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(57) ABSTRACT

An organic photosensitive optoelectronic device, having a
donor-acceptor heterojunction of a donor-like material and
an acceptor-like material and methods of making such
devices 1s provided. At least one of the donor-like material
and the acceptor-like material includes a subphthalocyanine,
a subporphyrin, and/or a subporphyrazine compound; and/or
the device optionally has at least one of a blocking layer or
a charge transport layer, where the blocking layer and/or the
charge transport layer includes a subphthalocyanine, a sub-
porphyrin, and/or a subporphyrazine compound.
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ORGANIC PHOTOSENSITIVE DEVICES USING
SUBPHTHALOCYANINE COMPOUNDS

UNITED STATES GOVERNMENT RIGHTS

[0001] This invention was made with U.S. Government
support under Contract No. XAT-5-33636-03, awarded by
the U.S. Department of Energy, National Renewable Energy
Laboratory. The government has certain rights 1n this inven-
tion.

JOINT RESEARCH AGR.

L1

EMENT

[0002] The claimed invention was made by, on behalf of,
and/or 1 connection with one or more of the following
parties to a joint university-corporation research agreement:
Princeton University, The University of Southern California,
The Unmiversity of Michigan, and Global Photonic Energy
Corporation. The agreement was 1n effect on and before the
date the claimed invention was made, and the claimed
invention was made as a result of activities undertaken
within the scope of the agreement.

FIELD OF THE INVENTION

[0003] The present invention generally relates to organic
photosensitive optoelectronic devices. More specifically, it
1s directed to organic photosensitive optoelectronic devices
having a donor acceptor heterojunction, comprising a donor-
like material and an acceptor-like material, at least one of the
donor-like material and the acceptor-like material comprises
a subphthalocyanine, subporphyrin, and/or subporphyrazine
material; and/or the device optionally comprises at least one
of a blocking layer or a charge transport layer, wherein the
blocking layer and/or the charge transport layer comprises a
subphthalocyanine, a subporphyrin, and/or a subporphyra-
zine compound.

BACKGROUND OF THE INVENTION

[0004] Optoelectronic devices rely on the optical and
clectronic properties of materials to either produce or detect
clectromagnetic radiation electronically or to generate elec-
tricity from ambient electromagnetic radiation.

[0005] Photosensitive optoelectronic devices convert elec-
tromagnetic radiation into an electrical signal or electricity.
Solar cells, also called photovoltaic (*PV™) devices, are a
type of photosensitive optoelectronic device that 1s specifi-
cally used to generate electrical power. Photoconductor cells
are a type ol photosensitive optoelectronic device that are
used 1n conjunction with signal detection circuitry which
monitors the resistance of the device to detect changes due
to absorbed light. Photodetectors, which may receive an
applied bias voltage, are a type of photosensitive optoelec-
tronic device that are used in conjunction with current
detecting circuits which measures the current generated
when the photodetector 1s exposed to electromagnetic radia-
tion.

[0006] These three classes of photosensitive optoelec-
tronic devices may be distinguished according to whether a
rectifying junction as defined below 1s present and also
according to whether the device 1s operated with an external
applied voltage, also known as a bias or bias voltage. A
photoconductor cell does not have a rectifying junction and
1s normally operated with a bias. A PV device has at least
one rectifying junction and i1s operated with no bias. A
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photodetector has at least one rectifying junction and 1s
usually but not always operated with a bias.

[0007] As used herein, the term “rectifying” denotes, inter
alia, that an interface has an asymmetric conduction char-
acteristic, 1.¢., the interface supports electronic charge trans-
port preferably 1n one direction. The term “semiconductor”
denotes materials which can conduct electricity when charge
carriers are induced by thermal or electromagnetic excita-
tion. The term “photoconductive” generally relates to the
process 1n which electromagnetic radiant energy 1s absorbed
and thereby converted to excitation energy of electric charge
carriers so that the carriers can conduct (i.e., transport)
clectric charge in a material. The term *“‘photoconductive
material” refers to semiconductor materials which are uti-
lized for their property of absorbing electromagnetic radia-
tion to generate electric charge carriers. As used herein,
“top” means furthest away from the substrate, while “bot-
tom” means closest to the substrate. There may be 1nterven-
ing layers, unless 1t 1s specified that the first layer 1s “in
physical contact with” the second layer.

[0008] When electromagnetic radiation of an appropriate
energy 1s incident upon an organic semiconductor matenal,
a photon can be absorbed to produce an excited molecular
state. In organic photoconductive materials, the generated
molecular state 1s generally believed to be an “exciton,” 1.e.,
an electron-hole pair in a bound state which 1s transported as
a quasi-particle. An exciton can have an appreciable life-
time before geminate recombination (“quenching”), which
refers to the original electron and hole recombining with
cach other (as opposed to recombination with holes or
clectrons from other pairs). To produce a photocurrent, the
clectron-hole forming the exciton is typically separated at a
rectifying junction.

[0009] In the case of photosensitive devices, the rectifying
junction 1s referred to as a photovoltaic heterojunction.
Types of organic photovoltaic heterojunctions include a
donor-acceptor heterojunction formed at an interface of a
donor material and an acceptor material, and a Schottky-
barrier heterojunction formed at the interface of a photo-
conductive material and a metal.

[0010] FIG. 1 is an energy-level diagram illustrating an
example donor-acceptor heterojunction. In the context of
organic materials, the terms “donor” and “acceptor” refer to
the relative positions of the Highest Occupied Molecular
Orbital (“*HOMO”) and Lowest Unoccupied Molecular
Orbital (“LUMO”) energy levels of two contacting but
different organic materials. If the LUMO energy level of one
material in contact with another 1s lower, then that material
1s an acceptor. Otherwise 1t 1s a donor. It 1s energetically
favorable, 1n the absence of an external bias, for electrons at
a donor-acceptor junction to move into the acceptor mate-
rial.

[0011] As used herein, a first HOMO or LUMO energy
level 1s “greater than™ or “higher than” a second HOMO or
LUMO energy level if the first energy level is closer to the
vacuum energy level 10. A higher HOMO energy level
corresponds to an 1onization potential (“IP”) having a
smaller absolute energy relative to a vacuum level. Simi-
larly, a higher LUMO energy level corresponds to an elec-
tron athnity (“EA”) having a smaller absolute energy rela-
tive to vacuum level. On a conventional energy level
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diagram, with the vacuum level at the top, the LUMO energy
level of a material 1s higher than the HOMO energy level of
the same material.

[0012] After absorption of a photon 6 in the donor 152 or
the acceptor 154 creates an exciton 8, the exciton 8 disas-
sociates at the rectifying interface. The donor 152 transports
the hole (open circle) and the acceptor 154 transports the
clectron (dark circle).

[0013] A significant property in organic semiconductors 1s
carrier mobility. Mobility measures the ease with which a
charge carrier can move through a conducting material 1n
response to an electric field. In the context of organic
photosensitive devices, a material that conducts preferen-
tially by electrons due to a high electron mobility may be
referred to as an electron transport material. A material that
conducts preferentially by holes due to a high hole mobaility
may be referred to as a hole transport material. A layer that
conducts preferentially by electrons, due to mobility and/or
position 1n the device, may be referred to as an electron
transport layer (“ETL”"). A layer that conducts preferentially
by holes, due to mobility and/or position in the device, may
be referred to as a hole transport layer (“HTL”). Preferably,
but not necessarily, an acceptor material 1s an electron
transport material and a donor material 1s a hole transport
material.

[0014] How to pair two organic photoconductive materials
to serve as a donor and an acceptor 1 a photovoltaic
heterojunction based upon carrier mobilities and relative
HOMO and LUMO levels 1s well known 1n the art, and 1s not

addressed here.

[0015] As used herein, the term “organic” includes poly-
meric materials as well as small molecule organic materials
that may be used to Tfabricate organic opto-electronic
devices. “Small molecule™ refers to any organic material that
1s not a polymer, and “small molecules” may actually be
quite large. Small molecules may include repeat units 1n
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 incor-
porated 1nto polymers, for example as a pendent group on a
polymer backbone or as a part of the backbone. Small
molecules may also serve as the core moiety of a dendrimer,
which consists of a series of chemical shells built on the core
moiety. The core moiety of a dendrimer may be a fluorescent
or phosphorescent small molecule emitter. A dendrimer may
be a “small molecule.” In general, a small molecule has a
defined chemical formula with a molecular weight that 1s the
same from molecule to molecule, whereas a polymer has a
defined chemical formula with a molecular weight that may
vary from molecule to molecule. As used herein, “organic™
includes metal complexes of hydrocarbyl and heteroatom-
substituted hydrocarbyl ligands.

[0016] Padinger, et al., Adv. Funct. Mater., 2003, 13,
85-88, reported photovoltaic cells, comprising polymer-
tullerene heterojunctions that reportedly had power conver-
sion efliciencies averaging 3 to 4 percent. Eiliciencies
approaching 5 percent were reportedly also obtained through
variations in the processing techniques. Effliciencies as high
as 4 percent under 4 suns simulated AM1.5G illumination 1n
a double-heterostructure copper phthalocyanine (CuPc)/C,,
thin film cell with Ag as the metal cathode have been

reported by Xue, et al., Appl. Phys. Lett., 2004, 84, 3013-
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3013. PV cells enhanced by stacking two cells 1n series, and
yielding efliciencies exceeding 3.5 percent have also been
reported. Xue, et al., Appl. Phys. Lett. 2004, 85, 5757-3759.

