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(57) ABSTRACT

An optoelectronic device and a method for fabricating the
optoelectronic device includes a first electrode disposed on a
substrate, an exposed surtace of the first electrode having a
root mean square roughness of at least 30 nm and a height
variation of at least 200 nm, the first electrode being trans-
parent. A conformal layer of a first organic semiconductor
material 1s deposited onto the first electrode by organic vapor
phase deposition, the first organic semiconductor material
being a small molecule material. A layer of a second organic
semiconductor material 1s deposited over the conformal layer.
At least some of the layer of the second organic semiconduc-
tor material directly contacts the conformal layer. A second
clectrode 1s deposited over the layer of the second organic

semiconductor material. The first organic semiconductor
material 1s of a donor-type or an acceptor-type relative to the
second organic semiconductor material, which 1s of the other
materal type.
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ORGANIC PHOTOSENSITIVE CELLS
GROWN ON ROUGH ELECTRODE WITH
NANO-SCALE MORPHOLOGY CONTROL

UNITED STATES GOVERNMENT RIGHTS

[0001] This mvention was made with U.S. Government
support under Contract No. 3394012 awarded by U.S.
Department of Energy, National Renewable Energy Labora-
tory. The government has certain rights in this invention.

JOINT RESEARCH AGREEMENT

[0002] The claimed invention was made by, on behalf of,
and/or 1n connection with one or more of the following parties
to a joint university-corporation research agreement: Princ-
cton University, The University of Southern Califorma, 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, 1t 1s
directed to organic photosensitive optoelectronic devices
having a rough electrode.

BACKGROUND

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

[0005] Photosensitive optoelectronic devices convert elec-
tromagnetic radiation 1nto an electrical signal or electricity.
Solar cells, also called photovoltaic (“PV”) devices, are atype
ol photosensitive optoelectronic device that 1s specifically
used to generate electrical power. Photoconductor cells are a
type of photosensitive optoelectronic device that are used in
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 volt-
age, are atype ol photosensitive optoelectronic device that are
used 1n conjunction with current detecting circuits which
measures the current generated when the photodetector 1s
exposed to electromagnetic radiation.

[0006] Thesethree classes of photosensitive optoelectronic
devices may be distinguished according to whether a rectity-
ing junction as defined below 1s present and also according to
whether the device 1s operated with an external applied volt-
age, also known as a bias or bias voltage. A photoconductor
cell does not have a rectifying junction and 1s normally oper-
ated with a bias. A PV device has at least one rectifying
junction and 1s operated with no bias. A photodetector has at
least one rectifying junction and is 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 charac-
teristic, 1.e., the interface supports electronic charge transport
preferably 1n one direction. 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 1s absorbed and
thereby converted to excitation energy of electric charge car-
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riers so that the carriers can conduct (1.e., transport) electric
charge 1n a maternal. The term “photoconductive material”
refers to semiconductor materials which are utilized for their
property of absorbing electromagnetic radiation to generate
clectric charge carriers. As used herein, “top” means furthest
away from the substrate, while “bottom™ means closest to the
substrate. There may be intervening layers (for example, if a
first layer 1s “on” or “over” a second layer), unless 1t 1s
specified that the first layer 1s “in physical contact with™ or
“directly on” the second layer; however, this does not pre-
clude surface treatments (e.g., exposure of the first layer to
ultraviolet-ozone or a plasma).

[0008] When electromagnetic radiation of an appropriate
energy 1s incident upon an organic semiconductor material, a
photon can be absorbed to produce an excited molecular state.
In organic photoconductive materials, the generated molecu-
lar state 1s generally believed to be an “‘exciton,” 1.e., an
clectron-hole pair 1n 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 each other
(as opposed to recombination with holes or electrons from
other pairs). To produce a photocurrent, the electron-hole
forming the exciton are typically separated at a rectifying
junction.

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

[0010] FIG. 1 1s 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 dii-
ferent organic matenals. 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 favor-
able, 1n the absence of an external bias, for electrons at a
donor-acceptor junction to move 1nto the acceptor material.

[0011] As used herein, a first HOMO or LUMO energy
level 1s “greater than” or “higher than” a second HOMO or
LUMO energy level 1t the first energy level 1s closer to the
vacuum energy level 10. A higher HOMO energy level cor-
responds to an 1onization potential (“IP”) having a smaller
absolute energy relative to a vacuum level. Similarly, a higher
LUMO energy level corresponds to an electron aflinity
(“EA”) having a smaller absolute energy relative to vacuum
level. On a conventional energy level 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] Adfter absorption of a photon 6 1n the donor 152 or
the acceptor 154 creates an exciton 8, the exciton 8 disasso-
ciates at the rectifying interface. The donor 152 transports the
hole (open circle) and the acceptor 154 transports the electron

(dark circle).

[0013] A significant property 1n 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 photo-
sensitive devices, a material that conducts preferentially by
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clectrons due to a high electron mobility may be referred to as
an electron transport material. A material that conducts pret-
erentially by holes due to a high hole mobility may be referred
to as a hole transport material. A layer that conducts prefer-
entially 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 matenal.

[0014] How to pair two organic photoconductive materials
to serve as a donor and an acceptor in a photovoltaic hetero-
junction 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 fabricate 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 circum-
stances. For example, using a long chain alkyl group as a
substituent does not remove a molecule from the “small mol-
ecule” 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. Small molecules may
also serve as the core moiety of adendrimer, which consists of
a series of chemical shells built on the core moiety. The core
moiety of a dendrimer may be a fluorescent or phosphores-
cent small molecule emitter. A dendrimer may be a “small
molecule.” In general, a small molecule has a defined chemi-
cal 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] A figure of merit for photovoltaic devices 1s the fill
factor, 1, defined as:

T U oV et sV ot

where 11 1s always less than 1, as the short-circuit current I~
and the open circuit voltage V , . are never obtained simulta-
neously 1n actual use. Nonetheless, as i approaches 1, the
device has less series or internal resistance and thus delivers
a greater percentage of the product of I~ and V ,~to the load
under optimal conditions. Where P, . 1s the power incident on

a device, the power efficiency of the device, m,, may be
calculated by:

Ne=*Usc™*Voc) Pine

[0017] For additional background explanation and descrip-
tion of the state of the art for organic photosensitive devices,
including their general construction, characteristics, materi-

als, and features, U.S. Pat. No. 6,657,378 to Forrestetal., U.S.
Pat. No. 6,580,027 to Forrest et al., and U.S. Pat. No. 6,352,
7’77 to Bulovic et al. are incorporated herein by reference.

SUMMARY OF THE INVENTION

[0018] An embodiment of the mvention 1s a method of
fabricating an optoelectronic device. The method includes
providing a first electrode disposed on a substrate, an exposed
surface of the first electrode having a root mean square rough-
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ness of at least 30 nm and a height variation of at least 200 nm,
the first electrode being transparent; depositing a conformal
layer of a first organic semiconductor material onto the first
clectrode by organic vapor phase deposition, the first organic
semiconductor material being a small molecule material;
depositing a layer of a second organic semiconductor material
over the conformal layer, at least some of the layer of the
second organic semiconductor material directly contacting
the conformal layer; and depositing a second electrode over
the layer of the second organic semiconductor material,
wherein the first organic semiconductor material 1s of a

donor-type or an acceptor-type relative to the second organic
semiconductor material, which 1s of the other matenal type.

The conformal layer 1s preferably deposited by organic vapor
phase deposition, although other methods can be used.

[0019] The first electrode preferably consists essentially of
doped or undoped transparent conducting oxide or carbon
nanotubes 1n a small molecule or polymer matrix. The first
clectrode preferably has a surface area at least 1.2 times
greater than a surface area of the underlying substrate. The
conformal layer preferably has a thickness of less than 300 A,
or more preferably, less than 200 A. The second organic
materal 1s preferably a continuous layer.

[0020] The height variation of the first electrode 1s prefer-
ably at least three times larger, or more preferably five times
larger, than a thickness of the conformal layer plus a mini-
mum thickness of the layer of the second organic semicon-
ductor materal.

[0021] The conformal layer of the first organic semicon-
ductor material may be deposited directly onto the first elec-
trode. A strain can be created in the conformal layer at an
interface with the first electrode. Depositing the conformal
layer may include depositing the first organic semiconductor
material onto said first electrode until a lattice structure of the
first organic semiconductor material relaxes, forming a plu-
rality of domains of the first organic semiconductor material,
the conformal layer being polycrystalline.

[0022] The first organic semiconductor material may be a
donor-type matenal relative to the second organic semicon-
ductor material, which 1s an acceptor-type material. Preferred
donor-type materials include a phthalocyanine, a phthalocya-
nine denivative, and 3,4,9,10-perylene tetracarboxylic dian-
hydride (PTCDA). Examples of a phthalocyanine include
copper phthalocyanine (CuPc), tin phthalocyanine (SnPc)
and zinc phthalocyanine (ZnPc). Examples of a phthalocya-
nine derivative include chloro[subphalocyamnato |boron(I1I)

(SubPc).

