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On the Importance of Morphology Control in
Polymer Solar Cells
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The recent progress in understanding on how the efficiency of a bulk heterojunction PSC
depends on the local nanoscale volume organisation of the photoactive layer is reviewed. A
quantitative analysis of the phase separation and percolation pathways was performed and
used to explain the performance of P3HT/ZnO devices with
different thickness. It is concluded that the relatively poor
performance of thin P3HT/ZnO solar cells is related to
inefficient charge generation as a result of the low ZnO
content, to the coarse phase segregation, and to the exciton
losses impaired by the electrodes.
Introduction

Nanostructured polymer-based solar cells (PSCs) have

emerged as a promising low-cost alternative to conven-

tional inorganic photovoltaic devices and are now a

subject of intensive research both in academia and

industry. For PSCs to become practical efficient devices,

several issues should still be addressed, including further

understanding of their operation and stability, which in

turn are largely determined by the morphological

organisation in the photoactive layer. The latter is

typically a few hundred nanometres thick film and is a

blend composed of two materials: the bulk heterojunction

consisting of the electron donor and the electron acceptor.
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The main requirements for the morphology of efficient

photoactive layers are nanoscale phase segregation for a

high donor/acceptor interface area and hence efficient

exciton dissociation, short and continuous percolation

pathways of both components leading through the layer

thickness to the corresponding electrodes for efficient

charge transport and collection, and high crystallinity of

both donor and acceptor materials for high charge

mobility. In this paper, we review recent progress of our

understanding on how the efficiency of a bulk hetero-

junction PSC largely depends on the local nanoscale

volume organisation of the photoactive layer.

Solar Energy and State-of-the-Art Solar
Technologies

In this century, the worldwide energy consumption is

expected to grow on average with 1.5–2.0% per year.[1] The

current economic crisis (2009/10) may slow this growth

down for a few years but it is unlikely to change the major

picture. This trend is mostly driven by the expected growth
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of the overall population (6.5 billion in 2008, about 9 billion

expected in 2100)[2] and the increase in the quality of life

and access to consumption for an increasing part of the

world population. Most of the energy (80%) is presently

derived from the combustion of fossil fuels, such as oil (35%),

coal (24.5%) and natural gas (20.5%).[3] However, the world’s

resources of fossil fuels will 1 d be depleted: e.g., the peak of

oil extraction is expected by many to occur already before

2030, followed by a terminal decline of extraction.[4]

Moreover, the use of fossil fuels releases such significant

amounts of greenhouse gasses (CO2, CH4, N2O) that, in case

of a business-as-usual scenario, there is a high probability

that the global temperature will increase with 2–5 8C in this

century. In the worst case (of 5 8C), the global warming will

irrevocably disturb the equilibrium of >40% of global

ecosystems and endanger existence of the majority of

species worldwide.[5]

Solar radiation is the renewable energy source with

practically unlimited access. The amount of solar energy

reaching the surface of the planet is so vast that in 1 year it is

about twice as much as will ever be obtained from all of the
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Earth’s non-renewable resources of coal, oil, natural gas and

mined uranium combined.[6] The total annual solar energy

striking the Earth’s surface is estimated to be about 7 700

times the current world annual energy consumption, and a

part of it corresponding to 100 times the current world

energy consumption should be realistically exploitable.[7]

The solar energy can be utilised in three major ways: by

means of concentrated solar power (CSP) technologies aiming

at collecting solar heat, concentrating it between 50 and

50 000 times and then converting it into electricity; by

artificial mimicking of the photosynthesis process as happens

every day in most plants on earth; and by direct conversion of

sunlight into electricity in a photovoltaic (PV) process

(eventually with the use of solar concentrators too). Today,

large expectations are set for PVs to become a significant

energy supplying technology by the end of this century.[8]

Polymer Solar Cells

In recent years, an alternative type of thin film solar cells

has been intensively studied, viz. organic or polymer-based
DOI: 10.1002/marc.201000080
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solar cells that use organic electronic materials, such as

polymer semiconductors like poly(phenylene vinylene)