[0017] For additional background explanation and
description of the state of the art for organic photosensitive
devices, including their general construction, characteristics,
materials, and features, U.S. Pat. No. 6,657,378 to Forrest et
al., U.S. Pat. No. 6,580,027 to Forrest et al., and U.S. Pat.
No. 6,352,777 to Bulovic et al. are incorporated herein by
reference.

[0018] Further improvements in the efficiency of organic
photosensitive devices would clearly be advantageous. The
present 1nvention provides such organic photosensitive
devices with improved efliciency.

SUMMARY OF THE INVENTION

[0019] The invention 1s directed to organic photosensitive
optoelectronic devices, comprising an anode, a cathode, and
a donor-acceptor heterojunction between the anode and the
cathode. The heterojunction comprises a donor-like material
and an acceptor-like material, where at least one of the
donor-like material and the acceptor-like material comprises
a subphthalocyanine, a subporphyrin, and/or a subporphyra-
zine compound; and/or the device optionally comprises at
least one of a blocking layer or a charge transport layer,
wherein the blocking layer and/or the charge transport layer
comprises a subphthalocyamne, a subporphyrin, and/or a
subporphyrazine compound.

[0020] The invention is further directed to a method of
preparing a heterojunction, where the heterojunction com-
prises a donor-like material and an acceptor-like material.
The method comprises selecting a donor-like material hav-
ing a LUMO and a HOMO, selecting a subphthalocyanine,
a subporphyrin, or a subporphyrazine material, substituted
with at least one electron withdrawing or electron donating
substituent group, wherein the substituent group modulates
the subphthalocyanine, subporphyrin, or subporphyrazine
material LUMO and HOMO, such that the subphthalocya-
nine, subporphyrin, or subporphyrazine material 1s an accep-
tor-like material for the donor-like material, and forming a
heterojunction from the donor-like and acceptor like mate-
rials; or selecting an acceptor-like material, selecting a
subphthalocyanine, a subporphyrin, or a subporphyrazine
material, substituted with at least one electron withdrawing
or electron donating substituent group, wherein the substitu-
ent group modulates the subphthalocyanine, subporphyrin,
or subporphyrazine material LUMO and HOMO, such that
the subphthalocyanine, subporphyrin, or subporphyrazine
material 1s a donor-like maternial for the acceptor-like mate-
rial, and forming a heterojunction from the donor-like and
acceptor like materials.

BRIEF DESCRIPTION OF THE DRAWINGS

10021] FIG. 1 is an energy level diagram illustrating a
donor-acceptor heterojunction;

10022] FIG. 2 illustrates an organic photosensitive device
including a donor-acceptor heterojunction;

10023] FIG. 3 illustrates a donor-acceptor bilayer forming
a planar heterojunction;

10024] FIG. 4 illustrates a hybrid heterojunction including
a mixed heterojunction between a donor layer and an
acceptor layer;
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0025] FIG. 5 illustrates a bulk heterojunction;

10026] FIG. 6 illustrates an organic photosensitive device
including a Schottky-barrier heterojunction;

10027] FIG. 7 illustrates tandem photosensitive cells in
series;

[0028] FIG. 8 illustrates tandem photosensitive cells in
parallel;

10029] FIG. 9 illustrates a schematic energy level diagram
for devices with CuPc and SubPc donor layers;

[0030] FIG. 10 illustrates absorbance spectra of stacked
CuPc (200 A)/C,, (400 AYBCP (100 A) films on quartz and

of SubPc, (130 A)/C,, (325 AYBCP (100 A) films on
quartz;

10031] FIG. 11 illustrates the use of a subphthalocyanine
compound as an acceptor-like matenal;

10032] FIG. 12 illustrates J-V characteristics of ITO/CuPc
(200 AYC,, (400 A)/BCP (100 A)Al (1000 A) and 1TO/

SubPc (130 A)/C,, (325 AYBCP (100 A)/Al (1000 A) under
1 sun AM 1.5G simulated i1llumination and in the dark;

10033] FIG. 13 illustrates J-V characteristics of an ITO/
SubPc,,, (130 A)/C., (325 A)/BCP (100 A)/Al (1000 A)
device (SubPc4) under AM1.5G simulated solar 1llumina-

tion at 1-5 suns; and

10034] FIG. 14 illustrates J-V characteristics of ITO/CuPc
(200 A)/SubPc (130 A)/BCP (100 A)Al (1000 A) under 1
sun AM1.5G simulated illumination and 1n the dark.

[0035] The figures are not necessarily drawn to scale.

DETAILED DESCRIPTION

[0036] An organic photosensitive device comprises at
least one photoactive region 1 which light 1s absorbed to
form an exciton, which may subsequently dissociate into an
clectron and a hole. FIG. 2 shows an example of an organic
photosensitive optoelectronic device 100 1n which the pho-
toactive region 150 comprises a donor-acceptor heterojunc-
tion. The “photoactive region” 1s a portion ol a photosen-
sitive device that absorbs electromagnetic radiation to
generate excitons that may dissociate in order to generate an
clectrical current. Device 100 comprises an anode 120, an

anode smoothing layer 122, a donor 152, an acceptor 154, an
exciton blocking layer (“EBL”) 156, and a cathode 170, over

a substrate 110.

[0037] Examples of EBL 156 are described in U.S. Pat.
No. 6,451,415 to Forrest et al., which 1s incorporated herein
by reference for its disclosure related to EBLs. Additional
background explanation of EBLs may also be found in
Peumans et al., “Eilicient photon harvesting at high optical
intensities 1n ultra-thin organic double-heterostructure pho-
tovoltaic diodes,”Applied Physics Letters 76, 26350-52
(2000). EBLs reduce quenching by preventing excitons from
migrating out of the donor and/or acceptor materials.

[0038] The terms “electrode” and “contact” are used inter-
changeably herein to refer to a layer that provides a medium
for delivering photo-generated current to an external circuit
or providing a bias current or voltage to the device. As
illustrated in FIG. 2, anode 120 and cathode 170 are
examples. Electrodes may be composed of metals or “metal
substitutes.” Herein the term “metal” 1s used to embrace
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both materials composed of an elementally pure metal, and
also metal alloys which are materials composed of two or
more elementally pure metals. The term “metal substitute”™
refers to a material that 1s not a metal within the normal
definition, but which has the metal-like properties such as
conductivity, such as doped wide-bandgap semiconductors,
degenerate semiconductors, conducting oxides, and conduc-
tive polymers. Electrodes may comprise a single layer or
multiple layers (a “compound” electrode), may be transpar-
ent, semi-transparent, or opaque. Examples of electrodes
and electrode matenals include those disclosed 1n U.S. Pat.
No. 6,352,777 to Bulovic et al., and U.S. Pat. No. 6,420,031,
to Parthasarathy, et al., each incorporated herein by refer-
ence for disclosure of these respective features. As used
herein, a layer 1s said to be “transparent” if i1t transmits at
least 50 percent of the ambient electromagnetic radiation 1n
a relevant wavelength.

[0039] The substrate 110 may be any suitable substrate
that provides desired structural properties. The substrate
may be tlexible or rigid, planar or non-planar. The substrate
may be transparent, translucent, or opaque. Rigid plastics
and glass are examples of preferred rigid substrate materials.
Flexible plastics and metal foils are examples of preferred
flexible substrate matenals.

[0040] An anode-smoothing layer 122 may be situated
between the anode layer 120 and the donor layer 152.
Anode-smoothing layers are described i U.S. Pat. No.

6,657,378 to Forrest et al., incorporated herein by reference
for its disclosure related to this feature.

[0041] InFIG. 2, the photoactive region 150 comprises the
donor material 152 and the acceptor material 154. Organic
materials for use 1n the photoactive region may include
organometallic compounds, including cyclometallated orga-
nometallic compounds. The term “organometallic” as used
herein 1s as generally understood by one of ordinary skill in
the art and as given, for example, 1n Chapter 13 of “Inor-

ganic Chemistry” (2nd Edition) by Gary L. Miessler and
Donald A. Tarr, Prentice Hall (1999).

[0042] Organic layers may be fabricated using vacuum
deposition, spin coating, organic vapor-phase deposition,
inkjet printing, and other methods known 1n the art.