[0023] The first organic semiconductor material may be an
acceptor-type material relative to the second organic semi-
conductor materials, which would be a donor-type matenal.
Preferred acceptor-type materials include polyhedral
fullerenes having at least 60 carbon atoms and 3,4,9,10-
perylenetetracarboxylic bis-benzimidazole (PTCBI).

[0024] The method may further include depositing nanom-
cter scale protrusions of the first organic semiconductor mate-
rial directly onto the conformal layer, the combination of the
conformal layer with the protrusions having a surface area at
least two times greater than a surface area of the conformal
layer without the protrusions, wherein the layer of the second
organic semiconductor material 1s deposited after the depos-
iting of the protrusions. The height of each protrusion 1is
preferably greater than a cross-sectional width of the respec-
tive protrusion.
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[0025] From any point within the first organic semiconduc-
tor material deposited as the conformal layer and the protru-
s10oms, a distance to an mterface boundary with a layer of an
opposite material type 1s preferably no more than 2.5 exciton
diffusion lengths of the first organic semiconductor material.
[0026] Another embodiment of the invention 1s a device
that includes a substrate having a first electrode thereon, a
surface of the first electrode opposite the substrate having a
root mean square roughness of at least 30 nm and a height
variation of at least 200 nm At least one donor-acceptor het-
crojunction composed of a conformal layer of a first organic
semiconductor material 1s on the surface of the first electrode
and a layer of a second organic semiconductor material on the
conformal layer. The first organic semiconductor material 1s a
small molecule material. At least some of the second organic
semiconductor material directly contacts the conformal layer.
The first organic semiconductor material 1s of a donor-type or
an acceptor-type relative to the second organic semiconduc-
tor material, which 1s of the other matenal type. A second
clectrode 1s on the donor-acceptor heterojunction.

[0027] The first electrode preferably consists essentially of
a material selected from a doped or undoped transparent
conducting oxide, and carbon nanotubes 1n a small molecule
or polymer matrix. The first electrode preferably has a surface
area at least 1.2 times greater than a surface area of the
underlying substrate. The conformal layer preferably has a
thickness of less than 300 A, and more preferably, less than
200 A.

[0028] The layer of the second organic materal 1s prefer-
ably a continuous layer. The height variation of the first elec-
trode 1s preferably at least three times larger, and more pret-
erably at least five times larger, than the thickness of the
conformal layer plus a minimum thickness of the layer of the
second organic semiconductor material.

[0029] The conformal layer 1s preferably polycrystalline.
[0030] The donor-type material 1s preferably a phthalocya-
nine, a phthalocyanine derivative, or 3,4,9,10-perylene tetra-
carboxylic dianhydride (PTCDA). Examples of a phthalocya-
nine 1nclude copper phthalocyanine (CuPc), tin
phthalocyanine (SnPc) and zinc phthalocyanine (ZnPc).
Examples of a phthalocyanine derivative include chloro[ sub-
phalocyaninato]boron(IIl) (SubPc).

[0031] The acceptor-type matenal 1s preferably a polyhe-
dral fullerene having at least 60 carbon atoms or 3,4,9,10-
perylenetetracarboxylic bis-benzimidazole (PTCBI).

[0032] The device may further include at least one donor-
acceptor heterojunction having nanometer scale protrusions
of the first organic semiconductor material, in direct contact
with the conformal layer and being between the conformal
layer of the first organic semiconductor material and the layer
of the second organic semiconductor material. The combina-
tion of the conformal layer with the protrusions has a surface
area at least two times greater than a surface area of the
conformal layer without the protrusions. The height of each
protrusion 1s preferably greater than a cross-sectional width
ol the respective protrusion. Preferably, from any point within
the conformal layer and the protrusions, a distance to an
interface boundary with a layer of an opposite material type 1s
no more than 2.5 exciton diffusion lengths of the first organic
semiconductor material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1 1s an energy level diagram illustrating a
donor-acceptor heterojunction.
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[0034] FIG. 2 illustrates an organic photosensitive device
including a donor-acceptor heterojunction.

[0035] FIG. 3illustrates a donor-acceptor bilayer forming a
planar heterojunction.

[0036] FIG. 4 illustrates a hybrid heterojunction including
a mixed heterojunction between a donor layer and an acceptor
layer.

[0037] FIG. 5 1llustrates a bulk heterojunction.

[0038] FIG. 6 illustrates an organic photosensitive device

including a Schottky-barrier heterojunction.

[0039] FIG. 7 illustrates tandem photosensitive cells 1n
SEries.

[0040] FIG. 81llustrates tandem photosensitive cells 1n par-
allel.

[0041] FIG. 9 illustrates the topography of SnO,:F-coated

glass measured by atomic force microscope. The RMS sur-
face roughness 1s 38.7+x0.8 nm for SnO,:F. The distance
between highest and lowest point (z-range) in the scan 1s 290
nm for SnO,:F.

[0042] FIG. 10 illustrates the topography of I'TO-coated
glass substrates measured by atomic force microscope. The
RMS surface roughness 1s 2.8+0.6 nm for I'TO. The distance
between highest and lowest point (z-range) in the scan 1s 27
nm for I'TO.

[0043] FIG. 11 1illustrates transmittance of SnO,:F and
ITO-coated glass with respect to air mass (AM) 1.5 solar
radiation spectra.

[0044] FIGS.12A and 12B 1llustrate growth of a conformal

layer of a first organic semiconductor material on a rough
clectrode by OVPD. FIG. 12C 1illustrates a second organic

semiconductor material being deposited on the conformal
layer to form a donor-acceptor heterojunction.

[0045] FIG. 13 1llustrates an example of a finished device
made with the process described with FIGS. 12A-12D.

[0046] FIG. 14 1llustrates growth of protrusions of the first
organic semiconductor material on the conformal layer from
FIG. 12B, prior to deposition of the second organic semicon-
ductor material as 1llustrated 1n FIG. 12C.

[0047] FIG. 15 illustrates an example of a finished device
including the protrusions from FIG. 14.

[0048] FIG. 16 1s a schematic structure of a device having a
planar CuPc followed by a planar C, layer grown on SnQO,:
F-coated glass.

[0049] FIG. 17 1s a schematic structure of a device having a
continuous CuPc layer with nano-size protrusions covered by
a planar C, layer grown on SnO,:F-coated glass.

[0050] FIG. 18 1s a schematic structure of a device having
CuPc nano-size protrusions with no continuous CuPc layer,
covered by a planarnizing C,, layer grown on SnO,:F-coated
glass. Unlike the structures in FIGS. 16 and 17, the structure
in FIG. 18 includes conductive pathways through the C,,
layer between the SnO,:F anode and Ag cathode.

[0051] FIG. 19 1s a scanning electron microscope image of
the surface morphology of a 240 A-thick continuous CuPc
layer grown on SnQO,:F by organic vapor phase deposition
(OVPD). The scale bar in the micrograph corresponds to a
distance of 200 nm.

[0052] FIG. 20 1llustrates a scanning electron microscope
image of the surface morphology of a 120 A-thick continuous
CuPc layer followed by CuPc nano-size protrusions grown on
SnO,:F by organic vapor phase deposition (OVPD). The scale
bar 1n the micrograph corresponds to a distance of 200 nm.
[0053] FIG. 21 1llustrates a scanning electron microscope
image of the surface morphology of a C,, layer grown by
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organic vapor phase deposition (OVPD) on top of the CuPc
from FI1G. 20. The scale bar 1n the micrograph corresponds to
a distance of 200 nm.

[0054] FIG. 22 illustrates current density versus voltage
characteristics 1n the dark for CuPc/C,, solar cells grown on
SnO,:F glass grown by OVPD with difterent CuPc layers:
240 A-thick continuous CuPc (d1), 120 A-thick continuous
layer followed by a protrusive coating (d2), and protrusions
without an 1nitial continuous layer (d3).

[0055] FIG. 23 illustrates current density versus voltage
characteristics under 1 sun (100 mW/cm®) AM1.5 illumina-
tion for the same solar cells described with FIG. 22.

[0056] FIG. 24 illustrates external quantum efliciency
(EQE) of CuPc¢/C,, photovoltaic cells grown by OVPD with

different heterojunction structures.

[0057] FIG. 25 illustrates the absorption coelficients of
CuPc and Cg,.
[0058] FIG. 26 through FIG. 29 illustrate the performance

of CuPc/C,, solar cells grown on SnO,:F glass grown by
OVPD under various light intensities for several heterojunc-
tion structures. FIG. 26 illustrates responsivity, defined as
l.~/Pgy, where P, 1s the incident light intensity and J. - 1s the
short circuit current. FIG. 27 1llustrates fill factor (If). FIG. 28
illustrates open circuit voltage (V). FIG. 29 1illustrates
power conversion efficiency (1 ,).

