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P3HT-Based Solar Cells: Structural
Properties and Photovoltaic Performance

Adam J. Moulé, Dieter Neher, and Sarah T. Turner

Abstract Each year we are bombarded with B.Sc. and Ph.D. applications from
students that want to improve the world. They have learned that their future depends
on changing the type of fuel we use and that solar energy is our future. The hope and
energy of these young people will transform future energy technologies, but it will
not happen quickly. Organic photovoltaic devices are easy to draw, but the mate-
rials, processing steps, and ways of measuring the properties of the materials are
very complicated. It is not trivial to make a systematic measurement that will
change the way other research groups think or practice. In approaching this chapter,
we thought about what a new researcher would need to know about organic
photovoltaic devices and materials in order to have a good start in the subject.
Then, we simplified that to focus on what a new researcher would need to know
about poly-3-hexylthiophene:phenyl-C61-butyric acid methyl ester blends (P3HT:
PCBM) to make research progress with these materials. This chapter is by no means
authoritative or a compendium of all things on P3BHT:PCBM. We have selected to
explain how the sample fabrication techniques lead to control of morphology and
structural features and how these morphological features have specific optical and
electronic consequences for organic photovoltaic device applications.
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cells
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1 Introduction

Increasing signs of global warming such as recent atmospheric CO, levels mea-
sured above 400 ppm, polar ice sheet loss, and super-storms, have recently focused
attention on short- and long-term solutions to combat climate change [1-4]. Similar
to the gold rush in the 1800s and the oil boom in the 1900s, intellectual property on
new technologies is now the boom industry for innovative people to become rich
and influential fast. In the twenty-first century, scientists and engineers are the
pioneers and our ideas are the prize. One of the most alluring energy technologies of
the past decade has been organic photovoltaics (OPV). This technology is alluring
because it could potentially reduce the cost of producing photovoltaic
(PV) modules and thereby make solar energy cost-competitive with fossil fuels.
As can be seen in Fig. 1, the allure of OPV brought thousands of scientists and
engineers into this new field, generating an exponential increase in scientific
knowledge (as measured by the number of scientific articles) in this area. The
sharp focus on OPV technology has led to an explosion of interest in enabling
technologies such as polymer synthesis, polymer physics, microstructural measure-
ment techniques, multiscale modeling, photophysics, organic electronics, organic—
inorganic hybrid materials, etc. All of this intense focus into one research area has
also created intense competition between research groups. With so many new
scientific articles published yearly, it is impossible to read them all, and repeat or
redundant articles have become unfortunately and unavoidably common. Even
review articles and books about OPV have proliferated, making production of an
original perspective difficult and a complete literature review impractical. We
apologize in advance if any important work is not cited here.

Under this backdrop, we have decided to produce an article that is designed to be
helpful to students and postdocs who are entering this field. Rather than focusing on
the efficiency of devices or the morphology of materials (subjects that are covered
very well elsewhere), we instead focus some attention on how to approach OPV
research from a more practical (laboratory-based) perspective. Section 1 introduces
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OPV devices, modules, and scale-up. Section 2 discusses fabrication of poly-3-
hexylthiophene (P3HT)-based OPV layers, with a focus on practical aspects like
how to choose a solvent and how this choice affects other aspects of fabrication.
Essentially, this chapter addresses the experimental process of controlling mor-
phology in a P3HT:PCBM blend film, without dwelling on a discussion of the
actual morphology of any particular film. Section 3 describes how optical absorp-
tion spectra provide detailed information on the crystallization of P3HT in blends
with PCBM. Finally, Sect. 4 contains a detailed discussion on the elementary
processes involved in photocurrent generation, and how photocurrent losses are
related to blend morphology.

1.1 Device Characteristics

A photodiode or PV device converts light energy into electrical energy. The energy

of a photon can be expressed by the simple formula:
he
E=h=—, 1
v=" (1)