10043] Examples of various types of donor-acceptor het-
crojunctions are shown in FIGS. 3-5. FIG. 3 illustrates a
donor-acceptor bilayer forming a planar heterojunction.
FIG. 4 illustrates a hybrid heterojunction including a mixed
heterojunction 153 comprising a mixture of donor and
acceptor materials. FIG. 5 illustrates an i1dealized “bulk™
heterojunction. A bulk heterojunction, in the ideal photocur-
rent case, has a single continuous interface between the
donor material 252 and the acceptor material 254, although
multiple interfaces typically exist in actual devices. Mixed
and bulk heterojunctions can have multiple donor-acceptor
interfaces as a result of having plural domains of materal.
Domains that are surrounded by the opposite-type material
(e.g., a domain of donor material surrounded by acceptor
material) may be electrically 1solated, such that these
domains do not contribute to photocurrent. Other domains
may be connected by percolation pathways (continuous
photocurrent pathways), such that these other domains may
contribute to photocurrent. The distinction between a mixed
and a bulk heterojunction lies 1n degrees of phase separation
between donor and acceptor materials. In a mixed hetero-
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junction, there 1s very little or no phase separation (the
domains are very small, e.g., less than a few nanometers),
whereas 1n a bulk heterojunction, there i1s significant phase
separation (e.g., forming domains with sizes of a few
nanometers to 100 nm).

[0044] Small-molecule mixed heterojunctions may be
formed, for example, by co-deposition of the donor and
acceptor materials using vacuum deposition or vapor depo-
sition. Small-molecule bulk heterojunctions may be formed,
for example, by controlled growth, co-deposition with post-
deposition annealing, or solution processing. Polymer mixed
or bulk heterojunctions may be formed, for example, by
solution processing of polymer blends of donor and acceptor
materials.

[0045] If a photoactive region includes a mixed layer
(153) or bulk layers (252, 254) and one or both of the donor
(152) and acceptor layers (154), the photoactive region 1s
said to mnclude a “hybrid” heterojunction. The arrangement
of layers in FIG. 4 1s an example. For additional explanation
of hybrid heterojunctions, Published U.S. Patent Application
2005/0224113 Al, entitled “High elliciency organic photo-
voltaic cells employing hybridized mixed-planar heterojunc-
tions” by Jiangeng Xue et al., published Oct. 13, 2005, 1s
hereby incorporated by reference.

10046] In general, planar heterojunctions have good car-
rier conduction, but poor exciton dissociation; a mixed layer
has poor carrier conduction and good exciton dissociation,
and a bulk heterojunction has good carrier conduction and
good exciton dissociation, but may experience charge build-
up at the end of the material *“cul-de-sacs,” lowering efli-
ciency. Unless otherwise stated, planar, mixed, bulk, and
hybrid heterojunctions may be used interchangeably as
donor-acceptor heterojunctions throughout the embodiments
disclosed herein.

10047] FIG. 6 shows an example of an organic photosen-
sitive optoelectronic device 300 in which the photoactive
region 350 1s part of a Schottky-barrier heterojunction.
Device 300 comprises a transparent contact 320, a photo-
active region 350 comprising an organic photoconductive
material 358, and a Schottky contact 370. The Schottky
contact 370 1s typically formed as a metal layer. If the
photoconductive layer 358 1s an E'TL, a high work function
metal such as gold may be used, whereas 11 the photocon-
ductive layer 1s an HTL, a low work function metal such as
aluminum, magnesium, or mndium may be used. In a Schot-
tky-barrier cell, a built-in electric field associated with the
Schottky barrier pulls the electron and hole in an exciton
apart. Generally, this field-assisted exciton dissociation 1is
not as eflicient as the disassociation at a donor-acceptor
interface.

[0048] The devices as illustrated may be connected to an
clement 190. It the device 1s a photovoltaic device, element
190 1s a resistive load which consumes or stores power. I the
device 1s a photodetector, element 190 1s a current detecting
circuit which measures the current generated when the
photodetector 1s exposed to light, and which may apply a
bias to the device (as described for example in Published
U.S. Patent Application 2005-0110007 Al, published May
26, 2005 to Forrest et al.). If the rectifying junction 1is
climinated from the device (e.g., using a single photocon-
ductive material as the photoactive region), the resulting
structures may be used as a photoconductor cell, 1n which
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case the element 190 1s a signal detection circuit to monitor
changes in resistance across the device due to the absorption
of light. Unless otherwise stated, each of these arrangements
and modifications may be used for the devices 1n each of the
drawings and embodiments disclosed herein.

[0049] An organic photosensitive optoelectronic device
may also comprise transparent charge transier layers, elec-
trodes, or charge recombination zones. A charge transier
layer may be organic or inorganic, and may or may not be
photoconductively active. A charge transfer layer i1s similar
to an electrode, but does not have an electrical connection
external to the device and only delivers charge carriers from
one subsection of an optoelectronic device to the adjacent
subsection. A charge recombination zone 1s similar to a
charge transfer layer, but allows for the recombination of
clectrons and holes between adjacent subsections of an
optoelectronic device. A charge recombination zone may
include semi-transparent metal or metal substitute recombi-
nation centers comprising nanoclusters, nanoparticles, and/
or nanorods, as described for example in U.S. Pat. No.
6,657,378 to Forrest et al.; Published U.S. Patent Applica-
tion 2006-0032529 Al, entitled “Organic Photosensitive
Devices” by Rand et al., published Feb. 16, 2006; and
Published U.S. Patent Application 2006-0027802 Al,
entitled “Stacked Organic Photosensitive Devices” by For-
rest et al., published Feb. 9, 2006; each incorporated herein
by reference for its disclosure of recombination zone mate-
rials and structures. A charge recombination zone may or
may not include a transparent matrix layer in which the
recombination centers are embedded. A charge transier
layer, electrode, or charge recombination zone may serve as
a cathode and/or an anode of subsections of the optoelec-
tronic device. An electrode or charge transfer layer may
serve as a Schottky contact.

[0050] FIGS. 7 and 8 illustrate examples of tandem
devices including such transparent charge transfer layers,
clectrodes, and charge recombination zones. In device 400,
in FIG. 7, photoactive regions 150 and 150' are stacked
clectrically 1n series with an intervening conductive region
460. As 1illustrated without external electrical connections,
intervening conductive region 460 may be a charge recom-
bination zone or may be a charge transfer layer. As a
recombination zone, region 460 comprises recombination
centers 461 with or without a transparent matrix layer. If
there 1s no matrix layer, the arrangement of material forming
the zone may not be continuous across the reglon 460.

Device 500, in FIG. 8, illustrates photoactive regions 150
and 150" stacked electrlcally in parallel, with the top cell
being 1n an inverted configuration (i.e., cathode-down). In
cach of FIGS. 7 and 8, the photoactive regions 150 and 150
and blocking layers 156 and 156' may be formed out of the
same respective materials, or different materials, depending
upon the application. L1kew1se photoactive regions 150 and
150" may be a same type (1.e., planar, mixed, bulk, hybrid)
ol heterojunction, or may be of different types.

[0051] In each of the devices described above, layers may
be omitted, such as the exciton blocking layers. Other layers
may be added, such as reflective layers or additional pho-
toactive regions. The order of layers may be altered or
inverted. A concentrator or trapping configuration may be
employed to increase efliciency, as disclosed, for example 1n
U.S. Pat. No. 6,333,458 to Forrest et al. and U.S. Pat. No.

6,440,769 to Peumans et al., which are incorporated herein
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by reference. Coatings may be used to focus optical energy
into desired regions of a device, as disclosed, for example 1n
Published US Patent Application No. 2003-0266218 Al,
entitled “A periodic dielectric multilayer stack™ by Peumans
et al., published Dec. 1, 2005, which 1s incorporated herein
by reference. In the tandem devices, transparent insulative
layers may be formed between cells, with the electrical
connection between the cells being provided via electrodes.
In addition, 1n the tandem devices, one or more of the
photoactive regions may be a Schottky-barrier heterojunc-
tion instead of a donor-acceptor heterojunction. Arrange-
ments other than those specifically described may be used.

[0052] As used herein, the terms “subphthalocyanine com-
pounds” and “SubPc¢” refer to compounds of formula

where R, to R, ,, M, and X are each selected independently.
R, to R, , may be electron withdrawing or electron donating,
and are preferably independently selected from the group
consisting of H, straight, branched, or cyclic alkyl, halide,
thioalkyl (e.g., SC.H,-) thioaryl (e.g., SC.H:), arylsulfonyl
(e.g. SO,C.H;), alkylsutonyl (e.g., SO,C.H,,), amino,
alkylamino, arylamino, hydroxy, alkoxy, acylamino, acy-
loxy, phenyl, carboxy, carboxoamido, carboalkoxy, acvl,
sulfonyl, cyano, nitro, and related electron accepting and
donating groups, well known to those skilled in the art. In
addition, any two adjacent R groups (R, to R,,) can be part
of a fused aromatic (1including heterocyclic) ring, M 1s boron
or a divalent metal, such as Be or Mg, or a trivalent metal,
such as Al or Ga, and X 1s an anionic group, such as halide
(fluoride, chloride, bromide, or 10dide), alkoxy, phenoxy,
hydroxy, aryl, phenyl, and OCOCR,;R;.R,-, where R, ;,
R,.,, and R, may be eclectron withdrawing or electron
donating, and are preferably independently selected from the
group consisting of H, straight, branched, or cyclic alkyl,
halide, thioalkyl (e.g., SC.H, -) thioaryl (e.g., SC,H;), aryl-
sulfonyl (e.g. SO,C.H.), alkylsufonyl (e.g., SO,C.H,-),
amino, alkylamino, arylamino, hydroxy, alkoxy, acylamino,
acyloxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, nitro, and related electron accepting and
donating groups, well known to those skilled in the art.
Preferably, M 1s B or Al, and, most preferably, M 1s B. Any
of R, to R, that are adjacent can be part of a fused aliphatic
or aromatic ring, where the ring may contain one or more
atoms other than carbon, such as N, O, and S.

