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Engineering the organic semiconductor-electrode interface in polymer solar
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Engineering the interfaces between organic semiconductors and electrodes minimizes interfacial
resistances and enhances the performance of polymer solar cells. Organic semiconductors have
intrinsically low free carrier densities, which can lead to large injection barriers if the work functions of
the electrodes are not properly matched to the energy levels of the photoactive layers in electronic
devices. One approach to engineer this crucial interface is through the judicious selection of electrode
materials. Selecting the electrodes so their work functions match the energy levels of the organic
semiconductors within the photoactive layer, however, can often compromise the environmental
stability of polymer solar cells. One must thus strive to achieve a balance during device fabrication
between the bulk properties of the electrode, such as electrical conductivity, and its interfacial
properties, such as the energy alignment between the organic semiconductor and the electrode. Another
approach to enhance charge extraction at the organic semiconductor-electrode interface is to adsorb
molecular layers (MLs) on the electrode prior to the deposition of the photoactive layer. If the adsorbed
molecules are preferentially oriented and they possess a net dipole moment, MLs can be utilized to
modify the work function of the electrode so to minimize resistive losses during charge extraction.

In this approach, one needs to take into account changes in the morphology of the photoactive layer —
which undoubtedly also alters device performance — that result due to differences in the surface energy
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of the ML-modified electrode. As an alternative to completely replacing the electrode, interfacial
modification via ML adsorption offers optimization of the charge extraction efficacy at the organic
semiconductor-electrode interface independent of the bulk conductivity of the electrode.
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Introduction

Polymer solar cells are an emerging class of devices that promise
to generate renewable power inexpensively."™ Specifically, the
use of solution-processed polymer organic semiconductors with
inexpensive fabrication methods, such as ink-jet printing and
roll-to-roll processing, can lead to low-cost photovoltaic
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devices.>” Wide-spread commercialization, however, requires an
improvement in the light-to-energy conversion efficiency,®
currently at around 6% for state-of-the-art devices.® In a yet more
recent press release, Solarmer has reported efficiencies as high as
7.9% for bulk heterojunction polymer solar cells.’® These effi-
ciencies, however, pale in comparison with the theoretical values
predicted for organic and polymer devices.!'? This review
focuses on one specific aspect of the community’s efforts to
improve device performance through engineering of the organic
semiconductor-electrode interface, both to minimize contact
resistances and to control the morphology of the subsequently
deposited photoactive layer.!:'3-18

To generate high levels of current or current density in poly-
mer solar cells, the barrier for charge transport across the organic
semiconductor-electrode interface should be minimized.
Ignoring surface dipoles, the barrier for charge transport across
the organic semiconductor-electrode interface is proportional to
the difference between the energy level of the highest occupied
molecular orbital (HOMO) and the work function of the anode
or the energy level of the lowest unoccupied molecular orbital
(LUMO) and the cathode work function. Charge transport
across the potential barrier occurs either through thermal exci-
tation of carriers over the barrier or by tunneling through the
barrier. Although the migration of free carriers in the organic
semiconductor to the interface narrows the barrier width and
promotes tunneling of charges through the barrier,” undoped
organic semiconductors, have few, if any, free carriers.?® It is thus
crucial that electrodes are designed to match either the energy
level of the HOMO of organic semiconductors having p-char-
acteristics to maximize hole transport across the organic semi-
conductor-electrode interface, or the energy level of the LUMO
of organic semiconductors with n-characteristics to maximize
electron transport. As described next, the photoactive layer in
polymer solar cells comprise at least two organic semi-
conductors, one which exhibits p-characteristics and the other
n-characteristics, necessitating a cathode and an anode with
different work functions.