[0059] The figures are not necessarily drawn to scale. Vari-
ous proportions are exaggerated.

DETAILED DESCRIPTION

[0060] An organic photosensitive device comprises at least
one photoactive region in which light 1s absorbed to form an
exciton, which may subsequently dissociate 1into an electron
and a hole. FIG. 2 shows an example of an organic photosen-
sitive optoelectronic device 100 in which the photoactive
region 150 comprises a donor-acceptor heterojunction. The
“photoactive region” 1s a portion of a photosensitive device
that absorbs electromagnetic radiation to generate excitons
that may dissociate 1n order to generate an electrical 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.

[0061] Examples of EBL 156 are described 1in U.S. Pat. No.
6,451,415 to Forrest et al., which 1s incorporated herein by
reference for 1ts disclosure related to EBLs. Additional back-
ground explanation of EBLs may also be found 1n Peumans et
al., “Efficient photon harvesting at high optical intensities 1n
ultrathin  organic  double-heterostructure  photovoltaic
diodes,” Applied Physics Letters 76, 2650-52 (2000). EBLs
reduce quenching by preventing excitons from migrating out
of the donor and/or acceptor materials.

[0062] The terms “electrode” and “contact” are used 1nter-
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 1llus-
trated 1n 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 both maternials
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 conductive polymers. Electrodes may
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comprise a single layer or multiple layers (a “compound”
clectrode), may be transparent, semi-transparent, or opaque.

Examples of electrodes and electrode materials include those
disclosed in U.S. Pat. No. 6,352,777 to Bulovic et al., and

U.S. Pat. No. 6,420,031, to Parthasarathy, et al., each 1cor-
porated herein by reference for disclosure of these respective
teatures. As used herein, a layer 1s said to be “transparent” 1f
it transmits at least 50% of the ambient electromagnetic radia-
tion 1n a relevant wavelength.

[0063] The substrate 110 may be any suitable substrate that
provides desired structural properties. The substrate may be
flexible 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 materials.

[0064] An anode-smoothing layer 122 may be situated
between the anode layer 120 and the donor layer 152. Anode-
smoothing layers are described 1in U.S. Pat. No. 6,657,378 to
Forrest et al., incorporated herein by reference for 1ts disclo-
sure related to this feature.

[0065] InFIG. 2, the photoactive region 150 comprises the
donor material 152 and the acceptor material 154. Organic
maternals for use 1n the photoactive region may include orga-
nometallic compounds, including cyclometallated organo-
metallic compounds. The term “organometallic” as used
herein 1s as generally understood by one of ordinary skill in

the art and as given, for example, in Chapter 13 of “Inorganic
Chemistry” (2nd Edition) by Gary L. Miessler and Donald A.

Tarr, Prentice Hall (1999).

[0066] Organic layers may be fabricated using vacuum
deposition, spin coating, organic vapor-phase deposition,
inkjet printing and other methods known 1n the art.

[0067] Examples of various types of donor-acceptor het-
erojunctions 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 het-
erojunction 153 comprising a mixture of donor and acceptor
materials. FIG. 5 1llustrates an 1dealized “bulk™ heterojunc-
tion. A bulk heterojunction, in the 1deal photocurrent case, has
a single continuous interface between the donor material 252
and the acceptor material 254, although multiple interfaces
typically exist 1n actual devices. Mixed and bulk heterojunc-
tions can have multiple donor-acceptor interfaces as a result
of having plural domains of matenal. Domains that are sur-
rounded by the opposite-type material (e.g., a domain of
donor material surrounded by acceptor material) may be elec-
trically 1solated, such that these domains do not contribute to
photocurrent. Other domains may be connected by percola-
tion 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 heterojunction, there 1s very little or no
phase separation (the domains are very small, e.g., less than a
few nanometers), whereas in a bulk heterojunction, there 1s
significant phase separation (e.g., forming domains with sizes
of a few nanometers to 100 nm).

[0068] Small-molecule mixed heterojunctions may be
formed, for example, by co-deposition of the donor and
acceptor materials using vacuum deposition or vapor deposi-
tion. Small-molecule bulk heterojunctions may be formed,
for example, by controlled growth, co-deposition with post-
deposition annealing, or solution processing. Polymer mixed
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or bulk heterojunctions may be formed, for example, by solu-
tion processing of polymer blends of donor and acceptor
materials.

[0069] If aphotoactive 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
include a “hybrnid” heterojunction. The arrangement of layers
in F1G. 4 1s an example. For additional explanation of hybrnid
heterojunctions, Published U.S. Patent Application 2005/
0224113 Al, entitled “High efficiency organic photovoltaic
cells employing hybridized mixed-planar heterojunctions™
by Jiangeng Xue et al., published Oct. 13, 2003, 1s hereby
incorporated by reference.

[0070] In general, planar heterojunctions have good carrier
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 matenial “cul-de-sacs,” lowering efficiency.
Unless otherwise stated, planar, mixed, bulk, and hybrid het-
erojunctions may be used interchangeably as donor-acceptor
heterojunctions throughout the embodiments disclosed
herein.

[0071] FIG. 6 shows an example of an organic photosensi-
tive optoelectronic device 300 i which the photoactive
region 350 1s part of a Schottky-barrier heterojunction.
Device 300 comprises a transparent contact 320, a photoac-
tive region 350 comprising an organic photoconductive mate-
rial 358, and a Schottky contact 370. The Schottky contact
370 1s typically formed as a metal layer. 11 the photoconduc-
tive layer 358 1s an ETL, a high work function metal such as
gold may be used, whereas 11 the photoconductive layer 1s an
HTL, a low work function metal such as aluminum, magne-
sium, or indium may be used. In a Schottky-barrier cell, a
built-in electric field associated with the Schottky barrier
pulls the electron and hole 1n an exciton apart. Generally, this
ficld-assisted exciton dissociation 1s not as efficient as the
disassociation at a donor-acceptor interface.

[0072] The devices as illustrated may be connected to an
clement 190. I the device 1s a photovoltaic device, element
190 1s a resistive load which consumes or stores power. If the
device 1s a photodetector, element 190 1s a current detecting
circuit which measures the current generated when the pho-
todetector 1s exposed to light, and which may apply a bias to
the device (as described for example 1n Published U.S. Patent
Application 2005-0110007 Al, published May 26, 2005 to
Forrest et al.). If the rectifying junction 1s eliminated from the
device (e.g., using a single photoconductive material as the
photoactive region), the resulting structures may be used as a
photoconductor cell, 1n which 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,
cach of these arrangements and modifications may be used
for the devices 1n each of the drawings and embodiments
disclosed herein.

[0073] An organic photosensitive optoelectronic device
may also comprise transparent charge transfer 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 1s similar to
an electrode, but does not have an electrical connection exter-
nal to the device and only delivers charge carriers from one
subsection of an optoelectronic device to the adjacent subsec-
tion. A charge recombination zone i1s similar to a charge
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transier layer, but allows for the recombination of electrons
and holes between adjacent subsections of an optoelectronic
device. A charge recombination zone may include semi-
transparent metal or metal substitute recombination centers
comprising nanoclusters, nanoparticles, and/or nanorods, as
described for example 1n U.S. Pat. No. 6,657,378 to Forrest et
al.; Published U.S. Patent Application 2006-00323529 Al,
entitled “Organic Photosensitive Devices” by Rand et al.,
published Feb. 16, 2006; and Published U.S. Patent Applica-
tion 2006-0027802 Al, entitled “Stacked Organic Photosen-
sitive Devices” by Forrest et al., published Feb. 9, 2006; each
incorporated herein by reference for 1ts disclosure of recom-
bination zone materials and structures. A charge recombina-
tion zone may or may notinclude 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
optoelectronic device. An electrode or charge transier layer
may serve as a Schottky contact.

[0074] FIGS. 7 and 8 1llustrate examples of tandem devices
including such transparent charge transier layers, electrodes,
and charge recombination zones. In device 400 i FIG. 7,
photoactive regions 150 and 150' are stacked electrically in
series with an intervening conductive region 460. As 1llus-
trated without external electrical connections, intervening,
conductive region 460 may be a charge recombination 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 ol material forming the zone may not be
continuous across the region 460. Device 500 1n FIG. 8 1llus-
trates photoactive regions 150 and 150' stacked electrically in
parallel, with the top cell being in an 1nverted configuration
(1.e., cathode-down). In each 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. Likewise, photo-
active regions 150 and 150' may be a same type (1.e., planar,
mixed, bulk, hybrid) of heterojunction, or may be of different

types.

[0075] In each of the devices described above, layers may
be omitted, such as the smoothing layer and the exciton
blocking layers. Other layers may be added, such as retlective
layers or additional photoactive regions. The order of layers
may be altered or iverted. A concentrator or trapping con-
figuration may be emploved to increase eificiency, as dis-
closed, for example1n 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 by reference. Coatings may be used to
focus optical energy 1nto desired regions of a device, as dis-
closed, for example in Published US Patent Application No.
2005-0266218 Al, entitled “Aperiodic 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 pro-
vided via electrodes. Also 1n the tandem devices, one or more
ol the photoactive regions may be a Schottky-barrier hetero-
junction mstead of a donor-acceptor heterojunction. Arrange-
ments other than those specifically described may be used.