[0053] As used herein, “SubPc,.,” refers to boron sub-
phthalocyanine chloride, a SubPc compound in which M 1s
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B, X 1s Cl, and each of R, to R,, 1s H. Subphthalocyanine
compounds may be prepared using the processes disclosed
by Geyer et al., Subphthalocyvanines: Preparation, Reactiv-
ity and Physical Properties, Synthesis, September 1996,

1139-51, Rauschnabel et al., New Derivatives and Homo-
logues of Subphthalocyanine, Tetrahedron Letters, 36, 1995,
1629-32, the contents of which are incorporated herein by
reference in their entirety.

[0054] Also, as used herein, the terms “subporphyrin,
~*subporphyrin compound,” and “SubPor compound” refer
to compounds of formula

where R, to R,,, M, X, and Z are each selected indepen-
dently, R, to R,,, M, and X are as defined above, and Z is
N, CH, CR,,, where R, . 1s may be electron withdrawing or
clectron donating, and is preferably independently selected
from the group consisting of H, straight, branched, or cyclic
alkyl, halide, thioalkyl (e.g., SC,H, ) thioaryl (e.g., SC.H.),
arylsultonyl (e.g. SO,CH.), alkylsutonyl (e.g., SO,C.H, -),
amino, alkylamino, arylamino, hydroxy, alkoxy, acylamino,
acyloxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, nitro, and related electron accepting and
donating groups, well known to those skilled in the art.
Subporphyrin compounds are preferably prepared using the
synthesis disclosed by Inokuma et al., Tribenzosubporphine:
Synthesis and Characterization, Angew. Chem. Int. Ed.,
2006, 45, 961-64, the contents of which are incorporated
herein 1n their entirety by reference.

[0055] As used herein, the terms “subporphyrazine” and
“subporphyrazine compounds™ refer to compounds of for-
mula:

NN,
o
~nT Sy \
Rs \ S —— R,
/
R R,
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where R, to R, M, X, and Z are each selected indepen-
dently, R, to R, M, and X are as defined above, and Z 1s N,
CH, CR,,, where R, 1s where R, 1s may be electron
withdrawing or electron donating, and 1s preferably inde-
pendently selected from the group consisting of H, straight,
branched, or cyclic alkyl, halide, thioalkyl (e.g., SC.H, )
thioaryl (e.g., SC.H;), arylsulfonyl (e.g., SO,CH.), alkyl-
sutonyl (e.g., SO,C.H,-), amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, nitro, and
related electron accepting and donating groups, well known
to those skilled in the art. However, if any adjacent pairs of
R, to R, are part of a fused aromatic ring system, the
compound 1s a subphthalocyanine or subporphyrin, not a
subporphyrazine. Subporphyrazine compounds are prefer-
ably prepared using the synthesis disclosed by Rodrigues-
Morgade, et al., Synthesis, Characterization, and Properties
of Subporphyrazines: A New Class of Nonplanar, Avomatic

Macrocycles with Absorption in the Green Region, Che.

Euro. J., 2005, 11, 354-360, the contents of which are
incorporated herein 1n their entirety by reference.

[0056] Examples of subphthalocyanine compounds useful
in the invention include, but are not limited to

-continued
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— where R, to R,,, M, and X are as defined above.

> [0057] Krempl et al., Synthesis 2000, 1705-8, the contents
\ / \ / of which are incorporated herein by reference in their

entirety, disclose reacting hexacyanotriphenylene,

NC\ - /CN
\ /

NC CN

with a phthalocyanine to prepare spherical phthalocyanine
molecules, such as compounds having the following struc-
ture.

The same technique can be used to prepare oligomeric
sheets of SubPc and SubPor compounds, such as a hexacy

anotriphenylene SubPcy~,, having the following partial
structure.
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Where the SubPc oligomer 1s sufliciently large, 1.e., com-
prising a suflicient number of SubPc units, the oligomer will
be substantially spherical. Similar subporphyrazine oligo-
meric sheets of can be prepared using the same technique.

|0058] The invention is directed to organic photosensitive
optoelectronic devices, comprising an anode, a cathode, and
a donor-acceptor heterojunction between the anode and the
cathode. The heterojunction comprises a donor-like material
and an acceptor-like material, and at least one of the donor-
like material and the acceptor-like material comprises a
subphthalocyanine, subporphyrin, and/or subporphyrazine
compound; and/or the device optionally comprises at least
one of a blocking layer or a charge transport layer, wherein
the blocking layer and/or the charge transport layer com-
prises a subphthalocyanine, a subporphyrin, and/or a sub-
porphyrazine compound. In accordance with the invention,
photosensitive optoelectronic devices in which subphthalo-
cyanine, subporphyrin, and/or subporphyrazine compounds
may be used as donor-like and/or acceptor-like materials
include, but are not limited to, solar cells, photodetectors,
and photosensors. Heterojunctions useful 1n the devices of
the mvention include, but are not limited to planar hetero-
junctions, mixed heterojunctions, bulk heterojunctions, and
hybrid planar-mixed molecular heterojunctions.

[0059] A figure of merit for PV devices is the fill factor,
FF, which 1s defined 1n U.S. Pat. No. 6,451,415, the contents

of which are incorporated herein 1n their entirety by refer-
ence, as:

FF:(J }{.Vmax)/(JSC.VC}C) (1)

IT1a

where J . and V_,__ are the maximum current and voltage
obtainable from the device, I . 1s the short-circuit current

density, and V4 1s the open-circuit voltage. The fill factor,
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FF, 1s always less than 1, as J. and V. cannot be obtained
simultaneously 1n actual use. However, as FF approaches 1,
the series or internal resistance of the device decreases, and,
thus, the device delivers a greater percentage of the product
of Jo~ and V. to the load under optimal conditions.

[0060] The power conversion efficiency of a PV device,
Np, 1S a Tunction of the V__, J__, and FF wia:

8 led SC2

Np=(Jsc Vo ITVE, (2)
where P 1s the incident optical power. As FF 1s a function
ol the series resistance, 1t typically has a value of from about
0.5 to about 0.65 for small molecular weight organic PV
devices. The value of J__ 1s a function of the overlap between
the absorption spectrum of the organic donor-like and accep-
tor-like materials in the device and the solar spectrum, as
well as the magnitudes of the extinction coeflicients and the
thicknesses of the absorbing layers. However, enhanced
spectral overlap 1s preferably provided without a significant
loss 1n exciton diffusion length or in the charge transport
properties ol the materials. Typically, the value of V__ 1s
about 500 mV at 1 sun for a conventional CuPc/C,, PV cell,
which 1s significantly less than the energy of the absorbed
photon, 1.e., about 2 eV. An increase 1n V__ without a
significant corresponding decrease in J_. or FF would pro-
vide a significant improvement in 1. However, prior to the
present invention, 1t was ditlicult, 1if not impossible, to obtain
a significant increase 1n the value of V__ without an accom-
panying decrease in J__ and/or FF, limiting any improvement
1N MNop.

[0061] Without being bound by theory, it is believed that
the value of V__ 1n an organic photosensitive optoelectronic
device, such as an organic solar cell, depends on the energy
difference between the lowest unoccupied molecular orbital
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(LUMO) of the acceptor-like material and the highest occu-
pied molecular orbital (HOMO) of the donor-like material at
the heterointerface 1n a bilayer cell, referred to herein as the
interface gap, I, as illustrated in FIG. 9. Preferably, in
organic photosensitive optoelectronic devices of the mnven-
tion, a significantly greater interface gap is attained with a
subphthalocyanine, subporphyrin, and/or subporphyrazine
material, particularly when the subphthalocyanine, subpor-
phyrin, and/or subporphyrazine compound 1s used as the
donor-like material, than can be attained 1n devices using
prior art materials. For example, a double heterostructure
SubPc__/Cgq thin-film cell has an I, of 1.9 eV, compared to
1.5 eV for a CuPc/C, cell. The value of V__ of the SubPc,
cell 1s also 1ncreased by approximately the same magnitude,
indicating that the value of V__ may be a tunction of I,.