The photoactive layer in bulk-heterojunction polymer solar
cells is composed of a blend of an electron donor (organic
semiconductor having p-characteristics) and an electron acceptor
(organic semiconductor having n-characteristics). A schematic of
such a device and its relevant energy levels are shown in Fig. 1.
After photon capture, an exciton, or a tightly bound electron-
hole pair, is generated; excitons that diffuse to the interface
between the two organic semiconductors then separate into free
charge carriers. Charge separation into the respective phases is
driven by the difference in the LUMO energy levels of the
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Fig. 1 Schematic of the architecture (left) and energy levels (right) of
a bulk-heterojunction polymer solar cell. Although light absorption can
take place in either the electron donor or electron acceptor, photo-
absorption by the electron donor is illustrated in this figure.

organic semiconductors when light absorption takes place in the
electron donor and is also driven by the difference in the HOMO
energy levels when light absorption takes place in both constit-
uents; generally a difference of 300-500 meV is thought to be
required for this process to occur efficiently.** The carriers then
migrate towards their respective electrodes, where the charges are
extracted from the photoactive layer. The overall device effi-
ciency is thus dictated by the product of efficiencies associated
with these individual processes. Extensive research has shown
that efforts to optimize the efficiency of any one of these
processes frequently come at the expense of the efficiency of other
processes. In polymer solar cells that utilize electron donors with
HOMO energy levels near —5 eV, such as poly(3-hexylthiophene)
(P3HT), high work function electrodes, such as indium tin oxide
(ITO) or gold, are used as anodes to match the HOMO energy
level of the electron donor to facilitate hole extraction.®® When
electron acceptors with LUMO energy levels around —4 eV, such
as phenyl-Cg; butyric acid methyl ester (PCBM), are used, low
work function electrodes, such as Al or Ca, are necessary to
match the LUMO energy levels.?*3° Al and Ca, however, are
susceptible to oxidation given their low electron affinities. When
oxidized, Al and Ca suffer a significant reduction in electrical
conductivity. As a consequence, polymer solar cells having Al or
Ca as cathodes suffer device failure upon exposure to air. Such
devices are therefore generally fabricated and tested in an inert
atmosphere. Subtle but equally important is the surface energy of
the electrode as it can alter the morphology of the subsequently
deposited photoactive layer, ultimately influencing device
performance.'”'#3132 Consequently, while the selection of an
electrode whose work function matches the energy level of the
organic semiconductor can minimize the barrier for charge
extraction, it can simultaneously alter the morphology of the
photoactive layer, thereby negatively influencing device
operation.

An alternative approach to replacing the electrode entirely is
to optimize the properties of the organic semiconductor-elec-
trode interface by adsorbing molecular layers at the
interface.'*!*33-3¢ The deposition of preferentially aligned
molecular layers can alter the work function of the electrode
through the introduction of a net dipole at the electrode
surface.?”** This approach decouples the bulk properties of the
electrode, such as conductivity and environmental stability, from
its surface properties, such as work function. By selecting the
appropriate molecular layer, both the open-circuit voltage
(Voc)* and the short-circuit current density (Jgc)'*'*3* can be
improved in polymer solar cells. As our library of organic
semiconductor continues to increase, interfacial engineering—
optimization of electrode surface properties independent of bulk
properties—will play an increasingly important role in enabling
the implementation of novel materials having drastically
different electrical characteristics.

This review focuses on recent efforts in engineering the organic
semiconductor-electrode interface in polymer solar cells to
decrease interfacial resistances and improve device performance.
We begin with a discussion on the selection of electrodes that can
maximize charge extraction at the organic semiconductor-elec-
trode interface—often at the expense of other important prop-
erties. The second half of our review focuses on tuning the work
functions and surface energies of the electrodes via molecule
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adsorption. Specifically, we highlight recent efforts to minimize
contact resistances in polymer solar cells through adsorbed
molecular layers and recent progress aimed at elucidating the
role that the electrode surface energy has on the composition of
the subsequently deposited photoactive layer along the depth of
the film.

Exploring the role of energy level matching at the
organic semiconductor-electrode interface through
judicious electrode selection