[0076] Organic solar cells have attracted attention as a
means to achieve low-cost solar-energy conversion owing to
their ease of manufacture and compatibility with flexible
substrates. Conventional organic molecular photosensitive
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devices and light-emitting diodes (OLEDs) are typically
grown on transparent indium-tin-oxide (ITO) anodes that are
also widely used for flat panel displays. The scarcity of
indium, along with the rapid expansion of flat panel display
production, has resulted 1n a soaring price of ITO-coated
glass substrates. The current price for indium 1s up to ten
times greater than the price in 2003. See, for example T.
Jansseune, “Indium Price Soars As Demand For Displays
Continues to Grow,” Compound Semiconductor 11, 34
(2005).

[0077] Alternative, less expensive transparent conducting
oxides such as doped SnO, or ZnO, have been used as elec-
trodes 1n dye-sensitized, CdTe, microcrystalline S1, and a-S1
photovoltaic devices. See, for example, M. Gratzel, MRS
Bulletin 30, 23 (2005); T. L. Chu, S. S. Chu, C. Ferekides, J.
Britt, C. Q. Wu, Journal of Applied Physics 69, 7651 (1991);
and Y. Arai1, M. Ishii, H. Shinohara, S. Yamazaki, /EEE Elec-
tron Device Letters 12, 460 (1991). However, while organic
small molecule devices and polymeric devices typically uti-
lize active layers of less than 1000 A thick with smooth
anodes, use of similar thickness with anodes such as SnO,, and
Zn0O results 1n the formation of short circuits during produc-
tion due to the pronounced surface roughness characteristic
ol these oxide variants.

[0078] Comparisons of surface roughness between flou-
rine-doped SnO, (SnO,:F) and ITO-coated glass substrates
are shown in FIGS. 9 and 10, respectively. Cross-sectional
scanning electron microscope (SEM) images (not shown)
reveal that SnO,:F forms large crystals with an average layer
thickness of approximately 750 nm, resulting in a surface root
mean square (RMS) roughness of (38.7+0.8) nm, and a total
height variation in a (2 um)~ area as large as 290 nm (see the
atomic force microscope 1mage 1n FIG. 9). By comparison,
the ITO layer 1s only 150 nm thick, whose comparatively
smooth surface (FIG. 10) has an RMS roughness of (2.8+0.6)
nm and a height vanation of 27 nm. The difference in oxide

thickness also contributes to the difference of transmittance
of the two of substrates.

[0079] Solar cells with an organic double heterojunction
structure of copper phthalocyanine donor (CuPc, 200 A)/C,.,,
acceptor (400 A)/2,9-dimethyl-4,7-diphenyl-1,10-phenan-
throline exciton blocking layer (BCP, 100 A) and a 1000
A-thick Ag cathode grown on ITO-coated glass by conven-
tional vacuum thermal evaporation (V1E) have been shown
to have a power conversion efticiency otm ,=3.620.2% (see J.
Xue, S. Uchida, B. P. Rand, S. Forrest, Applied Physics Let-
ters 84, 3013 (2004)). In contrast, devices with the same
organic layers deposited on the SnO,:F-coated glass
described above show an ohmic (i.e. non-rectifying) behav-
101

[0080] The large crystal grains of doped SnO, and ZnO
clectrodes penetrate through the donor-acceptor heterojunc-
tion interface, creating a short circuit pathway for charge
carriers to pass between the electrodes. When the pathways
are large, the device does not work at all. When the pathways
are small, the device may work, but with poor efliciency. In
the ohmic device described above, The rough surface of the
SnO,:F induces direct contact between the oxide anode and
either the C, acceptor or the Ag cathode, thus shorting the
CuPc/C, junction.

[0081] Whle there have been reports of using rough trans-
parent electrode materials such as SnO,:F for the transparent
anode of polymeric OLEDs and solar cells, to our knowledge
there has yet to be a demonstration of an organic heterojunc-
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tion photovoltaic cell based on such anodes with an efficiency
greater than 0.1%. For OLED examples, see J. C. Bernede, F.
Brovelll, S. Marsillac, F. R. Diaz, M. A. Del Valle, C. Beau-
douin, Journal of Applied Polymer Science 86, 1128 (2002);
A. R. V. Benvenho, J. P. M. Serbena, R. Lessmann, 1. A.
Himmelgen, R. M. Q. de Mello, R. W. C. L1, J. H. Cuvero, J.
Gruber, Brazilian Journal of Physics 35, 1016 (2005). For
solar cell examples, see R. Valaski, R. Lessmann, L. S.
Roman, I. A. Himmelgen, R. M. Q. Mello, L. Micaromn,
FElectrochemistry Communications 6,357 (2004); R. Valaski,
F. Muchenski, R. M. Q. Mello, L. Micaroni, L. S. Roman, I. A.
Himmelgen, Journal of Solid State Electrochemistry 10, 24
(20006).

[0082] Nevertheless, the cost, optical characteristics, and
conductivities of rough transparent electrode materials make
them very attractive as an electrode maternial. The cost of
SnQ,:F-coated glass 1s less than one-third that of ITO-coated
glass. Any number of less-expensive transparent electrically
conducting oxides (TCOs) with high surface roughness are
available. Examples of other less-expensive rough transpar-
ent conducting oxides include ZnO and SnQO,,. Preferably, the
conductivity of the rough TCO 1s increased by doping, such as
with aluminum-doped ZnO (ZnO: Al), antimony-doped SnO,
(SnO,:Sb), fluorine-doped ZnO (ZnO:F), and gallium-doped
/n0O (ZnO:Ga). In addition, as an alternative to TCOs, a
transparent rough transparent oxide with exceptional conduc-
tivity properties can be formed from carbon nanotubes 1n a
small molecule or polymer matrix. If desired, more examples

of more expensive rough TCOs that can be used include GaO
and InGaO.

[0083] AsshowninFIG. 11, a’750 nm thick SnO,:F coated
glass substrate has 70%-80% transmittance across the visible
range, or approximately 10% less than that for 150 nm thick
ITO coatings. The absorption of both substrates has a high
energy cutoll at wavelengths A<350 nm, implying a match of
the transparency window to that of the solar radiation spec-
trum (1.e., an air mass 1.5 reference solar spectral irradiance
as defined by American Society for Testing and Materials
(ASTM) G-173-03). The sheet resistance of SnO,:F coated
glass 1s less than 12 £2/sq. (available from Asahi Glass Fab-
ritech Co., Ltd. 3-25-12, Tarumi-cho, Suita-city, Osaka,
Japan, 564-0062), lower than the 15 €2/sq. sheet resistance of
ITO coated glass (as reported by J. Xue, S. Uchida, B. P.
Rand, S. Forrest, Applied Physics Letters 84, 3013 (2004)).

[0084] The high transparency and small resistance of
SnO,:F coated glass make this material suitable for solar cell
applications. High transparency 1n the visible range with low
resistivities have also been reported for other rough electrode
materials such as ZnO:Al, ZnO:F, and ZnO:Ga. See, for
example, T. Miyata, Y. Minamino, S. Ida, and T. Minamu,
Journal of Vacuum Science & Technology A: Vacuum, Sur-

faces, and Films 22, 1711 (2004).

[0085] A widely used solution to prevent short circuits due
to heterojunction penetration by a rough anode 1s to make the
bottom layer of the donor-acceptor heterojunction sudfi-
ciently thick to assure coverage of the crystal grains. This
solution results 1n an 1ncrease 1n series resistance within the
device, reducing overall efficiency. Elliciency 1s reduced
because a significant number of excitons never reach the

heterojunction to disassociate before quenching.

[0086] Another solution to prevent short-circuits with
rough electrode materials 1s to deposit a planarizing smooth-
ing layer over the electrode before depositing the heterojunc-
tion materials. Such a planarizing layer can be added, for
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example, by spin-coating a 200 nm-thick 3,4-polyethylene-
dioxythiophene:polystyrenesulionate (PEDOT:PSS) pla-
narizing layer (see P. Peumans, S. R. Forrest, Applied Physics
Letters 79, 126 (2001)) on the SnO,:F surface prior to VIE
deposition of the CuPc (200 A) donor/ C., (400 A) acceptor/

BCP (100 A) exciton blocker/Ag (1000 A) cathode mini-

mizes or eliminates roughness-induced shorts. However, 1t
also 1introduces additional series resistance, thereby resulting
in solar cells with power conversion elliciencies <0.1%.