[0062] Such a double heterojunction SubPcn~/C,, thin-
film PV cell provides at least about twice the V__ and ny of
a conventional copper phthalocyanine (CuPc)/C,, PV cell
without a corresponding decrease i J_ . and/or FF. The
increased values of V__ and m, result from an increase 1n the
value ot I, as a result of the increased oxidation potential of
the SubPc compound relative to CuPc.
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[0063] Substitution of the peripheral substituents on a
subphthalocyanine, subporphyrin, or subporphyrazine com-
pound changes the redox properties of the material, modu-
lating the LUMO and HOMO energies of the complex. As
the excited state 1s largely ligand based, 1n the m-system, the
R group directly affects the absorption and emission ener-
gies ol a subphthalocyanine, subporphyrin, or subporphyra-
zine compound as well. Generally, electron withdrawing
groups would be expected to stabilize the HOMO and
LUMO levels, lowering the absolute value of the reduction

potential (they typically fall at negative potentials relative to
common references), and increase the oxidation potential,
thereby moving the HOMO and LUMO energies further
from the vacuum level (in energy). In contrast, electron
donating groups would be generally expected to destabilize
the HOMO and LUMO levels, shifting the HOMO and
LUMO levels closer to the vacuum level, relative to the
analogous unsubstituted material. However, the HOMO and
LUMO levels are not necessarily atfected equally. Physical
properties published for boron subphthalocyanine chloride
analogues with peripheral substitution and boron subnaph-
thalocyanine chloride (SubNc) are provided in Table 1.

TABLE 1
AE
(singlet-
to- red. OX.
Peripheral R group  Abs Ay amy € (10* Mt em™) Eq kI/mol)  ¢r T, (NIS) Et (kl/mol) ¢ tp(us) trplet) (V) (V)
H 564 6.30 209 0.25 3.3 175 0.62 82 30-40 -1.05 1.04
SubNc 663 7.94 0.22 2.5 130 0.68- 95 42
0.78 kJ/mol
t-Butyl® 570 5.01 209 0.16 2.8 166 0.55 127 -1.11  0.98
NO,? 586 3.16 203 0.20 3.2 154 0.49 109 -0.57 1.34
I? 572 5.01 208 0.01 <0.5 169 0.77 56 -0.92 1.13
SCH,* 586 3.16 202 0.25 2.8 173 0.62 130 -1.09  0.95
SO,CgH, 573 3.16 207 0.18 3.1 162 0.25 144 -0.70  1.27
p-tolythio® 606 7.94 195 0.24 2.9 164 0.69 157 -0.97 1.02
p-tolysulfonyl® 591 3.98 200 0.23 2.9 152 0.42 132 -0.78 1.29
E© 570 51to 8 <3 -0.53  1.50

Trisubstituted 1n the meta position
PHexasubstituted
“Dodecasubstituted

R

(b)
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TABLE 1-continued

Peripheral R group Abs A

max {(nm)

e (10°Mtem™) Eg (kI/mol)

Modulating the LUMO and HOMO energies allows the
donor and acceptor energies of subphthalocyanine and sub-
porphyrin compounds to be tuned for a given application. As
a result, 1 the organic photosensitive optoelectronic device
devices of the mvention, compounds can be utilized as at
least one of the donor-like and the acceptor-like materials by
energy matching the subphthalocyanine, subporphyrin, and/
or subporphyrazine material with an acceptor-like or donor-
like material, and tailoring I, and V__ for a specific appli-
cation.

[0064] Without being bound by theory, it 1s also believed
that the dipole moment of a molecule may cause charge
trapping by the dipole. For example, 1n boron subphthalo-
cyanine chloride, which has an axial chlorine substituent, the
dipole moment of the subphthalocyanine compound may
contribute to decreased charge transport and increased series
resistance 1n thicker layers of the subphthalocyanine com-
pound 1n an organic photosensitive optoelectronic device.
The axial substituent has negligible 1impact on the redox
properties of the subphthalocyanine or subporphyrin mate-
rial, as shown 1n Table 2 for SubPc compounds 1n which M
1s B, and each of R, to R, 1s H, indicating that X 1s not part
of the m-system, and, thus, has only a second order effect on
the HOMO, LUMO, and excited state energies through M.
The axial substituent does intluence how subphthalocyanine,
subporphyrin, and subporphyrazine compounds pack 1n a
film. However, appropriate substitution of the axial substitu-
ent that decreases the dipole moment of a subphthalocya-
nine, subporphyrin, or subporphyrazine compound, and 1s
expected to increase the charge transport rate, due to a lower
level of dipolar charge trapping. Axial groups that are less
clectron withdrawing will generally provide a subphthalo-
cyanine, subporphyrin, or subporphyrazine complex having
a lower dipole moment. Increased charge transport in the
subphthalocyanine, subporphyrin, or subporphyrazine mate-
rial allows the use of thicker subphthalocyamne, subporphy-
rin, and/or subporphyrazine layers 1in organic photosensitive
optoelectronic devices. In PV cells, thicker subphthalocya-
nine, subporphyrin, and/or subporphyrazine layers will

AE
(singlet-
to- red. 0X.
E+ (kl/mol) P triplet) (V) (V)

Tg (ns) T (us)

X
F

SubNc / \

result in increased J_ . and 1,. In addition, substitution at the
peripheral or axial positions may also aflect the packing of
the SubPc 1n thin films, and subsequently affect the transport
properties of the film.

TABLE 2
Oxidation Potential Reduction Potential
X (V) (V)
Cl 0.69 —1.40
OFEt 0.71 -1.46
O-tert-butyl 0.58 -1.46

[0065] A lower dipole moment also decreases the likeli-
hood of crystallization of the complex, which can have a
deleterious eflfect on the performance of an organic photo-
sensitive optoelectronic device, when the device 1s fabri-
cated with a largely amorphous film. A crystalline film 1s
advantageous. However, crystallization after a device 1is
fabricated will result in a decrease 1n at least one of the
performance or lifetime of the device, and a high dipole
moment facilitates the crystallization.

[0066] While CuPc i1s a planar compound with an 18-
clectron phthalocyanine macrocycle, unsubstituted subph-
thalocyanine and subporphyrin compounds comprise three
fused aromatic rings centered on a trivalent core, such as
boron or a divalent or trivalent metal. The resulting 147t-
clectron aromatic macrocycle has a non-planar, cone-shaped
structure with a tetrahedral boron or a divalent or trivalent
metal center out of plane of the aromatic ligand, and packs
in a number of different orientations, depending on the
deposition conditions. As will be understood by those skilled
in the art, the addition of fused aromatic rings to the rings of
the aromatic macrocycle will increase the number of elec-
trons 1n the m-system of the complex. Extending the m-sys-
tem will result 1n delocalization, making 1t behave similarly
to a subphthalocyanine or subporphyrin compound substi-
tuted with an electron withdrawing group. That 1s, extending
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the m-system would be expected to lower the reduction
potential, and raise the oxidation potential, thereby lowering,
the HOMO and LUMO levels. For example, there 1s a
red-shift 1n the absorption spectrum for SubNc relative to
SubPcy .

[0067] With strong absorption in the visible and extinction
coellicients similar to CuPc, subphthalocyanine and subpor-
phyrin compounds will function as a donor-like material.
The first oxidation and reduction potentials of SubPcy, are
0.69 V and -1.40 V, compared to a ferrocene (Fc/Fc™)
reference. Thus, C,, having oxidation and reduction poten-
tials 0of 1.26 V and -1.06 V, compared to Fc¢/Fc™, 1s suitable
as an acceptor material 1n a PV cell based on SubPc,,. A
comparison of the absorbance spectra of stacked CuPc (200
A)/C., (400 AYBCP (100 A) films on quartz and of Sub-
Pc., (130 A)/C,, (325 A)/BCP (100 A) films on quartz is
illustrated 1n FIG. 10. With appropriate substitution, the
HOMO and LUMO energies of SubPc compounds can be
adjusted for use as donor-like materials 1n particular appli-
cations.

[0068] Similarly, a comparison of the HOMO and LUMO
energies of CuPc and boron subphthalocyanine chloride, as
illustrated 1n FIG. 11, shows that the subphthalocyanine

compound 1s a suitable acceptor-like material with CuPc as
a donor-like material. As with donor-like materials, with
appropriate substitution, the HOMO and LUMO energies of
SubPc compounds can be adjusted for use as acceptor-like
materials 1 particular applications.

EXAMPLES

[0069] The following non-limiting examples are merely
illustrative of the preferred embodiments of the present
invention, and are not to be construed as limiting the
invention, the scope of which 1s defined by the appended
claims.

[0070] Boron subphthalocyanine chloride has been incor-
porated 1nto an organic PV cell as donor-like material with
Ceo as acceptor-like material and exhibits doubling of open
circuit voltage and power conversion efliciency relative to a

CuPc/C60 standard device.

[0071] Photovoltaic cells were grown on I'TO-coated glass
substrates that were solvent cleaned, and treated in UV-
ozone for 10 minutes immediately prior to loading nto a
high vacuum (~3x107° Torr) chamber. The organic materi-
als, SubPc (Aldrich), CuPc (Aldrich), C,, (MTR Limited),
and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)
(Aldrich) were purified by sublimation prior to use. Metal
cathode materials, Ag and Al (Alfa Aesar) were used as
received. Materials were sequentially grown by vacuum
thermal evaporation at the following rates: SubPc (1 A/sec),
C., (2 A/sec), and 2,9-dimethyl-4,7-diphenyl-1,10-phenan-
throline (BCP) (1.5 A/sec) and metals: 1000 A thick Ag (4
A/sec) or Al (2.5 A/sec). The cathode was evaporated
through a shadow mask with 1 mm diameter openings.
Current-voltage (J-V) characteristics of PV cells were mea-
sured under simulated AM1.5G solar illumination (Oriel
Instruments) using a Keithley 2420 3A Source Meter. Neu-
tral density filters were used to vary light intensity that was
measured with a calibrated broadband optical power meter.