Selecting the proper electrode to optimize the organic semi-
conductor-electrode interface can be critical for the operation of
polymer solar cells. For example, the effect of utilizing different
cathode materials has been explored for polythiophene-based
and polyphenylenevinylene-based polymer solar cells.'®*5 Fig. 2
shows the open cell voltage (Voc), fill factor (FF) and normalized
efficiency for P3HT/PCBM bulk-heterojunction polymer solar
cells with cathodes having different work functions (¢y,).
Changing the cathode material from silver (¢, = —4.3 eV) to
barium (¢,,, = —2.7 eV) resulted in a 200 meV increase in the Voc
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Fig.2 The influence of cathode work function on the Vo, fill factor and
normalized efficiency of P3HT/PCBM (1 : 1 by weight) polymer solar
cells. Average values are displayed both for individual and groups of
substrates. Highest values obtained (best) are also shown. Error bars
denote plus and minus one standard deviation. The work functions of the
cathodes are listed below the cathode labels in eV. With the exception of
the LiF/Al cathode (0.6 nm LiF/100 nm Al), all composite cathodes are
cast as 20 nm of the first material listed and 80-100 nm for the second.
(Reproduced with permission from ref. 16, © 2008, American Institute of
Physics).

of the corresponding devices. In addition, the fill factor mono-
tonically increases with decreasing cathode work function.
Another study, in which mixtures of poly(2-methoxy-5-(3',7'-
dimethyloctyloxy)-p-phenylene vinylene) (MDMO-PPV) and
PCBM are contacted with Pd (¢, = —5.1 V), Au (—5.1¢eV), Ag
(—4.3 eV), or LiF/Al (—2.9 eV) as the cathode, also reported an
increase in the Voc with decreasing work function of the
cathode.*® In the case of the LiF/Al cathode, LiF is used as a thin
interfacial layer (~1 nm) between the photoactive layer and the
Al cathode. Since LiF is an insulator, it is kept thin to minimize
resistive losses.*® Utilizing a low work function cathode
(>—4¢V), such as the LiF/Al combination, enables the extraction
of electrons from the LUMO of PCBM while minimizing inter-
facial resistances at the organic semiconductor-cathode interface.
In both of the examples above, however, electrodes with work
functions that match the LUMO energy level of PCBM
(ca. —4 eV) also have low electron affinities and are therefore
susceptible to oxidation. Devices constructed with such cathodes
uniformly suffer from poor device stability when they are
exposed to air and are thus only stable when constructed and
tested in an inert atmosphere.

Unlike silicon-based solar cells in which metal grids commonly
serve as electrodes, organic and polymer solar cells—which
utilize organic semiconductors with low charge mobilities
compared to Si—require the use of transparent electrodes that
allow simultaneous photon penetration to the photoactive layer
and charge extraction. The necessity of a transparent electrode
for polymer solar cells has led to the widespread use of ITO.
Given its work function (—4.2 to —4.7 eV depending on pro-
cessing conditions),*->® however, the use of ITO as an anode
leads to large interfacial resistance at the hole transfer interface
with many polymer electron donors having HOMO energy
levels of approximately —5 eV.**? Consequently a 50-100 nm
film of poly(3,4-ethylenedioxythiophene) that is doped with
poly(styrenesulfonate), PEDOT:PSS, is often introduced as
a hole-transport layer between ITO and the photoactive layer in
polymer solar cells. The work function of commercially available
PEDOT:PSS (Clevios P by H.C. Starck, for example) is between
—4.8 and —5.0 eV; its presence thus provides better energy level
alignment for hole extraction from polymer electron donors to
ITO.3*5° The importance of energy level alignment at the organic
semiconductor-anode interface was explored by Frohne and
coworkers; they systematically modified the work function of
PEDOT:PSS films electrochemically.'>* First, films of PEDOT
were electrochemically polymerized from ethyl-
enedioxythiophene on ITO. Then, the PEDOT films were sub-
jected to various potentials in the presence of sodium-neutralized
PSS (NaPSS), leading to PEDOT:PSS films with work function
variations up to 1.3 eV, depending on the doping level.>® The
authors utilized the PEDOT:PSS films as hole-transport layers in
MDMO-PPV/PCBM solar cells and tracked the compensation
voltage, V; (the potential at which the photocurrent equals the
dark current), as a function of the PEDOT:PSS work function.®
Vy is proportional to the Voc. As seen in Fig. 3, V4 of polymer
solar cells tracks the work function of PEDOT:PSS. However, as
the PEDOT:PSS work function continues to increase beyond
0.3 V versus Ag/AgCl, V, plateaus. The saturation in V) occurs
as the work function of PEDOT:PSS approaches the HOMO
level of the polymer electron donor, where the barrier for charge
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Fig. 3 (a) J-V characteristics of MDMO-PPV/PCBM (1 : 4 by weight)
polymer solar cells incorporating modified PEDOT:PSS with various
work functions as the hole-transport layer. Device performance improves
with increasing work function of PEDOT:PSS (E.). (b) Crossover
voltage, V,, as a function of modified PEDOT:PSS work function. The
arrow denotes data taken from a device utilizing commercially available
PEDOT:PSS. In the gray region the work function of PEDOT:PSS is
higher than the first oxidation potential of MDMO-PPV. (Reproduced
with permission from ref. 15, © 2002, Wiley-VCH).