[0087] Another approach that has been taken to eliminate
short-circuits with rough electrode materials 1s to minimize
the formation of the large crystal grains in the electrode

material, resulting 1n a smoother electrode. See, for example,
U.S. Patent Application Publication 2005-0276987 Al.
While this approach may facilitate the use of less expensive
clectrode materials, 1t eliminates the surface roughness that
ideally could be used to diffuse incident light, increase the
interface area of the heterojunction, and increase light trap-
ping 1n the photoactive region.

[0088] In general, 1t 1s desirable to increase the surface area
of the donor-acceptor junction. While there have been efforts
to 1ncrease the surface area of the donor-acceptor heterojunc-
tion by shaping the surface of the anode (see, U.S. Pat. No.
5,986,206, employing large-scale anode corrugation), a
device utilizing an organic semiconductor conformal layer
able to replicate the underlying nano-scale surface features of
a rough electrode has remained out of reach.

[0089] As disclosed herein, the short-circuit problems with
rough electrodes can be eliminated while retaining the sur-
face topography of the electrode by depositing a conformal
layer of an organic semiconductor material on the electrode
by delivery of a vapor of the organic semiconductor material
in an inert carrier gas under conditions that promote surface
diffusivity. The preferred delivery method 1s organic vapor
phase deposition (OVPD), where the molecules have a short
mean free path (<1 cm) 1n the gas phase. OVPD can be used
to deposit materials that do not thermally decompose when
the molecular source 1s heated, such as small molecule mate-
rials, monomers, oligomers, and dendrimers. For a back-

ground discussion for growth of organic layers by OVPD, see
M. Baldo, M. Deutsch, P. Burrows, H. Gossenberger, M.

Gerstenberg, V. Ban, S. Forrest, Advanced Materials 10,1505
(1998).

[0090] OVPD are inherently different from the widely used
vacuum thermal evaporation (VTE) 1n that a carrier gas 1s
used to transport vapors into a deposition chamber. Spatially
separating the functions of evaporation and transport leads to
precise control over the deposition process. The source mate-
rials and deposition chamber walls are heated during OVPD,
with separate control of the surface temperature of the target.

[0091] Unlike growth by VTE where the molecules follow
radial trajectories from source to substrate, the molecules in
OVPD have non-ballistic trajectories and diffuse through a
hydrodynamic boundary layer before reaching the substrate
at random 1ncident angles. The flow of the carrier gas around
the substrate creates the hydrodynamlc boundary layer where
molecular transport 1s diffusion-limited. The deposition rate,
deposition elliciency, and {ilm morphology are controlled by
adjusting the organic species concentration, tlow hydrody-
namics, and surface diffusivity. The molecules can diffuse

into recesses on rough surfaces that are otherwise unreach-
able by VTE (see F. Yang, M. Shtein, S. R. Forrest, Nature

Materials 4, 377 (2005)).

May 19, 2011

[0092] Using OVPD, a thin conformal layer can be grown
on an electrode having a root mean square (rms) suriace
roughness of at least 30 nm and height variations of at least
200 nm, which would cause shorts using comparable prior
methods. “Height variation™ refers to the difference between
the highest point and the lowest point on the surface of the
rough material. The rough electrode preferably has a surface
area at least 1.2 times greater than that of the underlying
substrate.

[0093] The conformal layer i1s preferably polycrystalline,
composed of a small molecule material, and 1s at least three
monolayers thick. The lattice spacing of the organic semicon-
ductor material will ordinarily be different from that of the
clectrode, creating strain in the conformal layer. The organic
semiconductor material 1s deposited onto the electrode at
least until a lattice structure of the material relaxes, forming a
plurality of domains. The minimum thickness 1n order to
achieve continuous conformal polycrystalline coverage 1is
typically around 10 nm. The thickness of the conformal layer
1s preferably less than 30 nm, and more preferably, less than
20 nm.

[0094] To maximize the fill factor (11), the height variation
of the rough electrode should be at least three times larger
than the thickness of the conformal layer plus a minimum
thickness of the layer of the organic semiconductor material
having the opposite material type deposited thereon. More
preferably, the height variation should be at least five times
larger. Series resistance 1s proportional to fill factor. Using
such parameters, fill factors exceeding 0.5 have been
achieved, whereas polymer-based designs usually yield
results below 0.3.

[0095] By creating a true conformal layer (1.e., a layer
having substantially constant thickness), the surface area of
the donor-acceptor heterojunction 1s increased by carrying
the surface roughness through as a feature of the first organic
semiconductor layer. Series resistance 1s lowered because the
conformal layer can reliably be made very thin and because
the smoothing layer (e.g., layer 122) can be omitted. Retain-
ing the jagged features of the electrode promotes diffusivity
of incident light, and the jagged donor-acceptor interface
increases the surtace area of the rectifying junction for exci-
ton-disassociation.

[0096] The conformal layer 1s grown by cooling the sub-
strate to a moderate to cool temperature (e.g., 10° to 30° C.),
with an ambient pressure between 0.35 and 0.65 Torr. In
comparison, the chamber walls, carrier gas, and organic mol-
ecules are heated to 350° C. to 500° C. The substrate tem-
perature 1s suiliciently high that the incident organic mol-
ecules diffuse for short distances along the surface of the
rough electrode, but below the energy required for formation
of monocrystals. The effect 1s rapid nucleation on the elec-
trode surface, with the formation of numerous small poly-
crystalline domains.

[0097] The growth process is illustrate 1n FIGS. 12A and
12B. The deposition chamber 1200 includes an inlet 1201
connected to a gas-delivery head 1203, and outlets 1202. The
plattorm 1204 on which the substrate 110 1s mounted
includes temperature coils 1206 through which fluid 1s passed
to heat or cool the substrate 110. The platform 1004 1s
mounted on a hub 1205 that allows the platform to be raised,
lowered, rotated, and/or tilted. Although not illustrated, the
walls of the deposition chamber 1200 are heated, and other
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apparatus may be included to control the temperature of the
substrate (e.g., piezo-electric cooling elements; infrared heat-
ers ).

[0098] As 1illustrated 1n FIG. 12A, molecules of a first
organic semiconductor material are delivered at random vec-
tors to nucleate on the rough electrode 1220, forming numer-
ous 1slands 1242 on the surface of the electrode 1220. As the
result of further nucleation and 1sland expansion, a continu-
ous conformal layer 1252 is produced, as shown in FIG. 12B.
[0099] Once the conformal layer 1s formed, the device con-
struction can be completed by forming any number of struc-
tures. For example, as illustrate in FIG. 12C, a layer of a
second organic semiconductor material 1254 can be depos-
ited directly on the conformal layer 1252, forming a donor-
acceptor heterojunction. Although the second organic semi-
conductor layer 1252 1s illustrated as planar, any structure can
be used (including conformal), so long as there 1s no non-
rectifying path for charge carriers from the first organic semi-
conductor material 1252 to the later-formed second electrode,
charge transter layer, or recombination layer. Further, if not
conformal, other deposition method besides OVPD may be
used to form the second organic semiconductor layer 1254.
[0100] The device 1s then finished off with an exciton
blocking layer 1256 and a top electrode 1270, as 1llustrated in
FIG. 13.

[0101] Fora single cell design, the first electrode 1270 will
be the anode, the first organic semiconductor layer 1252 will
be the donor, the second organic semiconductor layer 1254
will be the acceptor, and the second electrode 1270 will be the
cathode. Reverse arrangements can also be used. In reverse
designs (cathode on the bottom), both the exciton blocking
layer and the acceptor may be formed as conformal layers.

[0102] In addition to donor-acceptor heterojunction
devices, the conformal organic semiconductor layer may be
used to form a Schottky device with a rough electrode, as
generally described above with FIG. 6.

[0103] The cell may be arranged 1n a tandem device, as
shown 1 FIGS. 7 and 8. I arranged as a tandem device, a
rough electrode material may be deposited as an intermediate
clectrode or charge transfer layer. As low temperature chemi-
cal vapor deposition of rough electrode matenials generally
increases roughness, such processes are well suited maximiz-
ing roughness without decomposition of the underlying
organic materials.

[0104] o further increase the surface area of the donor-
acceptor heterojunction, protrusions 1448 of the first organic
semiconductor material can be directly formed on the con-
tormal layer 1252. FI1G. 14 illustrates deposition of the pro-
trusions 1448, and FIG. 15 illustrates a finished single cell
device including the protrusions 1448. The height of each
protrusion 1s greater than a cross-sectional width of the
respective protrusion, producing a bulk-heterojunction struc-
ture. Two methods are available to create such protrusions.

