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ABSTRACT: Polymer solar cells have the potential to become a major electrical power generating tool in the
21st century. R&D endeavors are focusing on continuous roll-to-roll printing of polymeric or organic compounds
from solution—like newspapersto produce flexible and lightweight devices at low cost. It is recognized, though,
that besides the functional properties of the compounds the organization of structures on the nanometer level
forced and controlled mainly by the processing conditions appliEdermines the performance of state-of-the-

art polymer solar cells. In such devices the photoactive layer is composed of at least two functional materials that
form nanoscale interpenetrating phases with specific functionalities, a so-called bulk heterojunction. In this
perspective article, our current knowledge on the main factors determining the morphology formation and evolution
is introduced, and gaps of our understanding on nanoscale strapiagerty relations in the field of high-
performance polymer solar cells are addressed. Finally, promising routes toward formation of tailored morphologies
are presented.

Introduction of the morphology formatiormainly the morphology of the

Polymeric semiconductor-based solar cells (PSCs) are Cur_ac'[i\'/e layetr-which is directly linked to the performance of
rently in investigation as potential low-cost devices for sustain- devices.
able solar energy conversion. Because of the large-area require- One of the main differences between inorganic and organic
ment for this type of electronic device, readily processed semiconductors is the magnitude of the exciton binding energy.
polymeric semiconductors from solution have an enormous In many inorganic semiconductors, the binding energy is small
cost advantage over inorganic semiconductors. Further benefitsccompared to the thermal energy at room temperature, and
are the low weight and flexibility of the resulting thin film  therefore free charges are created under ambient conditions upon
devices (Figure 1). Despite the progress made in the field, it excitation across the band gagn organic semiconductor, on
is clear that PSCs are still in their early research and develop-the other hand, typically possesses an exciton binding energy
ment stage. Several issues must be addressed before PSQbat exceedKT (roughly by more than an order of magnitude).
will become practical devices. This includes further understand- As a consequence, excitons are formed upon excitation instead
ing of operation and stability of these cells and the control of free charges. This difference between inorganic and organic
semiconductors is of critical importance in PSCs. While in
: - conventional, inorganic solar cells free charges are created upon
* Corresponding author. E-mail: j.loos@tue.nl. . . - }
t Chinese Academy of Sciences. photon-induced absorption, PSCs need an additional mechanism
* Eindhoven University of Technology. to dissociate the excitons.
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A successful method to dissociate bound electitoole pairs
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Figure 1. Large-area, flexible, and printable polymer solar cell
demonstrated by Siemens AG, Germany.
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Figure 2. Schematic 3-dimensional representation of a bulk hetero-
junction (electron donor and acceptor constituents in different colors)
with top and back electrodes.

and reaches the donor/acceptor interface, the electron will be
transferred to the acceptor and the hole will recede in the donor.
Afterward, both charge carriers move to their respective
electrode when electrode materials are chosen with the right
workfunctions. Considerable photovoltaic effects of organic
semiconductors applying the heterojunction approach have been
demonstrated first by Tang in the 19804 thin-film, two-

layer organic photovoltaic cell has been fabricated that showed
a power conversion efficiency of about 1% and large fill factor
of 0.65 under simulated AM2 illumination.

The external quantum efficienaytqe of a photovoltaic cell
based on exciton dissociation at a donor/acceptor interface is
Neqe = Naneotcc with the light absorption efficiency,, the
exciton diffusion efficiencynep, which is the fraction of
photogenerated excitons that reaches a donor/acceptor interface
before recombining, and the carrier collection efficiengy,
which is the probability that a free carrier generated at a donor/
acceptor interface by dissociation of an exciton reaches its
corresponding electrode. Donor/acceptor interfaces can be very
efficient in separating excitons: systems are known in which
the forward reaction, the charge generation process, takes place
on the femtosecond time scale, while the reverse reaction, the
charge recombination step, occurs in the microsecond rfange.
The typical exciton diffusion length in organic semiconductors,

in organic semiconductors is the so-called donor/acceptor and in particular in conjugated polymers, however, is limited
interface. This interface is formed between two organic semi- to ~10 nm&-8 These characteristics result in the limitation of
conductors with different valence and conduction bands or the efficiency of such solar cells based on the approach of thin-

equivalently dissimilar HOMO and LUMO levels, respectively.