transport across the MDMO-PPV/anode interface is
minimized."

The necessity of using PEDOT:PSS as a hole-transport layer
for ITO anodes in polymer solar cells represents a compromise
between optimizing properties that are important at the organic
semiconductor-electrode interface and those of the bulk elec-
trode. Unfortunately, the poor conductivity of commercially
available PEDOT:PSS (~1 S/cm) does not allow PEDOT:PSS to
function alone as the anode, as the series resistance would
drastically decrease device short circuit current density.>” Recent
efforts, however, have improved the conductivity of polymer acid
doped conductive polymers, such as PEDOT:PSS*"-%! and poly-
aniline doped with poly(2-acrylamido-2-methyl-1-propane-
sulfonic acid) (PANT:PAAMPSA).*%* These efforts have led to
the implementation of polymer-only anodes, resulting in polymer
solar cells with similar device performance to devices with
ITO/PEDOT:PSS anodes.*”%%%¢ Given the scarcity of ITO and its
increasing costs, the ability to replace ITO/PEDOT:PSS anodes
with polymer-only anodes represents one significant advance
towards the production of low-cost polymer solar cells.

As exemplified by the use of PEDOT:PSS to facilitate the
transport of holes from the photoactive layer to the anode, energy
level alignment in polymer solar cells can be greatly enhanced
through the introduction of thin carrier transport layers at the
organic semiconductor-electrode interfaces.’!433-3%6768  The
implementation of thin electron-transport or hole-transport

’ SCBlend
SC Blend —_—
_ Pedot i 7 Tiox
/, ITO

layers to enhance charge transfer across the photoactive
layer-cathode and photoactive layer-anode interfaces, respec-
tively, is well established in the organic light-emitting diode
community.®®*-7®* Borrowing on this concept, thin layers of amor-
phous titanium oxide (TiOx) have been introduced on ITO to
facilitate electron transfer in polymer solar cells. The energy level
of the conduction band of TiOx is well matched with the LUMO
energy level of PCBM (ca. —4 eV), allowing TiOx to serve as an
electron-transport layer. However, the energy level of the valence
band of TiOx is —7.5 eV, effectively blocking holes from the
photoactive layer.'*77*75 After TiOx deposition, the organic
semiconductor blend is then deposited on top of the TiOx layer to
form the photoactive layer. Finally, Au is deposited on top of the
photoactive layer as the anode, creating an “inverted” polymer
solar cell architecture in which electrons, instead of holes, are
collected at the ITO electrode. A schematic comparing the
architectures of conventional and inverted polymer solar cells can
be found in Fig. 4a. Since TiOx does not have a high conductivity
(~0.1 S/cm),’ electron-transport layers comprising TiOx are
deliberately kept thin (ca. 50 nm) to minimize series resistances
within the device.®” Other electron transport layers, such as zinc
oxide, conjugated polyelectrolytes, and viologen doped with
cobaltocene, have also been utilized in polymer solar cells.5%77-80
Through insertion of materials with appropriate work functions
as the electron-transport layers, the J-V characteristics and the
overall device efficiencies of inverted solar cells are now compa-
rable to those of conventional solar cells, as seen in Fig. 4b. The
replacement of easily oxidized electrodes such as Al and Ca in
inverted polymer solar cells also provide the added advantage of
dramatically enhanced air stability.”