[0105] A first method for forming the protrusions 1448 can
be grown 1s the Stranski-Krastanov layer-plus-island growth,
as described (among other places) i “Ultrathin Organic
Films Grown by Organic Molecular Beam Deposition and
Related Techniques™ by Forrest, Chemical Reviews Vol. 97,
No. 6, 1793-1896 (1997); and F. Yang, M. Shtein, S. R.
Forrest, Nature Materials 4, 37 (2005), which are incorpo-
rated herein by reference. After the conformal strained poly-
crystalline layer 1s grown to a thickness where coverage 1s
continuous and the molecules begin to relax (for most mate-
rial combinations, this thickness 1s between 10 and 20 nm),
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the substrate temperature 1s raised and the chamber pressure
1s lowered (relative to conditions used for conformal growth).
This increases surface diffusivity, resulting 1n molecules
skimming along the surface of the conformal layer 12352 until
a point of energy equilibrium 1s reached (usually toward a
middle of one of the polycrystalline domains where the con-
formal layer 1s most relaxed). The surface energy conditions
favor further molecules bonding to these equilibrium-point
nucleation sites, rather than the conformal layer 12352 1tself,
generating protrusions 1448.

[0106] The higher the strain 1n the wetting layer, the nar-
rower the protrusions 1448 are for any given material. The
resulting protrusions 1448 have very good crystallinity,
which 1s favorable to high carrier mobility and low series
resistance. Protrusions can be grown to heights as long as a
micron, whereas protrusion cross-sections are on the order of
the exciton diffusion length of the material—around fifty
nanometers.

[0107] Another example of a controlled growth process by
which protrusions 1448 can be grown 1s nucleation-by-con-
densation. The chamber pressure 1s increased to cause the
molecules to cluster while still 1n the gas stream. The surface
temperature of the substrate 1s lowered to decrease surface
diffusivity, such that the clusters stick where they land. The
result 1s protrusions having heights up to around one hundred
nanometers, with cross-sections between ten to one hundred
nanometers. The height and width dimensions tend to be
similar to be on order of the exciton diffusion length of the
material; for example, the height and width of the protrusions
formed with CuPc¢ were around 30 to 40 nm.

[0108] The nucleation-by-condensation growth process 1s
easier to control than the Stranski-Krastanov method, but
crystallinity 1n the protrusions 1448 1s reduced (mobility for a
same material 1s approximately V1o that achieved with Stran-
ski-Krastanov). Mushroom-shaped protrusions that maxi-
mize surface area are easily formed with this method, since by
morphology control, incoming clusters can be made to clump
to the first surface they contact.

[0109] Asis generally understood in the art, for any desired
morphology, there 1s a balance between substrate temperature
and pressure. For example, a small decrease 1n temperature
can be compensated for with a small increase 1n pressure to
achieve substantially the same morphology.

[0110] With regard to morphology control, i the substrate
temperature 1s kept fixed, increasing pressure produces clus-
ters (rough-growth nucleation-by-condensation), whereas
decreasing the pressure produces conformal growth. Simi-
larly, 11 pressure 1s fixed, a lower temperature produces low
surface diffusivity and rough-growth cluster, a high tempera-
ture (below the crystallization energy of the material) pro-
duces conformal or planar growth, and a very high tempera-
ture (1.e., above the crystallization energy of the material)
favors equilibrium growth columnar growth (1.e., Stranski-
Krastanov). The crystallization energy of a material can be
characterized by the temperature at which it will arrange 1tself
into a monocrystalline structure as it 1s deposited.

[0111] From any point within the first organic semiconduc-
tor material deposited as the conformal layer and the protru-
s10ms, a distance to an iterface boundary with a layer of an
opposite material type 1s preferably no more than 2.5 exciton
diffusion lengths of the first organic semiconductor materal.

[0112] For growth of conformal layers, the materal 1s pret-
erably a small molecule material able to arrange itself into
polycrystals. If the first organic semiconductor material 1s a
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donor, preferred small molecule materials are a phthalocya-
nine (e.g., copper phthalocyanine (“CuPc”), tin phthalocya-
nine (“SnPc”) and zinc phthalocyanine (“ZnPc”)), a phthalo-
cyanine dermvative (e.g., chloro[subphalocyaninato]boron
(III) (*“SubPc™)), and 3,4.9,10-perylene tetracarboxylic
dianhydride (“PTCDA”).

[0113] If the first organic semiconductor material 1s an
acceptor, preferred small molecule materials are a polyhedral
tullerene having at least 60 carbon atoms (e.g., C,, C,,) and
3.4,9,10-perylenetetracarboxylic bis-benzimidazole
(“PTCBI”).

[0114] All of these materials are known 1n the art, with the
possible exception of SubPc, which 1is:

i i
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A further description of SubPc and related compounds can be
found 1in U.S. patent application Ser. No. 11/442,062 by Kris-

tin Mutolo et al., filed May 25, 2006 and entitled “Organic
Photosensitive Devices Using Subphthalocyanine Com-
pounds.”

[0115] FEach ofthese donor and acceptor materials has good
light absorption and carrier absorption properties, and can be
grown to form a polycrystalline structure. When the first layer
1252 1s a donor, the second layer 1254 1s preferably one of the
above acceptors; when the first layer 1252 1s an acceptor, the
second layer 1254 is preferably one of the above donors.
However, 11 the second layer 1254 1s not conformal, the mate-
rial can be any organic, including a polymer.

EXAMPLES

[0116] Small-molecular-weight organic layers used in the
photovoltaic cells were deposited by OVPD on commercially

SnO,:F (Asahi1 Glass Fabritech Co., Ltd. 3-25-12, Tarumi-
cho, Suita-city, Osaka, Japan, 564-0062) and ITO coated
(Applied Film Corp., 6797-Winchester Circle, Boulder,
Colo.80301) 1.1 mm thick glass substrates. The SnO,:F layer
was 750 nm thick, and the ITO layer was 150 nm thick. The
solvent-cleaned substrates were exposed to ultra-violet+O,
treatment for 5 min immediately prior to loading mto the

OVPD chamber.

[0117] Prior to CuPc and C,, deposition by OVPD, the
organic materials were purified 1n three cycles using vacuum
thermal gradient sublimation. The OVPD growth chamber
(base pressure <90 m'Torr) maintains a continuous high purity
nitrogen flow through the organic sources (see F. Yang, M.
Shtein, S. R. Forrest, Journal of Applied Physics 98, 014906
(20035); M. Shtein, H. F. Gossenberger, J. B. Benziger, S. R.
Forrest, Journal of Applied Physics 89, 1470 (2001)). The
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substrate temperature was controlled by flowing water
through a copper holder. The N, carrier gas flow rate was
regulated with mass flow meters (MKS Instruments) and the

chamber pressure 1s independently controlled with a buttertly
valve (MKS Instruments).

[0118] The conditions for the growth of the planar CuPc
were: |

o —2406x1° C., T =16x1° C., N, flow
rate=150 sccm, chamber pressure=0.587+0.001 Torr, and the

deposition time was 140 seconds. The growth conditions for

rough CuPc films were: T, =446x1°C.,T_ ., =6+1°
C., N, flow rate=100 sccm, chamber pressure=1.000+0.001
Torr, and deposition time was 140 seconds. The growth con-
ditions for C., were: T =472+2°C.,T_ . .. =16x1°C.,
N, flow rate=100 sccm, chamber pressure=0.460+0.001 Torr,
and the deposition time was 830 seconds. After CuPc/Cg,
growth, the samples were transferred through a nitrogen
glove box into a vacuum chamber with pressure <2x10~’
Torr, where a 100 A thick BCP layer, and the 1000 A thick Ag

cathode were deposited through a shadow mask with an array
of 1 mm diameter circular openings via thermal evaporation.

[0119] The surface morphologies of SnO,:F and ITO
coated glass substrates were studied with an x30 field-emis-
s10n scanning electron microscope (Philips) and a Dimension
3000 atomic force microscope (Veeco) 1n tapping mode. A
variable angle, spectroscopic ellipsometer (WASE series, J.
A. Woollam) was used to measure the thickness of films on an
S1water to determine growth rate. Solar cell performance was
tested 1n ambient conditions 1n air. Unless otherwise noted,
the J-V characteristics and power conversion efficiencies of
the devices were measured under simulated AM 1.5 G solar
illumination at 1 sun intensity using an HP4155B semicon-
ductor parameter analyzer. The illumination intensity was
varied using neutral density filters and measured using a
calibrated broadband optical power meter. Photocurrent
spectra were recorded using a monochromatic beam of light
from a tungsten-halogen lamp and chopped at 400 Hz. The
monochromatic light was calibrated using a S1 photodetector,
and photocurrent was measured using a lock-in amplifier
referenced to the chopper frequency. Transmittance and

absorption spectra were measured using a Perkin-Elmer
Lambda 800 UV/Visible spectrometer.

[0120] By controlling the organic film morphology, the
donor-acceptor (D-A) interface grew into a three-dimen-
sional inter-digitated bulk heterojunction structure, resulting
1n power conversion elficiencies nearly twice those of analo-
gous devices with a planar heterointerface. By changing the
OVPD growth conditions for CuPc and C,,, we are able to
adjust the film surface morphology and crystallization to
optimize interfacial surface area while achieving a continu-
ous substrate coverage The resulting copper phthalocyanine
(CuPc)/C,, heterojunction photovoltaic cells on SnO,:F
anodes had a power conversion efficiency of 2.5% at 1 sun
simulated AM 1.5 G illumination.