(PPV), polythiopene or polyfluorene, for light absorption

and charge transport.[9,10] Despite comparatively low

efficiencies of about 7–8%[11] achieved so far with the

modelling studies predicting 10–11% efficiencies attain-

able[12] and rather low stabilities presently 1 or 2 years at

maximum,[13] PSCs have a distinct advantage over inor-

ganic counterparts, viz. their fast and low-cost manufactur-

ing process: they can be fabricated by processing polymers,

eventually together with other organic materials, in

solution and depositing them by printing or coating in a

roll-to-roll fashion like newspapers. Thanks to the speed

and ease of this manufacturing process, the energy payback

time of PSCs may, according to some estimates, be limited to

months to about a year only.[8,14] Additional advantages

include lightweight and flexibility of organic materials,

enabling fast and easy applications on e.g., curved surfaces

and thus freedom of design.

PSCs are still in the research and development phase;

however, first commercial products recently were intro-

duced to the market. To bring them closer to the stage of

practical efficient devices, several issues should still be

addressed, including further improvements of their effi-

ciency and stability. These, in turn, are determined to a large

extent by the morphological organisation of the photoactive

layer, i.e., layer where light is absorbed and converted into

electrical charges. Thus, the general scope of this paper is to

look into the ways how the morphology formation of ultra-

thin (100–200 nm) donor/acceptor photoactive layers pre-

pared via solvent-based techniques can be controlled and

manipulated, and to establish the relationships between the

(three-dimensional) morphological organisation of photo-

active layers and the performance of corresponding PSCs.
Morphology Requirements of Photoactive
Layers in PSCs

There is a principal difference in operation of solar cells

based on inorganic semiconductors and organic (polymer)

semiconductors, governed by a different magnitude of the

exciton binding energy (exciton¼bound electron/hole

pair) in these materials. In many inorganic semiconduc-

tors, the exciton binding energy is low compared to the

thermal energy at room temperature and therefore free

charges are directly created under ambient conditions

upon absorption of a photon of light.[15] An organic

semiconductor, on the other hand, typically possesses an

exciton binding energy that exceeds kT roughly by more

than an order of magnitude.[16] As a consequence, excitons

do not directly split into free charges in organic

semiconductors and an additional mechanism is required

to achieve this.
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A successful way to dissociate excitons formed in organic

semiconductors into free charges is to use a combination of

two materials: an electron donor (the material with low

ionisation potential) and electron acceptor (the one with

large electron affinity). At the donor/acceptor interface, an

exciton can dissociate into free charges by rapid electron

transfer from the donor to acceptor.[17,18] Afterwards, both

charge carriers move to their respective electrode when

electrode materials are chosen with the proper work

functions.[9] Significant PV effects of organic semiconduc-

tors applying the heterojunction approach have first been

demonstrated by Tang in the 1980s (Figure 1a).[19] A thin-

film, two-layer organic PV cell has been fabricated that

showed a power conversion efficiency of about 1% and a

large fill factor (FF) of 0.65 under simulated AM 2

illumination.

The external quantum efficiency hEQE of a PV cell based

on exciton dissociation at a donor/acceptor interface is

hEQE¼ hA� hED� hCC, with the light absorption efficiency

hA, the exciton dissociation efficiency hED, which is the

fraction of photogenerated excitons that dissociate into free

charge carriers at a donor/acceptor interface, and the carrier

collection efficiency hCC, which is the probability that a free

carrier generated at a donor/acceptor interface by dissocia-

tion of an exciton reaches its corresponding electrode.[20]

Donor/acceptor interfaces can be very efficient in separat-

ing 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 micro-

second range.[21] The typical exciton diffusion length in

most organic semiconductors is, however, limited to 5–

20 nm.[22–25] Consequently, acceptor/donor interfaces have

to be within this diffusion range for efficient exciton

dissociation into free charges; however, efficient light

absorption only can be guaranteed for photoactive layers

with thickness larger than 200 nm.