In the examples highlighted so far, the properties of the charge
transfer interface in polymer solar cells are optimized by utilizing
a completely different electrode material or by introducing
a separate interfacial layer. Although the insertion of thin films
of low-conductivity materials, such as LiF, TiOx, or
PEDOT:PSS, allows optimization of the electrode surface
without severe penalties to the bulk properties of the electrode,
these layers still have drawbacks. LiF, for example, is highly
hygroscopic. PSS is acidic and can slowly leach indium from
ITO. Titania has shallow traps; devices comprising titania thus
exhibit transient photovoltaic behavior.®* These phenomena,
though not always detrimental, can complicate device operation.
As such, recent research on interfacial engineering in polymer
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Fig. 4 (a) Comparison of conventional (normal) and inverted solar cell architectures. SC blend stands for organic semiconductor blend, and Pedot for
PEDOT:PSS. (b) J-V characteristics under 1 sun illumination of conventional (normal) and inverted P3HT/PCBM (0.9 : 1 by weight) polymer solar
cells. The Jsc, Vo, fill factor and efficiency for both conventional and inverted cells are shown in the inset of the figure. (Reproduced with permission

from ref. 67, © 2006, American Institute of Physics).
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solar cells explores the deposition of molecular layers at the
electrode surface instead. Similar to the utilization of thin layers
at the organic semiconductor-electrode interface described
above, the insertion of molecular layers allows independent
control of the charge transfer interface without affecting the bulk
properties of the electrode. Unlike the thin layers at the organic
semiconductor-electrode interface, however, these molecular
layers are frequently only several nanometers thick comprising
molecules that are chemically adsorbed on the electrode. In the
next section we will focus on this approach of engineering the
charge extraction interfaces in polymer solar cells.

Interfacial modification using molecular layers to
facilitate charge extraction from the photoactive layer

Interfacial modification through molecular layer adsorption is
a novel direction in engineering the organic semiconductor-
electrode interface not yet widely studied in polymer solar cells.
Preferentially oriented molecular assemblies or self-assembled
monolayers (SAMs) that are deposited on electrodes can have
net dipoles that are capable of changing the work functions of
substrates,!3:14:33-3740.82.83 By controlling the dipole of the molec-
ular layers through the judicial selection of chemical function-
ality and molecular architecture, the work function of the
electrode can be, in principle, modified by more than 1 eV.3*3
Furthermore, deposition of molecular layers can alter the surface
energy of the metal electrode. %% Consequently, SAMs
adsorption on electrodes enables the tuning of both the work
function and the surface energy of the electrode without altering
the bulk properties of the metal electrode. Such an approach to
interfacial engineering thus decouples the interfacial and bulk
properties of the electrode, allowing for exquisite engineering of
the organic semiconductor-electrode interface independent from
the rest of the electrode.

Engineering of the organic semiconductor-electrode interface
through molecular layer adsorption at the cathode has been
performed on inverted polymer solar cells.'*3* For example,
Fig. 5a shows a schematic of the device architecture of an
inverted solar cell employing a C60 carboxylic acid molecular
layer at the interface between zinc oxide (ZnO; the cathode) and
the P3HT/PCBM photoactive layer. The inset in Fig. 5a shows
the chemical structure of the C60 carboxylic acid derivative that
is deposited on ZnO. Fig. 5b shows the J-V characteristics of
inverted solar cells with and without the C60 carboxylic acid

(a)