film bilayer heterojunction: for maximum light absorption the

The donor material is the material with the lowest ionization active layer should be thick, at least hundreds of nanometers;
potential, and the acceptor material is the one with the largeston the contrary, for charge generation the interface between
electron affinity. If an exciton is created in the photoactive layer donor and acceptor should be maximized and located near the
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thick bilayer heterojunctions. Independently, Yu et al. and Halls
et al. have addressed the problem of limited exciton diffusion
length by intermixing two conjugated polymers with different
electron affinitie&%0or a conjugated polymer withggmolecules b S
or their methanofullerene derivativEsBecause phase separation 4 ! § % /C SN
occurs between the two components, a large internal interface § 2 chd e +

is created so that most excitons would be formed near the 4 MDMO-PPV PCNEPV
interface and can be dissociated at the interface. In the case of
the polymer/polymer intermixed film, evidence for the success
of the approach has been found in the observation that the
photoluminescence from each of the polymers was quenched.
This implies that the excitons generated in one polymer within
the intermixed film reach the interface with the other polymer
and dissociate before recombining. This device structure, a so-
called bulk heterojunction, provides a route by which nearly P3HT PCBM

all photogenerated excitons in the film can be split into free Figure 3. Schemes of some suitable conjugated polymers and the
charge carriers. At present, bulk heterojunction structures arefullerene derivative PCBM applied in polymer solar cells.

the main candidates for high-efficiency polymeric solar cells.
Tailoring their morphology toward optimized performance is a
challenge, though.

place where the excitons are formed, which is not the case for ii g Ao

a

Current Knowledge on Morphology Formation in PSC
Systems

Since the introduction of the bulk heterojunction approach
for preparation of polymer solar cells in 1995, one research focus
is directed to better understand the influence of morphology on
the physical properties of the active layer and the performance

of devices, particularly the nanoscale organization of the phase- ¢ E
> ) Es Es
segregated compounds. The thin-film nature of the active layer & %
with typical thickness of about 100 nm and the request for local :§‘ 4 2 ¢
morphology information causes that high-resolution microscopy g0 g0
techniques have become the main investigation tools for sS4 ] 34
morphology characterization. Transmission electron microscopy ~ oe ©5 10 15 20 25 00 05 1.0 1.5 20 25§

(TEM) including imaging and selected area electron diffraction RANCS ()} Distance {m}
(SAED) operation modes, scanning electron microscopy (SEM), Figure 4. AFM images showing the surface morphology of MDMO
and Scanning probe microscopy (SP-M) particu|ar’ atomic PPV/PCBM (1:4 by wt) blend films with a thickness ©fL00 nm and

; ; " the corresponding cross sections. (a) Film spin-coated from a toluene
force microscopy (AFMjyhave proven their versatility for solution. (b) Film spin-coated from a chlorobenzene solution. The

detailed characterization of the morphology of the active layer. jmages show the first derivative of the actual surface heights. The cross
The main difference between TEM, on the one hand, and SPM sections of the true surface heights for the films were taken horizontally

and SEM, on the other, is that TEM provides mainly morpho- from the points indicated by the arrow. Reprinted with permission from
logical information on the lateral organization of thin-film ref 15. Copyright 2001 American Institute of Physics.
samples by acquisition of projections through the whole film
(in transmission), whereas SPM and SEM are probing the their roles during the thin-film formation process, which includes
topography or phase demixing at the surface of such thin-film solvent evaporation rate, crystallization behavior, and post-
samples. On the basis of comprehensive microscopy studiestreatmentd2 Both thermodynamic and kinetic parameters show
several morphology determining factors have been identified. comparable significance in determining the morphology of the
In the following our aim is to provide a compact overview on photoactive layer obtained eventually.
the most significant factors and on how to use our knowledge Influence of the Solvent.Intensive morphology studies have
to control morphology formation in the active layer. been performed on polymer/methanofullerene systems, in which
The morphological requirement for the photoactive layer in the Gy derivative 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-
a high-performance PSC is nanoscale phase separation, whiclmethanofullerene (PCBM) is appliéé'* PCBM is so far the
provides large interface area for exciton dissociation and, at themost widely used electron acceptor, and most successful
same time, continuous pathway for free charge carrier transportpolymer solar cells are obtained by mixing it with the donor
to the appropriate electrodes. Because the photoactive layer igpolymers poly[2-methoxy-5-(3'-dimethyloctyloxy)-1,4-phe-
deposited from solutiormainly via spin-castingrimportant nylenevinylene] (MDMGO-PPV)>16and other PPV derivatives
parameters determining morphology formation could be clas- or with poly(3-hexylthiophene) (P3HT) (Figure 8):21 After
sified into two groups. In the first group thermodynamic aspects applying chlorobenzene as solvent, Shaheen et al. found a
are found, for instance, the Flor{Huggins parameter between dramatic increase in power conversion efficiency of spin-cast
the constituents involved, the ratio between the constituents, MDMO—PPV/PCBM to 2.5%, whereas for the same preparation
and the interaction or solubility of these constituents in the conditions but using toluene as solvent only 0.9% power
solvent. The thermodynamic parameters reflect the nature orconversion efficiency is obtained (Figure*2Recently, a more
fundamental properties of the solution composed of the con- comprehensive study on the influence of solvents on morphol-
stituents and solvent applied for thin film deposition. The other ogy formation has been performed by Rispens et al. They have
parameters group is related to kinetic effects that mainly play compared the surface topography of MDM®PV/PCBM
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by drop-casting from chlorobenzene (c). The insets represent the corresponding SAED patterns (from ref 24).