where F is energy, A is Planck’s constant, v is frequency, c is the speed of light, and
A is wavelength. The sun emits photons over a wide energy range in a spectrum that
is close to a black body spectrum of ~6,000 K when measured in space. Some of the
light is absorbed by the atmosphere by molecules such as O3, O,, H,O, CH,, and
CO, or scattered by dust, clouds or pollution. The light spectrum that reaches the
earth’s surface is for these reasons somewhat different at every place and, due to
weather and the rotation of the planet, changes constantly. For the sake of settling
arguments, scientists have agreed to test PV devices using an approximate spectrum
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Fig. 2 (a) AM1.5G spectrum and calculated maximum J. as a function of band gap energy. (b)
Calculated maximum PCE versus band gap energy of a PV device assuming detailed balance
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called AM1.5G (Fig. 2a). This spectrum is equivalent to the sun’s spectrum at a tilt
of 48.2°, which increases the path length through the atmosphere by 150% with
respect to 0° incidence. On a sunny day, the total sun power is approximately
930 W/m? and includes scattered light from clouds and pollution. This spectrum is
approximated using a Xe arc lamp and an optical filter. The Xe lamp solar-
simulated spectrum is relatively accurate throughout the visible range but does
not have full spectral coverage in the near infrared. Usually solar simulator lamps
are calibrated to 1,000 W/m? and direct incidence (0°) is used to simplify the
experiment. A detailed (and worth reading) description of how to properly measure
the mismatch factor for a simulated solar spectrum can be found in a publication by
Shrotriya et al. [5]. The standard PCE measurement and testing protocol has also
been published [6].

A PV device is made from a semiconductor with an optical band gap (E,). This
E, is the minimum energy at which electromagnetic energy absorbed within the
semiconductor promotes an electron from the valence band to the conduction band.
In the case of an OPV device, the excited states are localized onto one or more
molecular species, so extended energy bands do not exist. Instead, E, is the
minimum energy needed to promote an electron from the highest occupied molec-
ular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the
molecules or polymers in the film. The band gap sets the maximum short-circuit
photocurrent (J.) and power conversion efficiency (PCE) that any PV device can
attain. Photons with energy below E, do not contribute to photocurrent production.
The maximum J,. is shown in Fig. 2a. Due to the principle of detailed balance, the
E, also sets the maximum possible potential at which a photocurrent can be
extracted [7]. The combination of these two limitations means that, at best, only
~33% of the total solar power P(E) in the solar spectrum could be collected and
converted to electricity by a single junction PV device. Practical considerations like
the necessity of a p/n junction, finite area, recombination, reflection, imperfect
materials, and series resistance mean that record laboratory scale efficiencies are
~25 and ~28% for single crystalline Si and GaAs, respectively. Figure 2b shows the
relationship between band gap and maximum attainable PV efficiency at one sun
power given several different assumptions.

The PCE is commonly obtained by measuring the current density (J) versus the
applied potential (V') for a PV device under AM1.5G illumination. Figure 2c shows
a typical J/V curve for an OPV device based on the donor P3HT and the acceptor
phenyl-C61-butyric acid methyl ester (PCBM). The current density measured at
zero applied potential is the short-circuit current density (/). The applied voltage
necessary to drive the current to zero is the open-circuit voltage (V,.). The PCE is
determined by calculating the maximum power produced, which is the maximum
product of J x V and is denoted by J.x and Viax:

<
«

Fig. 2 (continued) (black), detailed balance and a FF of 0.75 (blue), and OPV conditions of 0.6 V
energy loss, 0.65 EQE and 0.65 FF. (¢) J/V curve for a P3HT:PCBM OPV device
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PCE :Jmax : Vmax _ Jsc : Voc -FF (2>

and the fill factor (FF) is:

FE = Jmax* Vinax (3)
]sc . Voc

The device PCE can therefore be increased by increasing the J. through capture of
more photons or reduced recombination, by increasing V. to approach E,, and by
increasing FF. The J/V curve for OPV devices has been interpreted in a number of
ways and with numerous and sometimes contradictory models. We will discuss
fundamental aspects of these models in Sect. 3.

A second measure of efficiency is the external quantum efficiency (EQE), which
is the probability that a photon, incident on a PV device, with a wavelength A will
produce a quantum of photocurrent. The EQE can be broken into two components.
The optical component is the probability with which a photon is absorbed into the
active layer of the PV device ., and the electrical component is the probability
with which the absorbed energy produces photocurrent 7. at the measured bias.
Component 7. has been broken into various substeps, each with a particular
meaning in several well-cited publications [8]. For this section, we will simply
state that 7. is also written as the internal quantum efficiency (IQE):

EQE()“) = Mabs ()“) “Melec (’1) = Nabs (;L) ’ IQE(/{) (4)