[0121] Three photovoltaic cell structures with 490+5 A
thick C., acceptor layers were grown on the surface of CuPc
donor films on SnO,:F (1620). In the planar heterojunction
shown 1n FIG. 16, both CuPc (1652) and C,, (1654) form
continuous layers, with CuPc thicknesses of 240 A (d1). In
the bulk heterojunction structure (d2, FIG. 17), we {irst grew
a 120 A-thick CuPc layer followed by a layer of CuPc with
nanometer-scale protrusions (1llustrated together as 1752),
covering the protrusions with a continuous layer of Cg,
(1754). The average thickness of this second growth 1s also
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120 A. Structure d3 (FIG. 18) consisted of CuPc protrusions
(1852) without a continuous base layer, covered by a layer of

continuous C,, (1854).

[0122] Scanning electron micrographs show a smooth sur-
face consisting of a 240 A-thick, continuous CuPc layer as
used in structure d1 (FIG. 19), and a planar-plus-rough CuPc
film used 1n structure d2 (FIG. 20) where the protrusions
evenly distribute on the conformal layer that covers the
SnO,:F crystals. The CuPc protrusions are comparable to the
exciton diffusion length, L5, 1.e. they are 20-30 nm 1n width
and 40-50 nm high. After the CuPc growth, C,, was deposited
in the same OVPD chamber without exposure to atmosphere.
As shown 1n FIG. 21, the C, forms a smooth and planar
surface that completely covers the CuPc protrusions in FIG.
20. A BCP exciton blocking layer (1656) deposited over the
Ceo-

[0123] All three CuPc/C,, heterojunction devices show
rectification in the dark (FIG. 22), and generate photocurrent
under illumination (FIG. 23), forming solar cells with thin
organic layers (<800 A) on the rough SnQ.:F substrates. For
the planar heterojunction structures d1, and the bulk hetero-
junction structure d2, the current rectification ratios at £1.0V
in the dark are >10% implying a continuous p-n junction
between the SnO,:F anode and the Ag cathode (1670). In
contrast, device d3 has a rectification ratio of 8, since gaps
between the CuPc protrusions allows C, to directly contact
the underlying SnO,:F, resulting 1n local shorts (see FIG. 18).

[0124] The performances of the three devices under 1llumi-
nation are compared in FIG. 23. Device d3, with 1ts small
shunt resistance, has a small open circuit voltage (V ,~0.08
V) and a low fill factor (if) as expected. The short circuit
current (J ) increases from 5.2 mA/cm” in device d1, to 9.1
mA/cm? in the bulk heterojunction device, d2. This indicates
that the imter-digitated CuPc/C,, interface i1s elfective in
increasing the exciton dissociation efficiency at the donor-
acceptor junction.

[0125] The external quantum efficiency (EQE) 1s measured
as a function of wavelength in FIG. 24. The EQE peaks
centered at A=620 and 695 nm are due to absorption in CuPc,
and the EQE peak at 470 nm 1s due to the absorption 1mn C,,
(FI1G. 25). In FIG. 24, the EQE of CuPc at A=620 nm 1increases
from 19% 1n the planar heterojunction, to 31% 1n the bulk
heterojunction, while the peak at A=470 nm only increases
from 3% to 6%. This implies that the increase 1n donor-
acceptor interface area characteristic of the bulk heterojunc-
tion 1s more eificient i dissociating excitons absorbed in
CuPc, where the exciton diffusion length of L ,=10 nm 1s less
than that 1n C ., (L.,,=40 nm; see P. Peumans, A. Yakimov, S.
R. Forrest, Journal of Applied Physics 93, 3693 (2003)).

[0126] From the overlap mtegral of EQE(A) with the AM
1.5 solar irradiation spectrum (National Renewable Energy

Laboratory, ASTM G-173-03, air mass 1.5 reference solar
spectral 1rradiance. Website: <http://rredc.nrel.gov/solar/
spectra/am].5/>), the J .~ for the planar heterojunction device
(d1) and the bulk heterojunction device (d2) was calculated to
be 3.5 mA/cm” and 6.1 mA/cm”®, respectively, or approxi-
mately 30% lower than the values obtained by direct mea-
surement. This 1s attributed to the device degradation and
mismatch between the simulated and standard AM 1.5 solar
spectra (see P. Peumans, S. R. Forrest, Applied Physics Let-
ters 116, 1713 (2002); S. Yoo, B. Domercq, B. Kippelen,
Applied Physics Letters 85, 34277 (2004)).

[0127] The performances of the four CuPc/C,, heterojunc-
tion solar cells were further studied by measuring the devices
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under different illumination intensities. The responsivity
(J~/P,, where P, 1s the incident light power) 1s plotted 1n FIG.

26 as function of P,. Device d2 has a responsivity of 0.11x0.
01 A/W at 1 sun, a value close to twice of that o1 d1 (0.060=x0.

005 A/W), while the responsivity of d3 1s 0.028+0.005 A/W.
In FIG. 27, we find that 11>0.5 for the bulk heterojunction and
planar heterojunction devices when 1lluminated under the
range of 0.02 to 8 suns, and 11>0.55 at 1 sun, implying that the
controlled growth of a bulk heterojunction does not introduce
series resistance (see F. Yang, M. Shtein, S. R. Forrest, Nature
Materials 4, 37 (2003)), an advantage over the random bulk
heterojunction solar cells obtained by mixing polymers (see J.
J.M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R.
H. Friend, S. C. Moratti, A. B. Holmes, Nature 376, 498
(1993)) or annealing small molecule donor-acceptor mixtures
(see P. Peumans, S. Uchida, S. R. Forrest, Nature 425, 138
(2003)). In addition, V ,~ 1s unchanged for devices d1 and d2
across the entire range of intensities shown 1n FI1G. 28, despite
their different morphologies. By comparison, V .~ of device
d3 1s lower due to its small shunt resistance, as expected.

[0128] The interface area 1s similar between the bulk het-
erojunction structure d2 and the protrusion-without-continu-
ous layer CuPc/C ., structure (d3), but the increases in respon-
stvity, 1 and V.~ 1n d2 show the importance of having a
continuous CuPc layer covering the anode to eliminate cur-
rent shunt paths. Note that V . of the planar heterojunction
devices grown on SnO,:F 1s approximately 0.1 V less than
that of a control planar heterojunction CuPc/C,,/BCP/Ag
device grown on an ITO anode under similar i1llumination
intensities (see P. Peumans, V. Bulovic, S. R. Forrest, Applied
Physics Letters 76, 2650 (2000); S. Khodabakhsh, B. M.
Sanderson, J. Nelson, T. S. Jones, Advanced Functional
Materials 16, 95 (20006)). The difference of V. 1s compa-
rable to the work function (¢) difference between SnO,:F
(90=4.9 eV) and ITO (¢=4.8 eV) (see R. G. Gordon, MRS

Bulletin 25, 52 (2000)), although a systematic study of the
origin of V ,~ 1s beyond the scope of this work.

[0129] FIG. 29 shows the power conversion elliciencies of
the various CuPc¢/C ., junction devices studied. The bulk het-
erojunction device has the highest 1 », peaking at 2.5+0.2% at
1 sun i1llumination, which 1s twice of that of planar hetero-
junction device (m,=1.3+% for d1), and ten times of that of
d3, where 1 ,=0.6£0.1% at 1 sun. Compared to the previously
published planar heterojunction structure ITO/CuPc (200
A)/C., (400 A)Y/BCP (100 A)/Ag (1000 A) where 1 ,=3.6+0.
2% (see J. Xue, S. Uchida, B. P. Rand, S. Forrest, Applied
Physics Letters 84, 3013 (2004)) and n,=3.2+0.2% (see L.
Yang, M. Shtein, S. R. Forrest, Journal of Applied Physics 98,
014906 (2005)) grown by VTE and OVPD, respectively, n » of
the cells grown on SnO,:F 1n this work 1s lower, possibly due
to the higher resistance of the 750 nm thick oxide, and the
non-optimized organic layer thicknesses.

[0130] In conclusion, we have grown eificient small mol-
ecule organic solar cells on indium-iree SnO,:F-coated glass
substrates using OVPD, and have studied the influence of
nano-scale heterojunction morphology on the solar cell per-
formance. The conformal nature of OVPD growth resulted 1n
continuous layers of CuPc and C,, on the rough SnO,:F
surface, resulting 1n high efficiency devices. OVPD growth
was used to generate either a planar interface, or one with
nanoscale features on the order of an exciton diffusion length
in CuPc. The bulk heterojunction solar cell formed by a
continuous layer plus protrusions CuPc and a covering C,,
layer has a power efficiency of 2.5+0.2% at 1 sun simulated
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AM 1.5 Gillumination, close to twice of that of similar planar
heterojunction devices. Our results show that OVPD can be
used to grow ellicient organic solar cells on low-cost rough-
clectrode coated substrates. The methodology employed
would work for any number of other rough electrode materi-
als, including (but not limited to) doped ZnO, and carbon
nanotubes 1n a small-molecule or polymer matrix.