active layers by varying the solvent from xylene (XY) through

over a wide range. For PCBM contents less than 50%, a rather

chlorobenzene (CB) to 1,2-dichlorobenzene (DCB) and found homogeneous film morphology is observed. For concentrations

a decrease in phase separation from XY through CB to BCB.
Complementary TEM investigations by Martens et®dnd
Yang et aP* revealed similar features. The TEM images
demonstrate a morphology in which PCBM-rich domains are
dispersed in the MDMGPPV-rich matrix. The size of the

around 67% or higher a rather abrupt improvement in the device
properties is found with the observed onset of phase separation.
Thus, in general it is concluded that charge transportation rather
than charge separation is the limiting factor. Only above the
critical concentration PCBM forms a nanoscale percolating

PCBM-rich domains in the blend films changes tremendously network within the PPV matrix.

with the choice of solvent. Using toluene, the average size of

the PCBM-rich domains is around 600 nm with a broad size
distribution (roughly 356-1300 nm). In contrast, the size of
PCBM clusters is quite small with an average size of 80 nm
when prepared from chlorobenzene solution. The solubility of
both MDMO—PPYV and PCBM in toluene is somewhat less than
in chlorobenzene. This difference may explain the formation
of different domain sizes. Despite the difference in the length
scale of phase separation, the Debgeherrer rings observed
in the SAED patterns indicate that the crystalline structure of
PCBM is identical in both films. The broad Deby&cherrer
rings with averagel-spacings of 0.46, 0.31, and 0.21 nm result
from the superposition of many single-crystal diffraction patterns
originating from PCBM nanocrystals that are randomly distrib-
uted in the PCBM-rich domair:25

Influence of Annealing. Another tool to influence the
morphology of the active layer of polymer solar cells is
application of a controlled thermal post-treatment. The purpose
of such treatment is twofold: on the one hand, reorganization
of the film morphology is forced, in particular when one or all
constituents of the bulk heterojunction have the ability to
crystallize, and on the other hand, annealing probes long-term
stability of the morphology. To improve the stability of polymer
solar cells in an ambient atmosphere is currently still a challenge
for scientists. However, an acceptable lifetime is a key point
for PSCs to compete with traditional PV technology and is a
prerequisite for commercialization. In general, the stability of
PSCs is limited by two factors. One is the degradation of
materials, in particular the conjugated polymers, upon being
exposed to oxygen, water, or UV radiation. The other limitation

In the same study Yang et al. investigated the influence of comes from the possible morphology instability of the photo-
the solvent evaporation rate on morphology formation. They active layer during the operation of the devices at high

found that a low evaporation rate of CB, simulated by drop

temperature. For the system MDM®PV/PCBM annealing

casting, caused similar phase segregation as application of theesults always in large-scale phase separation and dominant
less favorable solvent toluene for spin-coating (Figure 5). This formation of large PCBM single crystals, even for short times
result may have tremendous consequences: the utilization ofor low temperatures below the glass transition temperature of

ink-jet printing or ultimately roll-to-roll printing most probably

MDMO—-PPV of about 80°C2428 which corresponds to a

results in lower solvent evaporation rates when compared with significant drop of the efficiency of the corresponding solar

spin-coating, and thus both preparation techniques may causecells.

unwanted large-scale phase segregation, even for good solvents. It is well-known that especially for thin films the conforma-
From independent optical transparency measurements, thetion of polymer chains on the surface or at interfaces may differ

maximum solubility of PCBM was determined to be roughly 1
wt % in toluene and 4.2 wt % in chlorobenzene so that for

from that in the “bulk” state. It is recognized that a very thin
layer is present on the surface of thin polymer films, in which

concentrations above these critical concentrations aggregatiortie molecules are enriched, and therefore the local free volume

of PCBM is anticipated already in the solvent, causing large-
scale phase segregation in the spin-cast films.
Influence of the Compound Ratio.Beside solvent used and

is high and chain aggregation becomes |08 Moreover,
the presence of surfaces/interfaces influences the organization
and reorganization of thin film samples. It has been shown that,

evaporation rate applied, the overall compound concentration dependent on the type of confinement of the active layer, the
and the ratio between the two compounds in the solution are morphology evolution of MDMG-PPV/PCBM composite films