10072] Conventional PV cell structures fabricated as con-
trols were ITO/CuPc (200 A)/C,, (400 AYBCP (100 A) with
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either a Ag (CuPcl) or Al cathode (CuPc2). The SubPcy
cells consisted of ITO/SubPc,, (200 A)/C,, (400 A)/BCP
(100 A) and a Ag (SubPcl) or Al (SubPc2) cathode. The
current-density vs. voltage (J-V) characteristics were mea-
sured 1n the dark and under 1-5 suns AMI1.5G simulated
illumination uncorrected for solar mismatch.

[0073] Although standard devices are made with 200 A of
CuPc, the SubPc devices at 200 A of SubPc showed poor
performance. This 1s likely due to a high series resistance
which suggests that thinner donor layers are necessary for
optimal device performance. Since SubPc absorbs at shorter
wavelengths than CuPc, an optimal cell structure requires a
corresponding decrease in C,, thickness to ensure that the
SubPc/C_ 1nterface 1s located 1n a region where the short
wavelength light 1ntensity 1s highest. Following this crite-
rion, devices with the following structure were fabricated:
ITO/SubPc (130 A)/C,, (325 A)/BCP (100 A) with a Ag or
Al cathode. As described above, organic photosensitive
devices of the present invention may be used to generate
clectrical power from 1incident electromagnetic radiation
(e.g., photovoltaic devices) or may be used to detect incident
clectromagnetic radiation (e.g., a photodetector or photo-
conductor cell).

[0074] Structure and photovoltaic data for devices 1llumi-
nated under 1 sun AM1.5G simulated solar illumination and

the J-V characteristics for the devices at 1 sun are provided
in Table 3. The V__ of SubPc1 and SubPc2 1s 150 mV higher

than for CuPc cells, although both J__. and FF are reduced,
resulting 1n a reduced power efliciency. This 1s likely due to
a high series resistance which suggests that thinner donor
layers are necessary for optimal device performance. As
SubPc_absorbs at shorter wavelengths than CuPe, an opti-
mal cell structure requires a corresponding decrease in Cg,
thickness to ensure that the SubPc,/C,, interface 1s located
in a region where the short wavelength light intensity 1is

highest. Following this criterion, a device with the following,
structure was fabricated: ITO/SubPc,; (130 A)/C,, (325

AYBCP (100 A) with a Ag (SubPc3) or Al (SubPc4)
cathode.

TABLE 3
D/CED Jae V:::e

Cell (A) M€ (MA cm™) (V) FF M
CuPcl 2009400 Ag 4.13 0.43 0.61 1.2
CuPc?2 200%/400 Al 3.07 0.42 0.58 0.9
SubPcl 200%/400 Ag 2.05 0.57 0.33 0.4
SubPc? 200%/400 Al 1.83 0.58 0.36 0.4
SubPc3 130%/325 Ag 3.61 0.98 0.41 1.7
SubPc4 130%/325 Al 3.36 0.97 0.57 2.1
‘D = CuPc

bD —_ SUbPCBCI

°M is the cathode material

[0075] The J-V characteristics of SubPc4 and CuPc2 are
shown in FIG. 12, with the ITO/CuPc (200 A)/C., (400
A)/BCP (100 A)/Al (1000 A) represented by the open circles
and the ITO/SubPc (130 A)/C,, (325 A)/BCP (100 A)/Al
(1000 A) represented by filled circles under 1 sun AM1.5G
simulated 1llumination (solid) and 1n the dark (dashed). In
this case, V__ of SubPc4 1s more than double that of CuPc?2,
accompanied by a nearly 10 percent increase in J_..
Although the SubPc absorption 1s blue-shifted relative to
that of CuPc with a decreased absorbance at A=700 nm, as
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illustrated 1n FIG. 10, this 1s compensated by the increased
absorbance at A=590 nm, which 1s 1 a higher intensity
region of the solar spectrum. V__. and FF of SubPc4 are
nearly independent of light intensity between 1 and 5 suns,
as 1llustrated 1n FIG. 13, while the power conversion efli-
ciency achieves a maximum value of 1,=2.1+0.2 percent at
1 sun. The photovoltaic data for the I'TO/SubPcy, (130
A)/Cm (325 A)YBCP (100 A)YAl (1000 A) device under
AM1.5G simulated solar illumination at 1-5 suns 1s also set
torth 1n Table 4.

TABLE 4
]SC VDC
Power (mA cm ™) (V) FF M
1 Sun 3.4 0.97 0.58 2.1
2 Sun 5.6 0.97 0.57 1.7
3 Sun 8.6 0.97 0.56 1.6
4 Sun 10.8 0.96 0.55 1.6
5 Sun 13.6 0.94 0.54 1.5

[0076] Photovoltaic data for devices having varying thick-
nesses of the SubPC,,, layer in an ITO/SubPC,, ., (x A)/C,,

(325 AYBCP (100 A)/ Al (1000 A) device under AM1.5G
simulated solar 1llumination at 1 sun are provided in Table

J.
TABLE 5
X JSC VDC
(A) (mA cm™) (V) FF "
100 3.07 0.81 0.48 1.3
115 2.63 0.88 0.60 1.5
130 3.36 0.97 0.57 2.1
200 1.83 0.58 0.36 0.4

[0077] As illustrated in the energy level diagram for the
CuPc and SubPcy, devices illustrated 1n FIG. 9, the Sub-
Pc_ /Cgo device has an I, that 1s 400 meV greater than that
of the CuPc/C,, device, correlating to an increase of V__ of
approximately the same magnitude (3550 mV). The signifi-
cant increase in V__ 1s attributed to the smaller HOMO
energy of SubPcy, and the subsequent increase i I,
showing that V_1s dependenton 1. V __ can be increased by
series resistance, which may, 1n turn, depend on the presence
of impurities or crystalline disorder. The increase mn V__ 1s
approximately 20 percent higher than that in I, indicating
that resistance 1s aflecting V_.. However the high FF’s
indicate that resistance alone cannot account for the
increased V..

[0078] Varying the metal cathode has a minimal effect on
V... However, CuPcl with a Ag cathode shows an increased
J_. and FF relative to the analogous device with Al (CuPc2).
It 1s unclear why such an eflect on J__ and FF 1s observed,
whereas V__ 1s the same for both devices. Alternatively, for
SubPcy~, FF decreases for the Ag device (SubPc3) com-
pared to the Al device (SubPc4). However, the SubPcy~/Cy,
based PV cells have more than twice the V__ of conventional
CuPc/C, cells, resulting 1n a more than doubling of the cell
power conversion efliciency. By using a strongly absorbing,
donor material with a deep HOMQO, I, and, consequently,
V.., 1s increased without a concomitant reduction in J__.. This
indicates that I 1s likely a dominant factor in determining
V_1n organic heterojunction cells.

Nov. 29, 2007

[0079] The characteristics of a PV device using SubPcy
as an acceptor like material are described below. Photovol-
taic cells were grown on ITO-coated glass substrates that
were solvent cleaned and treated 1n UV-ozone for 10 min-
utes 1mmediately prior to loadlng into a high vacuum
(~3><10 Torr) chamber. The organic materials, SubPc

(Aldrich), CuPc (Aldrich), and 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP) (Aldrich) were purified by sub-
limation prior to use. Metal cathode material, Al (Alfa
Aesar) was used as recetved. Films were sequentially grown
by vacuum thermal evaporation: CuPc (200 A, 2 A/sec).

SubPc_ (130 A, 1 A/sec), BCP (100 A, 1.5 Alsec) and Al
(1000 ﬁ 2.5 A/sec). The cathode was evaporated through a
shadow mask with 1 mm diameter openings. Current-volt-
age (J-V) characteristics of PV cells were measured under
simulated AM1.5G solar i1llumination (Ornel Instruments)
using a Keithley 2420 3A Source Meter. Neutral density
filters were used to vary light intensity that was measured
with a calibrated broadband optical power meter.

[0080] J-V characteristics at 1 sun are shown in FIG. 14
and listed 1n Table 6, demonstrating that devices of the
invention may be prepared with SubPc maternials that the
materials act as acceptor-like materials. The low power
conversion efliciency of the devices 1s a consequence of low
I . and low FF. However, those values may be increased
through device optimization.

TABLE 6
JSC VUC
(mA cm™) (V) FF M (%)
0.08 0.78 0.36 0.02

[0081] Specific examples of the invention are illustrated
and/or described herein. However, 1t will be appreciated that
modifications and variations of the mnvention are covered by
the above teachings and within the purview of the appended
claims without departing from the spirit and scope of the
invention.

1. An organic photosensitive optoelectronic device, com-
prising an anode, a cathode, and a donor-acceptor hetero-
junction between the anode and the cathode, the heterojunc-
tion comprising a donor-like material and an acceptor-like
material, wherein at least one of the donor-like material and
the acceptor-like material comprises a subphthalocyanine, a
subporphyrin, and/or a subporphyrazine compound; and/or
the device optionally comprises at least one of a blocking
layer or a charge transport layer, wherein the blocking layer
and/or the charge transport layer comprises a subphthalo-
cyanine, a subporphyrin, and/or a subporphyrazine com-
pound.