Independently, Yu and Heeger[26] and Halls et al.[27] have

addressed the problem of limited exciton diffusion length

by intermixing two conjugated polymers with different

electron affinities or a conjugated polymer with C60

molecules or their methanofullerene derivatives.[28] Since

phase segregation occurs between the two constituents, a

large internal interface is created so that most excitons are

formed near the interface and are thus able to dissociate at

the interface. In 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 decaying. This device structure, a so-

called bulk heterojunction (Figure 1b), provides a route by

which nearly all photogenerated excitons in the film can
www.mrc-journal.de 3
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Figure 1. (a) Schematic representations of a Tang double layer cell and (b) a bulk
heterojunction structure, together with (c) chemical structures of the most common
electron donor and electron acceptor materials: methanofullerene derivative PCBM,
MDMO-PPV, P3HT and PFTBT. The common device structure is depicted here, with a
photoactive layer sandwiched between an electron collecting electrode (typically metal,
such as Al) and a hole collecting transparent electrode of ITO.
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split into free charge carriers. At present, bulk heterojunc-

tion structures are the main candidates for high-efficiency

PSCs.

Nanoscale phase segregation between the donor and

acceptor components dictated by a limited exciton diffu-

sion length is not the only requirement for the morphology

of photoactive layers of bulk heterojunction PSCs. Once free

charges are formed upon exciton dissociation, they should

be transported through the donor and acceptor phases

towards the corresponding electrodes: holes through the

donor phase to the hole collecting [positive, mainly indium-

doped tin oxide (ITO)] electrode and electrons through the

acceptor phase to the electron collecting (negative, e.g.,

aluminium) electrode. Thus the nanoscale phases of donor

and acceptor should form continuous, and preferably short

(to minimise charge recombination), percolation pathways

leading to the positive and negative electrodes, respec-

tively.

Additionally, the transport of charge carriers can be

enhanced if donor and/or acceptor (ideally both) are

characterised by high mesoscopic order and crystal-

linity.[29,30] Also, transport and collection of charges should

be facilitated in case where there is enrichment of the

acceptor material at the side of a photoactive layer close to a

negative (metal) electrode and enrichment of the donor

material close to a positive commonly used ITO elec-

trode.[31,32] Such favourable concentration gradients of

donor and acceptor materials through the thickness of the

active layer should ensure that percolation pathways

leading to electrodes are short and limit possibilities of

charge recombination.
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The efficiency of a bulk heterojunc-

tion PSC is thus largely dependent on the

local nanoscale organisation of the

photoactive layer in all three dimen-

sions. The key requirements for efficient

PSCs, including those dealing with

photoactive layer morphology, are

listed in Figure 2, together with the

parameters of device performance

(Jsc, FF, Voc, h).

The short circuit current Jsc generated

by a solar cell is found at the end of the

whole chain: it is determined by the

external quantum efficiency hEQE, i.e.,

efficiency of all basic processes of the PSC

operation as discussed above, viz. light

absorption, exciton dissociation at the

donor/acceptor interface, and transport

and collection of free charges at the

electrodes. The meaning of the FF is more

specific: a higher FF implies an improved

balance of electron and hole transport,

low traps and negligible space-charge
effects.[12,33]

The open circuit voltage Voc is set by the separation of

the (quasi) Fermi levels for electrons and holes. This

explains why the Voc scales with the energy difference

between the lowest unoccupied molecular orbital (LUMO)

