherein the at least one acceptor material has a Lowest Unoccupied
Molecular Orbital energy level (LUMOAacc) and a Highest Occupied Molecular Orbital
energy level (HOMOAac), and the at least one donor material has a Lowest
Unoccupied Molecular Orbital energy level (LUMOyon) and a Highest Occupied
Molecular Orbital energy level (HOMOqo,); and

an exciton-blocking electron filter disposed between the cathode and the at
least one acceptor material, wherein the electron filter comprises a mixture
comprising at least one cathode-side wide energy gap material and at least one
electron conducting material, and wherein the at least one cathode-side wide energy
gap material has:

- a Lowest Unoccupied Molecular Orbital energy level (LUMOgs.we) smaller

than or equal to the LUMOac;

- a Highest Occupied Molecular Orbital energy level (HOMOc¢s.we) larger

than, equal to, or within 0.3 eV smaller than the HOMOa.; and

- a HOMOc¢s.we-LUMOcs.we energy gap wider than a HOMOacc-LUMOace

energy gap; and

wherein the at least one cathode-side wide energy gap material has a glass
transition temperature equal to or greater than 85°C.

2. The device of claim 1, wherein the at least one cathode-side wide energy gap

material comprises a material chosen from 3,3',5,5-Tetra[(m-pyridyl)-phen-3-
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yllbiphenyl (BP4mPy), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBI), Bis(2-methyl-8-quinolinolate)-4-(phenylphenolato)aluminium (BAlq), Tris(8-
hydroxy-quinolinato)aluminium (Alg3), Tris(2,4,6-trimethyl-3-(pyridin-3-
yhphenyl)borane (3TPYMB), 4,40-(1,3-phenylene) bis(2,6-dip-tolylpyridine-3,5-
dicarbonitrile) (m-MPyCN), 4,40-(1,3-phenylene) bis(2,6-di(biphenyl-4-yl)pyridine-
3,5-dicarbonitrile) (m-PhPyCN), 4,40-(1,3-phenylene) bis(2,6-diphenylpyridine-3,5-
dicarbonitrile) (m-PyCN), 6,60-(1,4-phenylene) bis(2-phenyl-4-p-tolylnicotinonitrile )(
p-PPtNN), 4,40-(1,4-phenylene) bis(2-phenyl-6-p-tolylnicotinonitrile)( p-PPtNT), and
derivatives thereof.

3. The device of claim 1, wherein the wide energy gap material has a glass
transition temperature between 85-200° C.

4, The device of claim 1, wherein the wide energy gap material has a glass
transition temperature between 100-165° C.

5. The device of claim 1, wherein the HOMOc¢s.we is larger than the HOMOacc,
and the LUMOc¢s.we is smaller than the LUMOacc.

6. The device of claim 1, wherein the LUMOkg¢ is equal to the LUMOacc.

7. The device of claim 1, wherein the LUMOkgc is larger than the LUMOacc.

8. The device of claim 1, wherein the LUMOcs.wg is smaller than the LUMOkgc.
9. The device of claim 1, wherein the at least one acceptor material comprises a
material chosen from subphthalocyanines, subnaphthalocyanines, dipyrrin
complexes, BODIPY complexes, perylenes, naphthalenes, fullerenes, functionalized
fullerene derivatives, and derivatives thereof.

10.  The device of claim 9, wherein the at least one acceptor material comprises a

material chosen from fullerenes.
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11.  The device of claim 1, wherein the at least one electron conducting material
comprises a material chosen from subphthalocyanines, subnaphthalocyanines,
dipyrrin complexes, BODIPY complexes, perylenes, naphthalenes, fullerenes,
functionalized fullerene derivatives, and derivatives thereof.

12. The device of claim 1, wherein the at least one acceptor material and the at
least one electron conducting material comprise the same material.

13.  An organic photosensitive optoelectronic device comprising:

two electrodes in superposed relation comprising an anode and a cathode;

a photoactive region comprising at least one donor material and at least one
acceptor material disposed between two electrodes to form a donor-acceptor
heterojunction, wherein the at least one donor material has a Lowest Unoccupied
Molecular Orbital energy level (LUMOgy0n) and a Highest Occupied Molecular Orbital
energy level (HOMOyon); and

an exciton-blocking hole filter disposed between the anode and the at least
one donor material, wherein the hole filter comprises a mixture comprising at least
one anode-side wide energy gap material and at least one hole conducting material,

and wherein the at least one anode-side wide energy gap material has:

a Highest Occupied Molecular Orbital energy level (HOMOas.wg) energy

level larger than or equal to the HOMOon;

- a Lowest Unoccupied Molecular Orbital energy level (LUMOas.wg) smaller
than, equal to, or within 0.3 eV larger than the LUMOq,n; and

- a HOMOaswe-LUMOas.we energy gap wider than a HOMOpg,-LUMOpon
energy gap; and

wherein the at least one anode-side wide energy gap material has a glass

transition temperature equal to or greater than 85°C.
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14.  The device of claim 13, wherein the at least one cathode-side wide energy
gap material comprises a material chosen from 3,3',5,5-Tetra[(m-pyridyl)-phen-3-
yllbiphenyl (BP4mPy), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBI), Bis(2-methyl-8-quinolinolate)-4-(phenylphenolato)aluminium (BAIq), Tris(8-
hydroxy-quinolinato)aluminium (Alg3), Tris(2,4,6-trimethyl-3-(pyridin-3-
yhphenyl)borane (3TPYMB), 4,40-(1,3-phenylene) bis(2,6-dip-tolylpyridine-3,5-
dicarbonitrile) (m-MPyCN), 4,40-(1,3-phenylene) bis(2,6-di(biphenyl-4-yl)pyridine-
3,5-dicarbonitrile) (m-PhPyCN), 4,40-(1,3-phenylene) bis(2,6-diphenylpyridine-3,5-
dicarbonitrile) (m-PyCN), 6,60-(1,4-phenylene) bis(2-phenyl-4-p-tolylnicotinonitrile )(
p-PPtNN), 4,40-(1,4-phenylene) bis(2-phenyl-6-p-tolylnicotinonitrile)( p-PPtNT), and
derivatives thereof.

15.  The device of claim 13, wherein the wide energy gap material has a glass
transition temperature between 85-200° C.

16.  The device of claim 13, wherein the HOMOas.we is larger than the HOMOgon,
and the LUMOas.wg is smaller than the LUMOgon.

17.  The device of claim 13, wherein the HOMOy¢ is equal to or smaller than the
HOMOyon.

18.  The device of claim 13, wherein the HOMOas.we is larger than the HOMOc.
19.  The device of claim 13, wherein the at least one donor material comprises a
material chosen from phthalocyanines, subphthalocyanines, naphthalocyanines,
merocyanine dyes, boron-dipyrromethene (BODIPY) dyes, thiophenes, low band-
gap polymers, polyacenes, diindenoperylene (DIP), squaraine (SQ) dyes,
tetraphenyldibenzoperiflanthene (DBP), and derivatives thereof.

20. The device of claim 13, wherein the at least one hole conducting material

comprises a material chosen from phthalocyanines, subphthalocyanines,
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naphthalocyanines, merocyanine dyes, boron-dipyrromethene (BODIPY) dyes,

thiophenes, low band-gap polymers, polyacenes, diindenoperylene (DIP), squaraine

(SQ) dyes, tetraphenyldibenzoperiflanthene (DBP), and derivatives thereof.
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Figure 31B
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Figure 32A
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Figure 33
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Figure 41
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