important parameters controlling morphology formation; high

is different upon thermal annealifgfor no confinement, which

compound concentrations induce large-scale phase segregationorresponds to freestanding films that most of the time are used

upon film formation2®

For the systems MDMOGPPV/PCBM and MEH-PPV/
PCBM the optimum ratio of the compounds is 1:4. Initial studies
with Cgo show that the photoluminescence of PPV could be
qguenched already for much lowersgCconcentration$. It is

for TEM investigations, or single-sided confinement, in which
the films are deposited on a substrate, large elongated PCBM
single crystals are formed. In the case of double-sided or
sandwich-like confinement, in which the deposited films are
additionally covered by a top layer, the top electrode, the low

demonstrated that with increasing PCBM concentration the mobility of PCBM results in diffusion rate dominated and slow

cluster size increases accordingh?* Recently, van Duren et

growth of PCBM crystals within the layer. As a consequence,

al. introduced a comprehensive study relating the morphology the kinetics of phase segregation upon thermal annealing for

of MDMO —PPV/PCBM blends to solar cell performariéd.he
compositions between MDMOPPV and PCBM were spanned

the double-side confined thin film is slower than that in
freestanding films or substrate-supported fifhsThis sup-
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Table 1. Molecular and Morphology Requirements for the Photoactive Layer of a High-performance Polymer Solar Cell

influenced by

requirement molecular architecture morphology
utilization of incident light molecule design to tune band gap(s) layer thickness, roughness of interfaces
exciton dissociation match of band properties between donor and max interface; small acceptor/donor phases
acceptor within exciton diffusion range
charge transport molecule design with high charge carrier short and continuous pathways to the
mobility electrodes; ordered (crystallline)

transportation pathways

pressed kinetics of phase separation could benefit the perfor-specific advantage that both components are able to absorb light.
mance and stability of polymer solar cells. However, one bears By tuning the molecular architecture of the polymer, like by
the risk of interface damage resulting from relaxation of polymer substitution of ligands, a broad absorption range can be achieved,
chains in the thin film or dewetting between the photoactive even reaching IR. A few examples of such blends are known
layer and the metal contact if the thermal annealing is performedin literature, e.g., a blend of a poly(phenylenevinylene) deriva-
with the presence of a top-metal contact. These results dem-tive (MEH—PPV) with the corresponding cyano-substituted
onstrate that annealing at different stages in device processingvariant (CN-PPV) of this polymer or a blend of p- and n-type
may result in different morphologies of the active layer and fluorene derivative8104¢-45In general, all the above-discussed
thus in different performance of the final device. processing parameters influencing morphology formation are
Moreover, annealing experiments simulate long-term mor- also valid for all-polymer systems: solvent used, evaporation
phology stability within the photoactive layer. Recently, an rate, compound ratio, and concentration in the solution as well
approach to stabilize the morphology is introduced using a as annealing. Moreover, by choosing the proper synthesis route,
modified PCBM derivative that is polymerized upon annealhg. molecular weight and branching of the polymers can be tailored
It is demonstrated that the morphology is stabilized and does so that processability as well as device performance is improved.
not change upon annealing; however, the performance of theseAfter optimizing the polymer architecture as well as processing
devices still drops. At present, the reason for this behavior is conditions for such all-polymer PSC systems, recently, power
unclear. Another approach is modification of the MDM@PV conversion efficiencies of about 1.5% have been repdfted.
so that its glass transition temperature rises. Optimum Organization of the Photoactive Layer of a
In contrast, annealing of the system P3HT/PCBM results Polymeric Solar Cell
always in a significant improvement of its power conversion  Following the indispensable procedures to achieve a highly
efficiency and in the stabilization of the morphology. After the efficient photovoltaic conversion in polymer solar cells, several
pioneering work of Padinger et &.and Waldlauf et al*? in requirements for the photoactive layer can be summarized (Table
2005 a series of studies were published dealing with the 1) First, since absorption spectrum range of the currently used
morphology-driven high performance of P3HT/PCBM-based donor materials is insufficient for optimum utilization of the
polymer solar celld?21:3334n all studies a remarkable increase  incident light, photoinduced absorption of the cell should better
of the performance is observed after annealing the devices, andit the solar spectrum, which requires, e.g., lower band gap
power conversion efficiencies as high as 5.2% are repéf‘ted. polymers to capture more near-infrared (NIR) photons. To
In the morphology study of Yang et al. based on TEM, it is enhance absorption capability, the photoactive layer should be
concluded that thermal annealing produces and stabilizes athick enough to absorb more photons from incident light, which
nanoscale interpenetrating network with crystalline order for needs layers with thickness of hundreds of nanometers. To
both constituents, P3HT and PCBMP3HT forms long, thin  achieve a bulk heterojunction structure in the photoactive layer
conducting nanowires in a rather homogeneous, nanocrystallinewith appropriate thickness via solvent-based thin-film deposition
PCBM film. The improved crystalline nature of the film, and  technology, a high solubility or well dispersivity of all the
controlled demixing between the two constitutes therein after constituents in the solvent is a prerequisite. During solidification
annealing, explains the considerable increase of the powerof the constituents from the solution and thus forming a thin
conversion efficiency observed in these devices. film, a few methods could be used to tune the morphology of
It seems that hole transport in the conjugated polymer P3HT the thin blend film toward optimum bulk heterojunction,
is the limiting process in such polymeric solar cells. Only when applying both thermodynamic and kinetic aspects. The Flory
regioregular P3HT self-organizes into microcrystalline structures Huggins parametey between the compounds describes the main
with high crystallinity3® efficient interchain transport of charge driving force of phase segregation in a blend from a thermo-
carriers results in hole mobility of up te 0.1 cn? V=1 s~ for dynamics point of view, in which the ratio between the
pure P3HT6-37In this respect, Savenije et al. have reported an compounds and the conformation of the conjugated polymers
increase of hole mobility upon annealing of P3HT/PCBM films in the solution are the key aspects to determining the length
by about 1 decade for annealing at®D% Additional earnings  scale of phase separation. The kinetic issues have significant
of annealing are that in thin P3HT films interchain interactions influence on the morphology of the thin blend film obtained
cause a red shift of the optical absorption of P3HT, which eventually. For instance, by applying spin-coating, a thin blend
provides a better overlap with the solar emission, and that the film with rather homogeneous morphology will be obtained from
thermal treatment improves the long-term stability of such a blend which usually undergoes a large-scale phase separation
devices as well. when using preparation methods like drop casting, in which a
All-Polymer Solar Cells. One of the main drawbacks of = more equilibrium organization is achieved during film forma-
polymer solar cells based on polymer/PCBM photoactive layers tion.2* Therefore, both thermodynamic aspects and kinetics
is the high amount of PCBM required for charge carrying; determine the organization of the bulk heterojunction photoac-
unfortunately, because of its symmetrical molecular architecture, tive layer in polymer solar cells; i.e., they control the formation
PCBM contributes barely to light absorptiéhln contrast, of a nanoscale interpenetrating network with crystalline order
polymer/polymer or so-called all-polymer solar cells have the of both constituent3347
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Figure 6. C-AFM images of the same area of a MDM®PV/PCNEPV active layer: (a) topography, (b) current distribution image with a
positive bias at i = +8 V, the white arrow in b) indicates a domain with reduced current, (c) current distribution image with a negative bias at
Uip = —8 V; black arrows indicate same domains for reason for easy identification. Reprinted with permission from ref 57. Copyright 2006
Elsevier.