of the acceptor material and the highest occupied

molecular orbital (HOMO) of the donor.[34,35] Lower values

of Voc obtained experimentally have been attributed to the

band bending created by accumulated charges at each

electrode, with associated losses of �0.2 eV per elec-

trode.[35,36] It has also been reported that Voc is dependent

on the probability of exciton dissociation into free

charges,[37] presence of electron traps[38] and mobility of

free charges.[39] As the position of the quasi Fermi levels is

determined by both the shape of the densities of states

(DOS) and the filling, it is straight forward that the Voc

depends on the energy levels, the energetic disorder in

these levels, the charge generation rate and the charge

recombination rate. Since the morphology influences

these four parameters, it is clear that the morphology

influences the Voc. However, the impact of these para-

meters on Voc is complex and beyond the scope of this

review. Comparing the J-V curves of pristine and annealed

poly(3-hexylthiophene) (P3HT)/phenyl-C61-butyric acid

methyl ester (PCBM) samples measured under one sun

gives an indication how strong the Voc depends on the

morphology. From ref. [30], we estimate the difference in

Voc to be around 40 mV between a pristine and annealed

P3HT/PCBM sample. This is an improvement in Voc of less

than 10%, whereas the morphology change caused a two-

fold increase in the Jsc.
DOI: 10.1002/marc.201000080
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Figure 2. The key factors determining the power conversion efficiency (h) of bulk heterojunction PSCs, together with parameters of solar cell
device performance: short circuit current density Jsc, open circuit voltage Voc and FF. All three basic processes: light absorption (characterised
by efficiency hA), exciton dissociation (hED) and transport and collection of charges (hCC) should be efficient in order to get efficient PSCs. The
efficiency determining factors are listed under each step; those dealing with photoactive layer morphology are shown in bold.
Parameters Determining the Morphology
Formation of the Photoactive Layer

The following parameters have been identified as the most

significant for their influence on the nanoscale morphology

in the photoactive layers of bulk heterojunction PSCs: the

chemical structure of donor and acceptor materials, the

solvent(s) used for processing, concentration in solution,

the ratio between donor and acceptor and post-production

treatments such as thermal annealing or exposure to

solvent vapour.[40–42] Some examples of how these para-

meters affect photoactive layer morphology formation and

hence device performance are considered below.

Since the photoactive layer is deposited from solution, for

research studies mainly via spin-coating or drop-casting,

the morphology determining parameters can be classified

into two groups: due to thermodynamic aspects and kinetic

effects that mainly play role during thin-film formation

process. Thermodynamic aspects are reflected in the

chemical structure of the donor and acceptor compounds

determining to a large extent their solubility in different

solvents and the interaction (miscibility) between these

compounds taken in a certain ratio. The kinetic aspects have

to do with duration of film formation – influenced e.g., by

the solvent’s boiling point, by solution viscosity, etc. –, with

the rate of ordering or crystallisation in case of crystallising

materials and thus accompanied reorganisation, and with

post-film formation treatments such as annealing that

enables the diffusion and crystallisation of one or both
Macromol. Rapid Commun. 2010, 31, 000–000
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segregation.

Both thermodynamic and kinetic parameters show

comparable significance in determining the morphology

of the photoactive layer. Thermodynamics will, however,

drive (and kinetics may limit) eventual morphological

reorganisation after films have been formed, and thus

determine the long-term stability of the photoactive layer

morphology and corresponding solar cell devices.

Intensive morphology studies have been performed on

polymer/fullerene systems, in which PCBM is applied (for

its chemical structure see Figure 1c).[43,44] PCBM is by far the

most widely used electron acceptor, and the most success-

ful PSCs have been obtained by mixing it with the donor

polymers like poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-

1,4-phenylenevinylene) (MDMO-PPV)[45,46] and other poly-

(phenylene vinylene) derivatives, with poly(3-alkylthio-

phene)s such as regioregular P3HT[30,47–50] or less studied

combination with polyfluorenes[51–54] and other amor-

phous semi-conducting polymers such as poly{2,6-[4,4-bis-

(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene]-

alt-[4,7-(2,1,3-benzothiadiazole)]} (PCPDTBT).[55–58]

The crystallisation behaviour of PCBM when cast from

solution, particularly the crystallisation kinetics induced by

different solvent evaporation dynamics, has been inten-

sively investigated.[59–62] For all conditions it has been

confirmed that crystalline PCBM domains develop. In

general, the dynamics of solvent evaporation during film

formation and certain post-treatment procedures play a
www.mrc-journal.de 5
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vital role for the crystallisation behaviour and morphology

formation of PCBM from solution. For instance, PCBM has a

tendency to crystallise by eventually forming micrometres-

large bulky crystals; also in mixtures with amorphous

materials having rather low glass transition temperature

(Tg) like MDMO-PPV (Tg of 80 8C).