2. The organic photosensitive optoelectronic device of
claim 1, wherein the donor-like material comprises a sub-
phthalocyanine compound.

3. The organic photosensitive optoelectronic device of
claim 2, wherein the donor-like material 1s a boron subph-
thalocyanine halide.

4. The organic photosensitive optoelectronic device of
claim 2, wherein the donor-like material 1s a boron subph-
thalocyanine chloride.
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5. The organic photosensitive optoelectronic device of
claam 2, wherein the subphthalocyanine compound 1s an
oligomer.

6. The organic photosensitive optoelectronic device of
claim 2, wherein the subphthalocyanine compound 1s of the
formula

wheremn R; to R,,, M, and X are each selected indepen-
dently, at least one of R, to R,, 1s electron donating or
clectron withdrawing, and the remaining R, to R, groups
are mndependently selected from the group consisting of H,
straight, branched, or cyclic alkyl, halide, thioalkyl, thioaryl,
arylsulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro,
and any of R, to R, that are adjacent can be part of a fused
aliphatic or aromatic ring, wherein the ring may contain one
or more atoms other than carbon, M 1s boron, a divalent
metal, or a trivalent metal, and X 1s an anionic group.

7. The organic photosensitive optoelectronic device of
claim 2, wherein the subphthalocyanine compound 1s of the
formula

wherein R, to R,,, M, and X are each selected indepen-
dently, R, to R, are independently selected from the group
consisting of H, straight, branched, or cyclic alkyl, halide,
thioalkyl, thioarvl, arylsulionyl, alkylsufonyl, amino, alky-
lamino, arylamino, hydroxy, alkoxy, acylamino, acyloxy,
phenyl, carboxy, carboxoamido, carboalkoxy, acyl, sulionyl,
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cyano, and nitro, and any of R, to R, that are adjacent can
be part of a fused aliphatic or aromatic ring, wherein the ring
may contain one or more atoms other than carbon, M 1s
boron, a divalent metal, or a trivalent metal, and X 1s an
anionic group.

8. The organic photosensitive optoelectronic device of
claim 7, wherein at least one of R to R, 1s selected from the
group consisting of SC.H,,, SCH., SO,C.H., and
SO,C.H, -

9. The organic photosensitive optoelectronic device of
claim 7, wherein M 1s selected from the group consisting of

B, Be, Mg, Al, and Ga, and X 1s selected from the group
consisting ol halide, alkoxy, phenoxy, hydroxy, aryl, phenyl,
and OCOCR ;R /R, -, wheremn R, 5, R, and R, are inde-
pendently selected from the group consisting of H, straight,
branched, or cyclic alkyl, halide, thioalkyl, thioaryl, aryl-
sulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro.

10. The organic photosensitive optoelectronic device of
claim 9, wherein at least one of R 5, R, and R, < 1s selected
from the group consisting of SC.H, -, SC.H;, SO,C.H., and
SO,C.H, -.

11. The organic photosensitive optoelectronic device of
claim 1, wherein the donor-like material comprises a sub-
porphyrin compound.

12. The organic photosensitive optoelectronic device of

claiam 11, wherein the subporphyrin compound is of the
formula

wherein R; to R,,, M, and X are each selected indepen-
dently, at least one of R, to R,, 1s electron donating or
clectron withdrawing, and the remaining R, to R,, are
independently selected from the group consisting of H,
straight, branched, or cyclic alkyl, halide, thioalkyl, thioaryl,
arylsulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro,
and any of R, to R, , that are adjacent can be part of a fused
aliphatic or aromatic ring, wherein the ring may contain one
or more atoms other than carbon, M 1s boron, a divalent
metal, or a trivalent metal, X 1s an anionic group, and Z 1s
N, CH, CR,4, wherein R, 1s selected from the group
consisting of H, straight, branched, or cyclic alkyl, halide,
thioalkyl, thioaryl, arylsultonyl, alkylsufonyl, amino, alky-
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lamino, arylamino, hydroxy, alkoxy, acylamino, acyloxy,
phenyl, carboxy, carboxoamido, carboalkoxy, acyl, sulfonyl,
cyano, and nitro.

13. The organic photosensitive optoelectronic device of

claam 11, wherein the subporphyrin compound 1s of the
formula

wherein R, to R,,, M, and X are each selected indepen-
dently, R, to R, are independently selected from the group
consisting of H, straight, branched, or cyclic alkyl, halide,
thioalkyl, thioaryl, arylsulfonyl, alkylsufonyl, amino, alky-
lamino, arylamino, hydroxy, alkoxy, acylamino, acyloxy,
phenyl, carboxy, carboxoamido, carboalkoxy, acyl, sulfonyl,
cyano, and nitro, and any of R, to R, that are adjacent can
be part of a fused aliphatic or aromatic ring, wherein the ring,
may contain one or more atoms other than carbon, M 1s
boron, a divalent metal, or a trivalent metal, X 1s an anionic
group, and Z 1s N, CH, CR, ., wherein R, . 1s selected from
the group consisting of H, straight, branched, or cyclic alkyl,
halide, thioalkyl, thioaryl, arvlsulionyl, alkylsufonyl, amino,
alkylamino, arylamino, hydroxy, alkoxy, acylamino, acy-
loxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, and nitro.

14. The organic photosensitive optoelectronic device of
claim 13, wherein M 1s selected from the group consisting
of B, Be, Mg, Al, and Ga, and X 1s selected from the group
consisting ol halide, alkoxy, phenoxy, hydroxy, aryl, phenyl,
and OCOCR, ;R .R, -, wherein R, ;, R,,, and R, are inde-
pendently selected from the group consisting of H, straight,
branched, or cyclic alkyl, halide, thioalkyl, thioaryl, aryl-
sulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro.

15. The organic photosensitive optoelectronic device of
claim 11, wherein the subporphyrin compound 1s an oligo-
mer.

16. The organic photosensitive optoelectronic device of
claam 1, wherein the acceptor-like material comprises a
subphthalocyanine compound.

17. The organic photosensitive optoelectronic device of
claim 16, wherein the acceptor-like material 1s a boron
subphthalocyanine halide.

18. The organic photosensitive optoelectronic device of
claim 16, wherein the acceptor-like material 1s a boron
subphthalocyanine chloride.

15
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19. The organic photosensitive optoelectronic device of
claim 16, wherein the subphthalocyanine compound 1s of the
formula

wherein R; to R,,, M, and X are each selected indepen-
dently, at least one of R, to R,, 1s electron donating or
electron withdrawing, and the remaining R, to R,, are
independently selected from the group consisting of may be
clectron withdrawing or electron donating, and are prefer-
ably independently selected from the group consisting of H,
straight, branched, or cyclic alkyl, halide, thioalkyl, thioaryl,
arylsulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro,
and any of R, to R, , that are adjacent can be part of a fused
aliphatic or aromatic ring, wherein the ring may contain one
or more atoms other than carbon, M 1s boron, a divalent
metal, or a trivalent metal, and X 1s an anionic group.

20. The organic photosensitive optoelectronic device of

claim 16, wherein the subphthalocyanine compound 1s of the
formula

wherein R, to R,,, M, and X are each selected indepen-
dently, R, to R,, are independently selected from the group
consisting of may be electron withdrawing or electron
donating, and are preferably independently selected from the
group consisting of H, straight, branched, or cyclic alkyl,
halide, thioalkyl, thioaryl, arylsulfonyl, alkylsutfonyl, amino,
alkylamino, arylamino, hydroxy, alkoxy, acylamino, acy-
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loxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, and nitro, and any of R, to R, that are
adjacent can be part of a fused aliphatic or aromatic ring,
wherein the ring may contain one or more atoms other than
carbon, M 1s boron, a divalent metal, or a trivalent metal, and
X 1s an anionic group.

21. The organic photosensitive optoelectronic device of
claim 20, wherein M 1s selected from the group consisting
of B, Be, Mg, Al, and Ga, and X 1s X 1s selected from the
group consisting of halide, alkoxy, phenoxy, hydroxy, aryl,
phenyl, and OCOCR, ;R ,F, ., wherem R, ;,R,,,and R . are
independently selected from the group consisting of H,
straight, branched, or cyclic alkyl, halide, thioalkyl, thioaryl,
arylsulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro.

22. The organic photosensitive optoelectronic device of
claim 16, wherein the subphthalocyanine compound 1s an
oligomer.

23. The organic photosensitive optoelectronic device of
claam 1, wherein the acceptor-like material comprises a
subporphyrin compound.