adlayer between ZnO and the photoactive layer. The stability of
inverted solar cells under ambient conditions is also highlighted
in Fig. 5b where the J-V characteristics are compared between
solar cells processed in ambient and inert conditions.?® The
increase in the device Jsc (by about 33%) due to the deposition of
C60 carboxylic acid on ZnO is clear in Fig. 5b. The deposition of
a variety of carboxylic acids (terthiophene, benzoic and lauric)
on TiOx also leads to improved device efficiencies, up to 35%.'*
As exemplified in Fig. 5b, the improvement in efficiency is largely
due to an improvement in the Jsc and FF while the Voc is
unchanged.'*** Contrary to what is expected of molecular layer
adsorption on electrodes, the V¢ remains largely constant and
this suggests that the adlayer does not alter the work function of
the cathode significantly. The lack of work function modification
may be due to a lack of a large dipole on the molecule. Instead,
the improvement in the Jsc is attributed to a decrease in the
contact resistance through markedly reduced charge recombi-
nation events at the organic semiconductor-cathode interface,
and perhaps the reduction of the number of shunt paths.3s
Molecular layers have also been used on the organic semi-
conductor-anode interface in conventional polymer solar cells.
Silane molecules, for example, have been deposited on ITO.
Preferential orientation of the molecular within the adlayer leads
to a net dipole which serves to alter the work function of the
electrode. A variety of SAMs, N-propyltriethoxysilane (C-SAM)
and aminopropyl triethoxysilane (N-SAM) comprising electron-
donating hydrocarbon moieties and trichloro(3,3,3-tri-
fluoropropylsilane) (F-SAM) comprising electron-withdrawing
characteristics, were deposited on ITO. Through secondary
electron emission spectroscopy, the deposition of C-SAM and
N-SAM was found to lower the work function of ITO, from
—4.7 eV to —3.9 eV and —4.4 eV, respectively, while the depo-
sition of F-SAM raised the work function of ITO to —5.2 eV."?
Surprisingly, the deposition of all three molecules on ITO led to
an increase in the device Voc when compared to polymer solar
cells made with bare ITO. As seen in Fig. 6, the Vs of devices
with SAM-treated ITO (between 0.55 and 0.60 V) are uniformly
greater than the Voc of devices with untreated ITO (0.36 V).
Interestingly, the Voc of N-SAM- and C-SAM-treated devices is
similar to that of ITO devices prior to thermal annealing; the
Voc of these devices only increases with annealing at 150 °C for
20 min. In contrast, the Voc of ITO devices decreases slightly
with annealing. Although there is no concrete explanation at this
time for the non-intuitive dependence of the Vo with surface
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Fig.5 (a) Schematic of device architecture of an inverted polymer solar cell employing C60 carboxylic acid modified cathode. (b) J-V characteristics of
inverted ZnO NP/P3HT/PCBM (1 : 0.6 by weight) polymer solar cells with and without C60-carboxylic acid modification processed under inert and
ambient conditions. (Reproduced with permission from ref. 35, © 2008, American Institute of Physics).
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modification, changes in the Voc with processing conditions
imply significant structural rearrangement in the photoactive
layers that are in contact with anodes having drastically different
surface energies when the devices are subjected to thermal
annealing. In this case, perhaps changes in morphology dominate
over changes in the work function. Blends of two or more
chemically incompatible species should spontancously phase
separate. Thermal annealing provides additional molecular
motion to the constituents; coarsening of phase-separated
domains is typically reported with extended annealing of poly-
mer blends. Complicating this issue further is the fact that the
photoactive layers are generally only several hundreds of nano-
meters thick so their phase separation characteristics can be
heavily influenced by the surface energies of the substrates onto
which they are deposited. In our final section, we will highlight
recent efforts in elucidating such changes in the structure of the
photoactive layer, focusing on morphological evolution due to
changes in the surface energy of the electrode.

Controlling the electrode surface energy and vertical
phase separation of the photoactive layer through the
implementation of molecular layers

In addition to tuning the electronic properties of the electrode,
molecular layers can also modify the surface energy of the
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Fig. 7 PCBM concentration determined using VASE as a function of
depth of P3BHT/PCBM (1 : 1 by weight) films deposited on either quartz
(hydrophilic substrate) or hexamethyldisilazane-treated Si (SAM,
hydrophobic substrate). (Reprinted with permission from ref. 18, © 2008,
Nature Publishing Group).