On the contrary, the type of crystalline morphology

formed by regioregular P3HT ranges from well-dispersed

nanorods to well-developed spherulites, depending on

solution processing conditions.[63] Typically, P3HT crystal-

lises in thin films by forming crystalline nanorods with

widths of around 15–25 nm, thickness of just a few

nanometres and lengths of hundreds of nanometres or

even a few micrometres.[30,42,63,64]

The influence of the solvent used for processing was first

observed in MDMO-PPV/PCBM system when a strong

increase in power conversion efficiency was obtained by

changing the solvent from toluene (0.9% efficiency) to

chlorobenzene (2.5% efficiency).[45] The better performance

of MDMO-PPV/PCBM cells in case of using chlorobenzene

(or o-dichlorobenzene) as a solvent rather than toluene, was

found to be due to smaller (more favourable) scale of phase

segregation (Figure 3), viz. smaller PCBM-rich domains in

the MDMO-PPV-rich matrix, formed during spin-coating as
Figure 3. Atomic force microscopy images showing the surface morph
PPV/PCBM (1:4 w/w) blend films with a thickness of approximately
corresponding cross sections. (a) Film spin coated from a toluene solu
coated from a chlorobenzene solution. The images show the first deriv
surface heights. The cross-sections of the true surface heights for the
horizontally from the points indicated by the arrow (Reprinted with
ref.[45] Copyright 2001 American Institute of Physics).
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a result of higher solubility of PCBM in chloroben-

zene.[45,59,60,65]

The evaporation rate of a solvent during film formation is

also of importance. Even when a good solvent (chloroben-

zene) is taken for MDMO-PPV/PCBM but its evaporation is

slowed down e.g., by using lower spin speed during spin-

coating or by using drop-casting instead of spin-coating,

coarse phase segregation is observed in the resulting films

similar to faster spin-coating from a less favourable solvent

like toluene.[59] Since a film has then a longer time to form

and kinetic factors become less limiting, thermodynami-

cally driven re-organisation, viz. large-scale PCBM crystal-

lisation, takes place. Not surprisingly, thermal annealing of

MDMO-PPV/PCBM boosts PCBM crystallisation even

further leading to formation of bulky PCBM crystals.

Besides annealing conditions, the kinetics of their forma-

tion was also found to depend on a type of spatial

confinement, e.g., in a free-standing film, PCBM clusters

are formed much faster than in a film sandwiched between

two substrates.[66]

Besides the solvent used and the evaporation rate

applied, the overall compound concentration and the ratio

between two compounds in solution are important

parameters controlling morphology formation. High com-
ology of MDMO-
100 nm and the

tion. (b) Film spin
ative of the actual

films were taken
permission from

l page numb
pound concentrations induce large-scale

phase segregation in MDMO-PPV/PCBM

during formation of the film.[64] The

maximum solubility of PCBM was deter-

mined to be roughly 1 wt.-% in toluene

and 4.2 wt.-% in chlorobenzene (at room

temperature), so that for concentrations

above these critical concentrations aggre-

gation of PCBM is anticipated already in

the solvent and is enhanced even further

during film formation.[41]

For the systems of MDMO-PPV/PCBM

and methoxy ethyl-hexyloxy-PPV/

PCBM,) as for most other amorphous

polymer/PCBM bulk heterojunctions, the

optimum ratio of the compounds was

found to be 1:4,[28] in spite of very low

contribution of PCBM to light absorption

and despite the fact that photolumines-

cence of the polymer is already quenched

for much lower PCBM concentrations

(less than 5%).[18] A rather abrupt

improvement in the device properties

was observed for PCBM contents of

around 67%, and it was accompanied

by the onset of phase segregation.[67]

Thus, it was concluded that charge

transportation rather than charge

separation is the limiting factor here

and suggested that, only above this
DOI: 10.1002/marc.201000080
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critical concentration, PCBM forms a percolating network

within the polymer matrix.