[0131] Although OVPD is the preferred method for form-
ing the conformal layer as itreliably produces superior results
(short-free with faster deposition times and lower costs),
other methods may be adapted to form the conformal layer,
such as vacuum thermal evaporation (VTE), organic molecu-
lar beam deposition (OMBD) and organic vapor jet deposi-
tion (OVID). With VTE, a conformal layer can be formed by
cooling the substrate during the deposition (as with OVPD),
and repeatedly changing the angle of the substrate relative to
the source during the deposition. With OMBD, the substrate
1s increased to promote surface diffusion and the angle on the
substrate 1s repeatedly changed during deposition. With
OV D, the substrate 1s cooled as with OVPD, and the angle of
the substrate and/or the jet nozzle(s) are repeatedly changed
during deposition.

[0132] As described above, organic photosensitive devices
of the present invention may be used to generate electrical
power from incident electromagnetic radiation (e.g., photo-
voltaic devices) or may be used to detect incident electromag-
netic radiation (e.g., a photodetector or photoconductor cell).
The matenals, structures and fabrications approaches
described herein may have applications 1n devices other than
organic photovoltaic cells. For example, other optoelectronic
devices such as organic photodetectors, organic photosen-
sors, and organic light-emitting diodes may employ the mate-
rials, structures and fabrication approaches. More generally,
organic devices, such as organic transistors, may employ the
materals, structures and fabrication approaches.

[0133] Specific examples of the invention are illustrated
and/or described herein. However, 1t will be appreciated that
modifications and varnations of the mvention 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. A method of fabricating an optoelectronic device, com-
prising;:

providing a first electrode disposed on a substrate, an
exposed surface of the first electrode having a root mean
square roughness of at least 30 nm and a height variation
of at least 200 nm, the first electrode being transparent;

depositing a conformal layer of a first organic semiconduc-
tor material onto said first electrode, the first organic
semiconductor material being a small molecule mate-
rial;

depositing nanometer scale protrusions of the first organic
semiconductor material directly onto said conformal
layer;

depositing a layer of a second organic semiconductor mate-
rial over the conformal layer, at least some of the layer of
the second organic semiconductor material directly con-
tacting the conformal layer; and

depositing a second electrode over the layer of the second
organic semiconductor material,

wherein the first organic semiconductor material 1s of a
donor-type or an acceptor-type relative to the second
organic semiconductor material, which 1s of the other
material type.
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2. The method of claim 1, wherein the conformal layer 1s
deposited by organic vapor phase deposition.

3. The method of claim 1, the first electrode consists essen-
tially of a matenal selected from a doped or undoped trans-
parent conducting oxide, and carbon nanotubes in a small
molecule or polymer matrix.

4. The method of claim 1, wherein the first electrode has a
surface area at least 1.2 times greater than a surface area of the
substrate.

5. The method of claim 1, wherein the conformal layer has
a thickness of less than 300 A.

6. The method of claim 5, wherein the thickness of the
conformal layer is less than 200 A.

7. The method of claim 1, wherein the layer of the second
organic material 1s a continuous layer.

8. The method of claim 7, wherein the height variation of
the first electrode 1s at least three times larger than a thickness
ol the conformal layer plus a minimum thickness of the layer
of the second organic semiconductor material.

9. The method of claim 8, wherein the height variation of
the first electrode 1s at least five times larger than the thickness
of the conformal layer plus the mimnimum thickness of the
layer of the second organic semiconductor material.

10. The method of claim 1, wherein the conformal layer of
the first organic semiconductor material 1s deposited directly
onto the first electrode.

11. The method of claim 10, wherein a strain 1s created 1n
the conformal layer at an interface with the first electrode, and
wherein depositing the conformal layer includes depositing
the first organic semiconductor material onto said first elec-
trode until a lattice structure of the first organic semiconduc-
tor material relaxes, forming a plurality of domains of the first
organic semiconductor material, the conformal layer being
polycrystalline.

12. The method of claim 1, wherein the first organic semi-
conductor material 1s a donor-type material relative to the
second organic semiconductor material, which 1s an acceptor-
type material.

13. The method of claim 12, wherein the donor-type mate-
rial 1s selected from a phthalocyanine, a phthalocyanine
derivative, and 3.4,9,10-perylene tetracarboxylic dianhydride
(PTCDA).

14. The method of claim 13, wherein the phthalocyanmine 1s
selected from copper phthalocyanine (CuPc), tin phthalocya-
nine (SnPc) and zinc phthalocyanine (ZnPc), and the phtha-
locyanine derivative 1s selected from chloro[subphalocyani-
nato]boron(III) (SubPc).

15. The method of claim 1, wherein the first organic semi-
conductor material 1s an acceptor-type material relative to the
second organic semiconductor materials, which 1s a donor-
type material.

16. The method of claim 15, wherein the acceptor-type
material 1s selected from a polyhedral fullerene having at least
60 carbon atoms and 3.4,9,10-perylenetetracarboxylic bis-
benzimidazole (PTCBI).

17. The method of claim 1, wherein the combination of the
conformal layer with the protrusions has a surface area at least
two times greater than a surface area of the conformal layer
without the protrusions, wherein the layer of the second
organic semiconductor material 1s deposited after the depos-
iting of the protrusions.

18. The method of claim 17, wherein the height of each
protrusion 1s greater than a cross-sectional width of the
respective protrusion.
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19. The method of claim 17, wherein from any point within
the first organic semiconductor material deposited as the con-
tormal layer and the protrusions, a distance to an interface
boundary with a layer of an opposite matenial type 1s no more
than 2.5 exciton diffusion lengths of the first organic semi-
conductor material.

20. A device comprising:

a substrate having a first electrode thereon, a surface of the
first electrode opposite the substrate having a root mean
square roughness of at least 30 nm and a height variation
of at least 200 nm;

at least one donor-acceptor heterojunction composed of:

a conformal layer of a first organic semiconductor material
on said surface of the first electrode, the first organic
semiconductor material being a small molecule mate-
rial;

a layer of a second organic semiconductor material on the
conformal layer of the first organic semiconductor mate-
rial, at least some of the second organic semiconductor
material directly contacting the conformal layer,
wherein the first organic semiconductor material 1s of a
donor-type or an acceptor-type relative to the second
organic semiconductor material, which 1s of the other
matenal type;

nanometer scale protrusions of the first organic semicon-
ductor material, in direct contact with the conformal
layer and being between the conformal layer of the first
organic semiconductor material and the layer of a sec-
ond organic semiconductor material; and

a second electrode on the donor-acceptor heterojunction.

21. The device of claim 20, wherein the first electrode
consisting essentially of a material selected from a doped or
undoped transparent conducting oxide, and carbon nanotubes
in a small molecule or polymer matrix.

22. The device of claim 20, wherein the first electrode has
a surface area at least 1.2 times greater than a surface area of
the underlying substrate.

23. The device of claim 20 wherein the conformal layer has
a thickness of less than 300 A.
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24. The device of claim 23, wherein the thickness of the
conformal layer is less than 200 A.

25. The device of claim 20, wherein the layer of the second
organic material 1s a continuous layer.

26. The device of claim 25, wherein the height variation of
the first electrode 1s at least three times larger than the thick-
ness of the conformal layer plus a mimimum thickness of the
layer of the second organic semiconductor material.

277. The device of claim 26, wherein the height vanation of
the first electrode 1s at least five times larger than the thickness
of the conformal layer plus the minimum thickness of the
layer of the second organic semiconductor material.

28. The device of claim 20, wherein the conformal layer 1s
polycrystalline.

29. The device of claim 28, wherein the donor-type mate-
rial 1s selected from a phthalocyanine, a phthalocyanine

derivative, and 3.4,9,10-perylene tetracarboxylic dianhydride
(PTCDA).

30. The device of claim 29, wherein the phthalocyanine 1s
selected from copper phthalocyanine (CuPc), tin phthalocya-

nine (SnPc) and zinc phthalocyanine (ZnPc), and the phtha-
locyanine derivative 1s selected from chloro[subphalocyani-
nato]boron(1II) (SubPc).

31. The device of claim 28, wherein the acceptor-type
material 1s selected from a polyhedral fullerene having at least
60 carbon atoms and 3,4,9,10-perylenetetracarboxylic bis-
benzimidazole (PTCBI).

32. The device of claim 20, wherein the combination of the
conformal layer with the protrusions has a surface area at least
two times greater than a surface area of the conformal layer
without the protrusions.

33. The device of claim 32, wherein the height of each
protrusion 1s greater than a cross-sectional width of the
respective protrusion.

34. The device of claim 33, wherein from any point within
the conformal layer and the protrusions, a distance to an
interface boundary with a layer of an opposite material type 1s
no more than 2.5 exciton diffusion lengths of the first organic
semiconductor material.
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