24. The organic photosensitive optoelectronic device of
claam 23, wherein the subporphyrin compound 1s of the
formula

wherein R, to R,,, M, and X are each selected indepen-
dently, at least one of R, to R,, 1s electron donating or
clectron withdrawing, and the remaiming R, to R,, are
independently selected from the group consisting of H,
straight, branched, or cyclic alkyl, halide, thioalkyl, thioaryl,
arylsulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro,
and any of R, to R, that are adjacent can be part of a fused
aliphatic or aromatic ring, wherein the ring may contain one
or more atoms other than carbon, M 1s boron, a divalent
metal, or a trivalent metal, X 1s an anionic group, and Z 1s
N, CH, CR,,, wherein R, 1s selected from the group
consisting of H, straight, branched, or cyclic alkyl, halide,
thioalkyl, thioaryl, arylsulfonyl, alkylsufonyl, amino, alky-
lamino, arylamino, hydroxy, alkoxy, acylamino, acyloxy,
phenyl, carboxy, carboxoamido, carboalkoxy, acyl, sulionyl,
cyano, and nitro.
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25. The organic photosensitive optoelectronic device of
claam 23, wherein the subporphyrin compound 1s of the
formula

N/
e

Z T Vi
M

Rll

wherein R, to R,,, M, and X are each selected indepen-
dently, R, to R, are independently selected from the group
consisting of H, straight, branched, or cyclic alkyl, halide,
thioalkyl, thioaryl, arylsulfonyl, alkylsufonyl, amino, alky-
lamino, arylamino, hydroxy, alkoxy, acylamino, acyloxy,
phenyl, carboxy, carboxoamido, carboalkoxy, acyl, sulfonyl,
cyano, and nitro, and any of R, to R, that are adjacent can
be part of a fused aliphatic or aromatic ring, wherein the ring
may contain one or more atoms other than carbon, M 1s
boron, a divalent metal, or a trivalent metal, X 1s an anionic
group, and Z 1s N, CH, CR, ., wherein R, . 1s selected from
the group consisting of H, straight, branched, or cyclic alkyl,
halide, thioalkyl, thioaryl, arylsulfonyl, alkylsufonyl, amino,
alkylamino, arylamino, hydroxy, alkoxy, acylamino, acy-
loxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, and nitro.

26. The organic photosensitive optoelectronic device of
claim 23, wherein the subporphyrin compound 1s an oligo-
mer.

277. The organic photosensitive optoelectronic device of
claim 1, wherein the donor-like material comprises a sub-
porphyrazine compound.

28. The organic photosensitive optoelectronic device of
claam 27, wherein the subporphyrazine compound i1s of
formula:
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wherein R, to R, M, X, and Z are each selected indepen-
dently, at least one of R, to R,, 1s electron donating or
clectron withdrawing, and the remaining R, to R, are
selected from the group consisting of H, straight, branched,
or cyclic alkyl, halide, thioalkyl, thioaryl, arylsulionyl,
alkylsutonyl, amino, alkylamino, arylamino, hydroxy,
alkoxy, acylamino, acyloxy, phenyl, carboxy, carboxoa-
mido, carboalkoxy, acyl, sulfonyl, cyano, and nitro, M
boron, a divalent metal, or a trivalent metal, and X 1s an
amonic group, and 7 1s N, CH, CR, ., wherein R 4 1s selected
from the group consisting of H, straight, branched, or cyclic
alkyl, halide, thioalkyl, thioaryl, arylsulionyl, alkylsufonyl,
amino, alkylamino, arylamino, hydroxy, alkoxy, acylamino,
acyloxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, and nitro.

29. The organic photosensitive optoelectronic device of
claam 27, wherein the subporphyrazine compound i1s of
formula:

wherein R, to R, M, X, and Z are each selected indepen-
dently, R, to R, are selected from the group consisting of H,
straight, branched, or cyclic alkyl, halide, thioalkyl, thioaryl,
arylsulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro, M
boron, a divalent metal, or a trivalent metal, and X 1s an
anmionic group, and Z 1s N, CH, CR, ., wherein R | 1s selected
from the group consisting of H, straight, branched, or cyclic
alkyl, halide, thioalkyl, thioaryl, arylsulifonyl, alkylsufonyl,
amino, alkylamino, arylamino, hydroxy, alkoxy, acylamino,
acyloxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, and nitro.

30. The organic photosensitive optoelectronic device of
claim 29, wherein M 1s selected from the group consisting
of B, Be, Mg, Al, and Ga, and X 1s selected from the group
consisting of halide, alkoxy, phenoxy, hydroxy, aryl, phenyl,
and OCOCR, ;R .R, -, wherein R, ;, R,,, and R, are inde-
pendently selected from the group consisting of H, straight,
branched, or cyclic alkyl, halide, thioalkyl, thioaryl, aryl-
sulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro.

31. The organic photosensitive optoelectronic device of
claam 1, wherein the acceptor-like material comprises a
subporphyrazine compound.

32. The organic photosensitive optoelectronic device of
claam 31, wherein the subporphyrazine compound i1s of
formula:
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wherein R, to R, M, X, and Z are each selected indepen-
dently, at least one of R, to R,, 1s electron donating or
clectron withdrawing, and the remaining R, to R, are
selected from the group consisting of H, straight, branched,
or cyclic alkyl, halide, thioalkyl, thioaryl, arylsulifonyl,
alkylsufonyl, amino, alkylamino, arylamino, hydroxy,
alkoxy, acylamino, acyloxy, phenyl, carboxy, carboxoa-
mido, carboalkoxy, acyl, sulfonyl, cyano, and nitro, M
boron, a divalent metal, or a trivalent metal, and X 1s an
anionic group, and Z 1s N, CH, CR, ., wherein R 4 1s selected
from the group consisting of H, straight, branched, or cyclic
alkyl, halide, thioalkyl, thioaryl, arylsulifonyl, alkylsufonyl,
amino, alkylamino, arylamino, hydroxy, alkoxy, acylamino,
acyloxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, and nitro.

33. The organic photosensitive optoelectronic device of
claiam 31, wherein the subporphyrazine compound i1s of
formula:

wherein R, to R, M, X, and Z are each selected indepen-
dently, R, to R are selected trom the group consisting of H,
straight, branched, or cyclic alkyl, halide, thioalkyl, thioaryl,
arylsulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro, M
boron, a divalent metal, or a trivalent metal, and X 1s an
anionic group, and Z 1s N, CH, CR, <, wherein R « 1s selected
from the group consisting of H, straight, branched, or cyclic
alkyl, halide, thioalkyl, thioaryl, arylsulifonyl, alkylsufonyl,
amino, alkylamino, arylamino, hydroxy, alkoxy, acylamino,
acyloxy, phenyl, carboxy, carboxoamido, carboalkoxy, acyl,
sulfonyl, cyano, and nitro.

34. The organic photosensitive optoelectronic device of
claim 33, wherein M 1s selected from the group consisting
of B, Be, Mg, Al, and Ga, and X 1s selected from the group
consisting of halide, alkoxy, phenoxy, hydroxy, aryl, phenyl,
and OCOCR ;R R, wherein R,;, R, ,, and R, are inde-
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pendently selected from the group consisting of H, straight,
branched, or cyclic alkyl, halide, thioalkyl, thioaryl, aryl-
sulfonyl, alkylsufonyl, amino, alkylamino, arylamino,
hydroxy, alkoxy, acylamino, acyloxy, phenyl, carboxy, car-
boxoamido, carboalkoxy, acyl, sulfonyl, cyano, and nitro.

35. The organic photosensitive optoelectronic device of
claim 1, wherein the device 1s a solar cell, photodetector, or
photosensor.

36. The organic photosensitive optoelectronic device of
claim 1, wherein the device 1s a visible spectrum photode-
tector or photosensor.

37. The organic photosensitive optoelectronic device of
claim 1, wherein the heterojunction 1s a double heterostruc-
ture.

38. The organic photosensitive optoelectronic device of
claim 1, wherein the heterojunction 1s a bulk heterojunction.

39. The organic photosensitive optoelectronic device of
claim 1, wherein the heterojunction 1s a planar heterojunc-
tion.

40. A method of preparing a heterojunction, wherein the
heterojunction comprises a donor-like material and an
acceptor-like material, the method comprising:

selecting a donor-like material having a LUMO and a
HOMO, selecting a subphthalocyanine or a subporphy-
rin material, substituted with at least one electron
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withdrawing or electron donating substituent group,
wherein the substituent group modulates the subphtha-
locyanine or subporphyrin material LUMO and
HOMO, such that the subphthalocyanine or subporphy-
rin material 1s an acceptor-like material for the donor-
like material, and forming a heterojunction from the
donor-like and acceptor like materials; or

selecting an acceptor-like material, selecting a subphtha-
locyanine, subporphyrin, or subporphyrazine matenal,
substituted with at least one electron withdrawing or
clectron donating substituent group, wherein the sub-
stituent group modulates the subphthalocyanine, sub-
porphyrin, or subporphyrazine material LUMO and
HOMO, such that the subphthalocyanine, subporphy-
rin, or subporphyrazine material 1s a donor-like mate-
rial for the acceptor-like material, and forming a het-
crojunction from the donor-like and acceptor like
materials.

41. The organic photosensitive optoelectronic device of
claim 1, wherein the donor-like material comprises a sub-
phthalocyanine compound, and the acceptor-like material
comprises a subphthalocyanine compound.
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