In general, thermal annealing is a useful way to probe

morphological stability of photoactive layers. Apart from

accelerating thermodynamically favoured changes in the

layer morphology, mild annealing also mimics practical

conditions as solar cells can easily heat up during operation

to temperatures of around 60 8C. Obviously, long-term

stability of PSCs based on MDMO-PPV/PCBM is rather poor,

due to the tendency of PCBM to crystallise by forming

micrometres-large clusters in amorphous MDMO-PPV. Such

large-scale crystallisation implies that exciton dissociation

becomes rather inefficient, and the quality of a percolating

network of PCBM deteriorates too. The formation of large

PCBM crystals can, however, be largely suppressed by

choosing a polymer having a higher Tg (e.g., 138 8C)[68] than

that of MDMO-PPV, so that diffusion of PCBM molecules in

the blends is hindered (another example of interplay

between thermodynamics and kinetics in these systems).

Another family of amorphous polymers suitable for

organic PVs, are copolymers containing a fluorene unit

and a benzathiadiazole unit with two neighbouring

thiophene rings, often referred to as APFO3 or poly{(9,9-

didecanefluorene)-alt-[bis(thienylene)benzothiadiazole]}

(PFTBT).[51–54,69] These copolymers have a similar band gap

as P3HT, approximately 1.9 eV, but the Voc is higher (1.0 V).

The high voltage is explained by the fact that the HOMO of

these benzathiadiazole containing polymers is about 0.5 eV

further from the vacuum level.[70] When comparing the PV

performance of polymer:fullerene bulk heterojunction

based on either P3HT or PFTBT, the general conclusion is

that the influence of the high open circuit voltage on the PV

performance is compensated by comparatively low FFs and

short circuit currents.[53,69] Moet et al. recently concluded

that the mobility of PFTBT is sufficiently high that space

charge effects on the photocurrent do not play a significant

role.[71] The not-optimal device performance is attributed to

a relatively low dissociation probability of short-lived

bound electron-hole pairs. As discussed above, the dis-

sociation of these excitons is to a large extend influenced by

the morphology. Several attempts have been made to

influence or control the morphology of blends of PFTBTs and

PCBM. These attempts include different side chains,[69]

solvent mixtures[72] and ternary blends of two PFTBTs

combined with PCBM.[73]. In another approach to improve

the morphology of the PFTBT/PCBM blend, PFTBT analogues

were synthesised with high molecular weights (Mw¼
120 kg �mol�1). These blends reveal indeed phase segrega-

tion on 10–20 nm scale with two bicontinuous phases, as

opposed to an even finer morphology observed for blends

containing lower molecular weight PFTBT where no clear

phase segregation was observed.[74]

The P3HT/PCBM system, where both components can

crystallise as mentioned above, differs in its behaviour and
Macromol. Rapid Commun. 2010, 31, 000–000
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morphological organisation from MDMO-PPV/PCBM

blends. Here the best results with power conversion

efficiencies between 4 and 5% and rather stable morphol-

ogies, are obtained for P3HT/PCBM ratios of around 1:1 after

an annealing treatment, either at elevated temperature or

during slow solvent evaporation (so-called solvent assisted

annealing).[30,50,75,76] Similar results are also attained by

adding high boiling point additives like alkylthiols into the

solution of P3HT/PCBM as this slows down the film

formation during spin-coating due to longer solvent(s)

evaporation time, analogous to solvent annealing.[56,77]

Various reasons have been named to account for

morphology changes causing efficiency improvement in

P3HT/PCBM films upon annealing, such as increased

crystallinity of P3HT,[78] favourable dimensions of (long

and thin) P3HT crystals,[63] suppressed formation of bulky

PCBM clusters due to presence of P3HT crystals,[30,50]

improved light absorption of the P3HT/PCBM films as a

result of morphological changes in P3HT,[79] improved hole

mobility and hence more balanced hole and electron

transport in P3HT/PCBM films.[33,80,81] This list, however

long it may seem, is not complete as it does not include

details on morphological organisation throughout the

volume of the photoactive layer, such as quality of

percolating networks of nanocrystalline P3HT and PCBM

and the exact scale of phase segregation.