B84 finiaiiTitz an

An appropriate length scale of phase separation in the from topography is difficult. Other SPM techniques probably
photoactive layer is the key point for the high performing better suited for analysis of the local functionality of polymer
polymer solar cells. To realize this “appropriate” length scale semiconductors are scanning near-field optical microscopy
of phase separation, one has to make a compromise betweelfSNOM) and atomic force microscopy (AFM). Near-field optical
the interface area and efficient pathways for the transportation microscopy and spectroscopy has been used, e.g., to study
of free charge carrier toward correct electrodes so as to reduceaggregation quenching in thin films of MEHPPV5! The
charge carrier recombination within the photoactive layer. For obtained results suggest that the size of aggregates in thin films
instance, to achieve high-performing cells based on systems likemust be smaller than the resolution limit of SNOM, roughly 50
PPV/PCBM or P3HT/PCBM, it is highly required that PCBM nm. Further, SNOM has been applied to map topography and

could form clusters with sizes on the order of-Z8D nm in photocurrent of the active layer of some organic photovoltaic
lateral dimensions and continuous channels through the wholedevices’253 However, the reported spatial resolution was only
film. about 200 nm.

AFM equipped with a conductive probe, so-called conductive
Research Perspectives: Understanding Nanoscale AFM (C-AFM), is also able to overcome the above-mentioned
Structure —Property Relations and Tailoring the problem of STM and provides a higher spatial resolution than
Nanoscale Organization of High-Performance Polymer SNOM. Because AFM uses the interaction force between probe
Solar Cells and sample surface as feedback signal, both topography and