electrode, *>#%5 and consequently affect the vertical composition
profile of the photoactive layer.!”-!8313286 The thin-film photo-
active layer in polymer solar cells is on the order of 100 nm thick,
and consequently is susceptible to significant composition fluc-
tuations along the depth of the film due to the surface energy of
the substrate. Campoy-Quiles and coworkers used variable-angle
spectroscopic ellipsometry (VASE) to determine the PCBM
concentration as a function of depth of P3HT/PCBM films cast
on quartz and on hexamethyldisilazane-modified Si."* The
concentration profiles extracted from modeling of the VASE
data are shown in Fig. 7. By decreasing the surface energy (going
from the hydrophilic quartz surface to the hydrophobic SAM-
treated Si surface), the compositions as a function of film depth
change dramatically. Fig. 7 shows that the PCBM concentration
at the organic semiconductor-substrate interface is depleted
when the photoactive layer is deposited on SAM-modified Si
instead of quartz. These experiments suggest that PCBM pref-
erentially segregates to the hydrophilic surface, presumably due
to the polar nature of the ester group. Often termed vertical
phase separation, compositional heterogeneities along the depth
of the film are a direct consequence of the different surface
energies at the bottom and top of the photoactive layer. Xu and
coworkers used XPS to examine the composition at the top and
bottom of P3HT/PCBM films cast on glass, as well as those on
PEDOT:PSS and Cs,COs.'” The bottom of the films was
accessed by lifting off the film in water. Consistent with work by
Campoy-Quiles et al., Xu et al. found that PCBM tends to
segregate to hydrophilic surfaces, such as glass and Cs,COs.
Depending on the processing conditions, the PCBM concentra-
tion at the photoactive layer-substrate interface can be 4 to
10 times the concentration at the top surface of the photoactive
layer.'”

Given that the bottom electrode generally serves as the anode
to collect holes during device operation, preferential segregation
of PCBM at the anode is undesirable as it leads to higher
recombination losses and consequently lower device perfor-
mance. Despite numerous efforts to examine the extent of
vertical phase separation through a variety of techniques, such as
electron microscopy, Rutherford backscattering spectroscopy,
nuclear reaction analysis, and secondary ion mass spectroscopy,
no clear relationship exists between the extent of vertical phase
separation and device performance.”:18:24.30:32.87-93 Thjg challenge
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in large part stems from the morphological complexities of bulk-
heterojunction photoactive layers.®* In addition to composition
fluctuations along the depth of the photoactive layer induced by
differences in surface energies, the organic semiconductors are
sufficiently chemically different that they have a strong tendency
to phase separate in the lateral direction of the photoactive layer
as well. Further complicating structural development is the
tendency for such highly conjugated organic semiconductors to
crystallize.

The decoupling of vertical phase separation from lateral phase
separation and crystallization is thus complex. The deposition of
molecular layers at the electrode surface provides another way to
alter the morphology of the photoactive layer by changing the
surface energy. This approach is fundamentally different from
changing annealing conditions or casting solvents during device
fabrication as the modification of surface energies alters the
thermodynamic driving force for vertical phase separation. By
controlling thermodynamic parameters as opposed to kinetic
parameters,” the processing history dependence of the photo-
active layer morphology can be deemphasized, leading to more
robust and predictable device performance.

Summary and outlook

Engineering of the organic semiconductor-electrode interface is
critical for high-performance polymer solar cells. The utilization
of the well-established approach of implementing thin layers at
the organic semiconductor-electrode interface to improve energy
level alignment, originally developed for organic light emitting
diodes, has led to significant improvement of device performance
in polymer solar cells. The implementation of molecular layers at
the electrode surface allows for separate control of interfacial
and bulk properties of the electrode. As an independent
parameter, the surface energy can also be tuned through
the deposition of molecular layers, with direct, observable
consequences to the vertical phase separation of the organic
semiconductor photoactive layer. The complexity of the
multiple-length scale, three-dimensional structural development
within the photoactive layer, however, has so far overwhelmed
our attempts to fully elucidate structure-function relationships in
polymer solar cells.

As our library of organic semiconductors continues to grow,
the challenge remains to develop strategies for the successful
implementation of novel materials in polymer solar cells. The
polymer photovoltaic field continues to push for low-band gap
materials and electron acceptors with higher LUMO levels, thus
increasing the necessity to engineer the electrical properties of
organic semiconductor-electrode interfaces to achieve high-
performance devices. New organic semiconductors will not
necessarily have the same interaction energies as existing systems,
such as P3HT and PCBM, and hence, may exhibit drastically
different phase separation characteristics. Consequently, engi-
neering the organic semiconductor-electrode interface through
molecular layer adsorption may be critical for us to generate the
know-how to process these new materials. The ability to tune
both the work function and surface energy will allow for some
independent control of electronic and morphological properties,
possibly enabling optimization of organic photoactive materials
independent of electrode selection.
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