In an attempted to reveal the three-dimensional

organisation of the photoactive layer of P3HT/PCBM PSCs,

recently the volume morphology of films were analysed in

detail by means of electron tomography and the critical

morphology parameters contributing to the improved

performance of P3HT/PCBM solar cell devices after thermal

or solvent assisted annealing were identified.[74,82,83] After

annealing treatment, thermodynamically driven reorgani-

sation of the P3HT/PCBM morphology takes place and

highly crystalline and up to micrometres long P3HT

nanorods compose a genuine 3D network and serve as

physical barriers to PCBM diffusion suppressing a large

scale phase segregation of PCBM at any time of the film

preparation process (Figure 4). Moreover, accumulation of

P3HT nanorods close to the bottom hole collecting electrode

ensures effective hole transport with high mobility,

whereas nanocrystalline PCBM, accumulated in its turn

close to the top electrode, ensures efficient electron

transport.

The examples just considered concerned polymer/full-

erene PSCs but, in general, all the parameters influencing

morphology formation are also valid for polymer/polymer

systems[84–88] and for hybrid systems, where semi-con-

ducting polymers such as P3HT are combined with

inorganic materials such as ZnO, TiO2 or CdSe.[89–92] A

potential advantage of all-polymer systems is improved

absorption as compared with systems using poorly

absorbing fullerenes, and hybrid solar cells form an
www.mrc-journal.de 7
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Figure 4. Volume representation obtained by electron tomogra-
phy of P3HT nanorods (bright phase) in a P3HT/PCBM bulk
heterojunction demonstrating the presences of a genuine 3D
co-continuous network and concentration gradients within the
thickness of the photoactive layer of both components. The
experimental data are embedded in an artistic view on energy
conversion by PSCs (Reprinted with permission from ref.,[82]

figure is part of the cover page. Copyright 2009 American
Chemical Society).
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attractive alternative because of a high dielectric constant

(facilitating carrier generation processes), a high carrier

mobility of inorganic semiconductors, and the thermal

morphological stability of the photoactive layers.
Outlook and Challenges

As evident from the above discussion, there is a complex

interplay between different aspects that determine photo-

active layer morphology during film formation, its eventual

re-organisation during post-production treatments and its

long-term stability. Due to this complexity and due to the

fact that the desired structure should form spontaneously

by deposition from solution (to retain low-cost manufac-

turing), the optimal morphology is explored in practice by

time-consuming optimisation processes. However, increas-

ing understanding of underlying structure-property rela-

tionships should make direct manipulations possible in the

future.

What complicates the matter is that the ideal photo-

active layer morphology is characterised by different

length-scales in the volume of the film (see Figure 1b):

for efficient charge separation, it should have phases of

donor and acceptor materials in the order of 5–20 nm (in

two dimensions)[22–25] and, for charge collection, it should

have percolation pathways through the whole thickness of

the film, i.e., a few hundred nanometres in thickness

direction of the photoactive layer. The requirement of donor

and acceptor phases of different length-scale in three
Macromol. Rapid Commun. 2010, 31, 000–000
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dimensions makes the control of spontaneous morphology

formation very challenging, especially in case of thicker

photoactive layers. For optimum light absorption, the layer

should ideally be at least 200 nm thick, whereas it is often

observed that thinner films of ca. 100–150 nm perform

better in bulk heterojunction PSCs even though they

effectively absorb less light. Poor performance of thicker

layers is typically attributed to enhanced recombination of

free charges resulting from imperfect percolation path-

ways.