In this part of the perspective article we would like to address functional property of the sample can be mapped independently.
important issues that have to be tackled for improving our The resolution of C-AFM is as small as thetipample contact
current state of understanding on the influence of morphology area, which can be less than 20 nm.
on the performance of PSCs. We like to concentrate on C-AFM is widely used for the characterization of electrical
establishing of structureproperty relations on the nanometer properties of organic semiconductors. For example, single
length scale, in particular to relate electrical properties of crystals of sexithiophene have been studfetwhere thd —V
nanostructures with their local organization; on missing mor- characteristics of the samples were measured. Several electrical
phological information of the 3-dimensional organization of the parameters such as grain resistivity and—8ample barrier
active layer; and to provide some outlook on strategies to height were determined from these data. In another study, the
potentially better control the morphology formation and stabi- hole transport in thin films of MEHPPV was investigatetf,
lization of the active layer of a polymer solar cell. and the spatial current distribution ahdV characteristics of

Characterization of Nanoscale Electrical Properties.In the samples were discussed. However, only recently the first
general, performance measurements of PSCs are carried out ostudy on the spatial distribution of electrical properties of
operational devices having at least the size of square centimeterstealistic bulk heterojunctions has been performed by applying
On the other hand, the characteristic length scale determiningC-AFM.5” The authors could demonstrate a spatial resolution
the functional behavior of the active layer is on the order of 10 better than 20 nm for locd—V measurements of the system
nm (exciton diffusion length) to 100 nm (layer thickness). MDMO—-PPV/PCNEPV (Figure 6). Figures 6b,c show con-
Moreover, it is believed that the local organization of nano- ductivity measurements through the active layer of a solar cell
structures dominantly controls the electrical behavior of devices. without back electrode; in this case the gold-coated AFM tip
Thus, it is necessary to obtain electrical property data of acts as back electrode. The main result obtained is the local
nanostructures with nanometer resolution to be able to establishconductivity of the thin film at different sites, which could be
structure-property relations that link length scales from local related to the length scale of phase segregation of the constitu-
nanostructures to large-scale devices. ents and charge mobility (free charge transportation) of different

In this respect, a very useful analytical tool is scanning probe domains or components in perpendicular direction with respect
microscopy. In previous studies, scanning tunneling microscopy to the film plane in polymer solar cells.

(STM) has been used for investigation of semiconducting An alternative technique being potentially able to gain insights
polymers*®-50 |n particular, the currertvoltage (—V) char- into the local electrical properties of bulk heterojunctions is
acteristics at the surface of PPV samples, widely used in electron holography. In conventional TEM imaging the intensity
polymeric photovoltaic devices, have been studied and mod- of the electron wave after passing through the sample is
eled?9%0 However, in STM measurements variations of the recorded. Since the intensity is the absolute square of the
topography and information on the electrical behavior are complex wave function, separate information about the phase
superimposed, and especially for electrically heterogeneousand amplitude of the wave is not accessible. Electron holography
samples like bulk heterojunctions, separation of electrical data overcomes this limitation by recording an interference pattern
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of two coherent electron waves: one traveling through vacuum
and the other one traveling through the sample. Reconstruction
of the recorded hologram results in the full phase and amplitude
information of the electrons elastically transmitted through the
sample. In particular, this information allows one to analyze
(semi-)quantitatively electrical potentials/fields at the nanometer
scale®® Nevertheless, for organic and polymer semiconductor
samples, only a few recent holographic studies have been
introduced that, unfortunately, show rather low spatial resolution
in respect to the functional data obtairR8§°

In summary, besides information on the nanoscale morphol-
ogy of polymer semiconductor materials, microscopic techniques w2
are able to analyze local functional properties of nanostructures, ; i Sl
in particular their electrical behavior. Currently, the obtained E¥Se8 ”"r‘ B
lateral resolution, however, is just approaching the required - 200 hm
length scale of a few nanometers. Moreover, systematic studies

on the influence of, e.g., crystallinity and crystal perfection of Figure 7. SEM side views (crosssectios) of MDM@PVIPCEM
individual nanostructures on their charge_ carrier mo_blllty O blend films cast from toluene with various weight ratios of MDMO
charge carrier transport features at their junctions with other ppy and PCBM. For ratios 1:4, 1:3, and 1:2-@) the nanoclusters,
nanostructures are not yet performed. Such studies will eventu-in the form of disks, are surrounded by another phase, called the skin,

ally result in new insights toward better design the morphology tlhr'ilt ]glontainsl STha”er Sphelfles of ﬁbout—m m];ﬂ dizmeF;er. _F?rdthe "
H _ . nim, only €se smaller spheres are tound. eprintea wi
for high-performance PSCs. permission from ref 26. Copyright 2004 Wiley-VCH.

3-Dimensional Organization of the Active Layer.Another

morphology aspect important for optimizing the operational pMpMO—PPV matrix independent of their size (Figure2?).
performance of PSC is the 3-dimensional organization of the \jost probably this feature reduces the electron injection
activg layer. Conventional morphology analysi§ by.mi_crqscopy capability from PCBM to the electrode.
techniques such as TEM, SEM, and SPM mainly is limited to  Another procedure to gain insights into the 3D organization
observatiqns of the lateral organization of th_e Iayer:_ SPM_and of the active layer has been performed by van Duren et al. by
SEM probing surface features, and TEM provides 2-dimensional gpplying destructive time-of-flight secondary ion mass spec-
superimposed images of thln, byt still 3-d|men§|onal, structures. yroscopy (ToF-SIMSY In this work, by labeling PCBM with
However, the local organization of the active layer perp- deyterium, the composition of the fullerene could be followed
endicular to its film plane is re_sponsible, e.g., for charge car_rier throughout the depth of the active layer, and a rather homoge-
transport from any place within the layer to the respective neous PCBM distribution was observed. The spatial resolution
electrodes. Acquisition of data sets on the 3-dimensional of this technique is, however, limited to several micrometers.
organization of the photoactive layer helps to better understand  goth above-mentioned approaches are not able to provide
the morphology related charge carrier transport issues and chargene required local resolution in all three dimensions to entirely
injection from the active layer into the electrodes. Moreover, it reconstruct the organization of the active layer of PSCs. A first
is comparably important to obtain information on the overall attempt to gain full morphology information on the 3-dimen-
organization of percolating networks within the bulk hetero- gjonal organization is introduced by the Princeton gréiuin
Junction. this study, they have simulated the phase separation and phase
The performance of PSCs strongly depends on the 3-dimen-coarsening upon annealing a sample for various time and
sional organization of the compounds within the bulk hetero- temperature (Figure 8). Even though this study has been
junction layer. Donor and acceptor materials should form performed on small molecule solar cell systems, it is worth to
cocontinuous networks with nanoscale phase separation to bebe mentioned because, to the best of our knowledge, it is the
able to effectively dissociate excitons into free electrons and only example of 3-dimensional characterization of the morphol-
holes and to guarantee fast charge carrier transport from anyogy of an organic photovoltaic system.
place in the active layer to the corresponding electrodes. In our laboratory we utilize electron tomography for 3-di-
Attempts to gain more information on the 3-dimensional mensional reconstruction of the organization of the active layer.
organization of polymer solar cells have been described by Tomography essentially means to reconstruct the three-
applying techniques for cross-sectional preparation of TEM or dimensional structure of objects from a series of two-
SEM samples. Besides application of focused ion beam to dimensional projections. In this respect, TEM tomography
section whole devices that are prepared on glass substtdfes, reconstruction is based on the assumption that images acquired
conventional cross-sectional ultra-microtoming of the photoac- are true projections of structures; the intensity in the images
tive layer is used®26 Looking from the side perpendicular to  must show at least a monotonic relationship with some function
the photoactive layer lateral plane, the organization of segregatedof the thickness or density of the structdfeThis is valid for
phases of the bulk heterojunction can be analyzed in thicknessamorphous materials and for biological structures, which
direction of the film. Similar to the top view, the cross-sectional explains the strong drive in biosciences for further developing
side view provides information on sizes and shapes of phases.and applying electron tomograpfy.
Because phase segregation is limited to the layer thickness of First applications of electron tomography on polymeric
about 100 nm, large micrometer scale phase segregation resultsystems date back only a few years, and publications are still
in elongated domains having their long axis parallel to the film very rare. Yamauchi et al. have applied a skillful combination
plane. Sariciftci et al. have demonstrated by cross-sectional SEMof bright field and energy-filtered TEM (EFTEM) contrast to
investigations that in the case of the system MDMEPV/ distinguish between stained and unstained phases of a terblock
PCBM the PCBM-rich phases always are imbedded in the polymerf® and lkeda et al. were able to reconstruct average
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Figure 8. Simulated effects of annealing on the interface morphology of a mixed-layer photovoltaic cell. The initial configuration (a) is generated

using a random number generator and assumes a mixture composition of 1:1. This also assumes that no significant phase segregation occurs during

deposition. The interface between CuPc and PTCBI is shown as a green surface. CuPc is shown in red and PTCBI is left “transparent”. Reprinted

with permission from ref 63. Copyright 2003 Nature Publishing Group.

Sariciftci2® Currently, 3-dimensional reconstructions are in
progress for systems having less contrast and smaller structures.