Several attempts have been made to promote formation

of such a well-organised structure through the whole

volume of the photoactive layer by e.g., using an

amphiphilic primary structure like diblock copolymers,[93]

dyad structures[94,95] and an inorganic (ZnOx or TiOx)

template nanostructure filled with organic semiconduc-

tors[96,97] but performance of the resulting solar cells has so

far been lower than with conventional approaches. More-

over, creation of nanostructures already in the solvent prior

to deposition might be a route to split structure formation

from the film deposition process, which probably allows for

better morphology control of the photoactive layer.[98]

One key request on the way to control and optimise

morphology creation is access to reliable quantitative

datasets reflecting the local nanoscale as well as the overall

organisation of the photoactive layer and allow for

straightforward correlation of the obtained morphology

with device performance. As an example, in a recent study

the 3D morphology as obtained by electron tomography

was statistically analysed for spherical contact distance and

percolation pathways of the ZnO nanoparticles embedded

in P3HT.[99] Together with solving the three-dimensional

exciton diffusion equation, a consistent and quantitative

correlation between solar cell performance, photophysical

data and the three-dimensional morphology has been

obtained for devices with different layer thickness that

enables differentiating between generation and transport

as limiting factors to performance (Figure 5).

Briefly, in our study the quantitative analysis of the

phase separation and percolation pathways was performed

and used to explain the performance of P3HT/ZnO devices

with different thickness. Looking at the combined effects of

charge carrier generation and collection, we concluded that

the relative poor performance of thin P3HT/ZnO solar cells

is related to inefficient charge generation as a result of the

low ZnO content, to the coarse phase segregation, and to the

exciton losses impaired by the electrodes. For thicker

photoactive layers charge generation is much more

efficient, owing to a much more favourable phase segrega-

tion. However, even thicker devices show superior effi-

ciencies, still the internal quantum efficiency (IQE) only

reaches 50%. Since in thicker layers most excitons (around

80%) reach the P3HT/ZnO interface where they can

dissociate into free charges, the IQE is most probably
DOI: 10.1002/marc.201000080
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Figure 5. Electron tomography volume reconstruction of P3HT:ZnO photoactive layers with thickness of (a) 57, (b) 100 and (c) 167 nm; the size
of all samples is 800� 800 nm2; ZnO appears light gray, P3HT transparent. (d) Distribution of the probability to find a P3HT voxel (3D pixel)
at a certain distance from a ZnO domain for mixed P3HT:ZnO films of different thickness, calculated from the 3D electron tomography data
displayed in (a)–c); (e) cumulative probability to have P3HT within a shortest distance to ZnO. The error margins indicated are obtained from
the two most extreme thresholds possible for the binarisation of the electron tomography volume data (Reprinted with permission from
ref. [99] Copyright 2009 Nature Publishing Group).
limited by inefficient charge transport. Electron transport

may be limited by a low volume fraction of ZnO, whereas

hole transport may be inefficient due to low hole mobility in

P3HT.

Moreover, it should be said that, besides better morphol-

ogy control, device performance can also be optimised by

smart device architecture, e.g., by applying hole blocking

layers,[100] optical spacers to enhance light absorption in the

layer of the same thickness[101,102] and by using the tandem

cell architecture,[103–105] where two PV cells are added in

series. In a tandem cell, it is possible to combine two, or

more, thinner (more efficient) active layers and to use

semiconductors with different bandgaps for more efficient

light harvesting. Besides, since individual cells are added in

series, the open circuit voltage of a tandem cell is directly

increased to the sum of the Voc values of individual cells.

Evidently, material properties of the donor and acceptor

also have a direct impact on the performance of PSCs as they

determine e.g., light absorption, mobility of free charges,

and the value of the open circuit voltage (see Figure 2). A lot

of efforts are now devoted to the synthesis of new materials,

such as low band gap polymers[106–108] having better
Macromol. Rapid Commun. 2010, 31, 000–000
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overlap with the solar spectrum than the state-of-the-art

polymers and alternative acceptors with a higher LUMO

level than that of C60 or PCBM which will lead to better Voc

values in the corresponding solar-cell devices.[109–111]

Finally, modelling studies show that with optimised

energy levels of the donor and acceptor (determining their

absorption and Voc of the corresponding solar cells),

balanced electron and hole mobility and optimised

morphology, even in case of single bulk heterojunction

PSCs power conversion efficiencies of 10–11% should be

within reach.[12,38]
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