Routes toward the “Ideal” Morphology. So far we have
introduced a few experimental approaches toward better un-
derstanding local structurgoroperty relations; in particular, we
have focused on the influence of the nanometer scale morphol-
ogy on electrical properties and on how to investigate the
3-dimensional organization of the photoactive layer. In the last
part of this perspective article we deal with attempts to create
the optimum morphology of the active layer in a high-
performance polymer solar celbf course, optimum means
based on our current state of understanding. In this content,
recently the method of solvent-assisted annealing has been used
during spin-coating of the photoactive layer to increase the
performance of PSCs based on the PSHT/PCBM sy$teBy.
controlling the solvent evaporation rate and annealing temper-
ature simultaneously, crystallization of P3HT is forced to form
highly crystalline nanofibers, which is beneficial for improved
charge carrier transport, in particular for holes. At the same time,
PCBM crystallization is enhanced, but large-scale phase separa-
it tion is prohibited so that the active layer of high-performance
Figure 9. Snapshot from 3-dimensional reconstruction of an electron PSCS are prepared in a single-step procedure rather than in two
tomography tilt series of the system MDM@®PV/PCBM,; the dark stages of film formation and subsequent annealing. We believe
orange clusters represent the PCBM-rich phase. that optimization of solvent used, utilizing of preaggregates

formed in the solution, and better understanding of the crystal-
particle size and distribution of silica fillers in a natural rubber lization kinetics definitively will further improve morphology
matrix 5’ However, so far electron tomography on unstained low control of the active layer.
contrast polymeric systems such as the photoactive layer of e of the significant disadvantages of donor materials used
PSCs has not been performed. In a first attempt to visualize ¢ rrently, for instance, PPV or polythiophene derivatives, is the
the 3D organization of the system MDM&PV/PCBM having  o0r utilization of the near-infrared (NIR) photons, which have
the optimum of 80 wt % of PCBM for highest performance of the highest emission intensity in the sunlight spectrum. To
the device, we were able to obtain detailed 3D information about achieve better absorption overlap with the solar spectrum, it is
PCBM:-rich domain sizes as well as connectivity of the PCBM  of great importance to introduce low-band gap materials in the
domain network within the active layer. For the purpose of better photoactive layer. Several new electron donor materials based
contrast, we have tuned the morphology of the active layer suchon copolymers consisting of segments of substituted thiophene,
that PCBM-rich domains with sizes of 8050 nm are formed  penzothidazole, pyrazine, and fluorene, and so on, have been
after spin-coating from chlorobenzene solution, which is slightly successfully applied for the fabrication of new polymer solar
larger than for best performance required but still small when cells with more broaden spectrum response rdfgé Because
compared with large-scale phase segregation for application ofof the relatively longer wavelength for NIR light, however, a
toluene as solvefit (Figure 9, snapshot from 3-dimensional re- thicker photoactive layer is required to absorb the energy. In
construction of an electron tomography tilt series, acquired with addition to the prerequisite for any photoactive layer that a large
a Titan Krios TEM (Fei Co., The Netherlands); the correspond- interface area between electron donor and acceptor should be
ing video can be found as Supporting Information). Beside size achieved, such thicker film requires even more efficient
and shape the reconstruction shows that the PCBM-rich domainspathways for both electrons and holes to be transported to their
are covered with MDMG-PPV, similar to the results from  respective electrodes.
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Alternatively, nanostructured bulk heterojunctions might be
realized by using diblock copolymers made of two covalently
linked polymers representing a donor and an acceptor block.
Molecular connectivity, on the one hand, and immiscibility of
the blocks, on the other, led to the spontaneous formation of
ordered microdomains with molecular dimensiéhg’ Param-
eters such as molecular weight of the blocks, film thickness,
and film preparation routes, e.g., forced orientation of blocks
with the assistance of external fielti&® are recognized to
influence the morphology of thin block copolymer films.
However, application of block copolymers for preparation of
the active layer of PSCs is sparse, and only recently first
systematic studies were introduc®d®? The high potential of
designed block copolymers for applications in PSCs and in
particular routes to forces their organization in the desired way
certainly should be further explored.

Summary

Today, polymer solar cells with photoactive layers based on
at least two constituents forming bulk heterojunctions become
more and more attractive for commercial application. In this

respect, one key aspect toward high-performance devices is that

over the years detailed knowledge on structysoperty

relations has been acquired. Besides the designed molecular
architecture of the constituents, the electron donor and electron

acceptor materials employed in the cell and control of the
nanoscale morphology formation within the photoactive layer
have been identified to significantly contribute to the overall

performance of polymer solar cells. Intensively, studies have
been performed on the influence of solvent used, composition
of the solutions, thin-film preparation conditions, crystallization

behavior, and post-treatments, to name but a few, on the
functional properties of the photoactive layer. Nevertheless, our
insights into features being influenced by the local organization
of functional structures, such as the interface organization at
the junctions on the nanometer length scale and in three

dimensions within the photoactive layer, are sparse and need

improvement. Only with the availability of such data, novel
approaches for further improving can be developed being used
to design the morphology of the bulk heterojunction.
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