OPYV materials that can operate with a band gap of 1.1-1.3 eV have, so far, not been
made. Several successful donor polymers have been synthesized that absorb light to
energies as low as 1.3 eV. But the most commonly used acceptor, PCBM, has a
band gap of 1.75 eV, which is ultimately the limiting factor for efficiency [9]. Sev-
eral different electrical device models have been used to calculate the maximum
possible PCE of an OPV device [9-11]. All three models give a maximum PCE for
a single junction device of 10-11%. The model by Veldman et al. predicts the
maximum possible V. to be [9]:

Voe(maximum) = E,(PCBM) — 0.6 V. (3)

To our knowledge, a higher V. has never been recorded. The device models
predicting 10-11% PCE all assume that the FF would be 0.6-0.65 and that the
EQE is 60-65% for photons above E,,. These are quite reasonable assumptions with
“hero” devices regularly showing EQE of ~70% and FF of 70%. Considering that
the current world record efficiency for an OPV device is 9.1% for a single bulk-
heterojunction (BHJ) layer [12], it is reasonable to expect further device records
with new materials that approach and exceed 11% PCE.
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1.2 Scale-Up and Other Challenges

One exciting aspect of OPV research is the knowledge that there is a direct link
between increasing basic science knowledge and progress towards a marketable
product. But what does this product look like? What makes it marketable? The goal
is to fabricate a PV module with 10-15% PCE that is printed from solution onto a
flexible support in a continuous manner, similarly to printing newspapers. This
OPYV device needs to be inexpensive, lightweight, flexible, and must last for more
than 5 years.

The most thorough publication to address the scale-up of OPV is a book by
Frederick Krebs [13]. In this book and in follow-up articles, Krebs explores the use
of several reel-to-reel printing methods with OPV materials [14—19]. Several other
groups are working on continuous coating methods for OPV [20-29]. One of the
more pressing problems for the OPV field is that most laboratory work is carried out
using spin-coaters and rigid substrates, whereas any expected application of the
research will use reel-to-reel coating and flexible substrates [30]. For this reason,
future research work should focus on blends prepared by blade coating, which can
more easily be compared to a reel-to-reel coated device. Also, blade coaters are
more efficient in the use of material, so new polymers can be investigated more
efficiently. Another issue is that flexible substrates such as PET-ITO (polyethylene
terephthalate coated with indium tin oxide) tend to crack and degrade when bent,
which defeats the advantage of flexibility. Flexible substrates are also not as well
sealed to prevent O, and H,O penetration of the device. All of these issues show
that more studies on OPV device longevity for more device geometries, and the
causes of degradation for each geometry, are needed.

1.3 A (Very) Brief History of P3HT:PCBM Solar Cells

Unlike traditional inorganic semiconductors, conjugated organic materials have
tightly bound excited states. As a result, light excitation does not result in separated
charges, but instead tightly bound exciton states are formed with photoexcitation
above the band gap. These excitons recombine quickly (picoseconds to milliseconds),
making single-component conjugated organics very inefficient PV materials. In 1986,
Tang demonstrated that excitons could be effectively split into separated holes and
electrons at a bilayer interface between electron-rich (donor) and electron-poor
(acceptor) materials [31]. It was later shown that fullerenes make ideal electron
acceptors, but the device efficiencies that could be reached were limited by the short
exciton diffusion length [32]. The real breakthrough for OPV applications was the
discovery that fullerenes and conjugated polymers could be mixed together to form a
mixed bulk-heterojunction (BHJ) layer in which donors and acceptors are in intimate
contact and separated charges must navigate through a disordered (mixed) material to
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reach the electrodes [33, 34]. All OPV efficiency records since have come from BHJ
style devices.

In 2003, Padinger and Sariciftci published a paper reporting a record OPV PCE
of 3.5% [35]. This was a huge improvement over the previous record of 2.5% [36],
but that was not what made the paper exciting. The exciting pieces of information
were:

1. More than one polymer (P3HT instead of MDMO-PPV) made effective OPV
devices

2. Choice of solvent and post-processing annealing conditions could greatly affect
the device efficiency

3. This improvement was most probably related to the microstructure

The first piece of information spurred a creative explosion in conjugated poly-
mer synthesis that has produced numerous polymers yielding higher OPV efficien-
cies than P3HT [37-39]. The realization that morphology and device efficiency are
intimately related resulted in rapid advances in the use of new instrumentation to
study organic nanostructure [40, 41]. At the same time, further OPV device
efficiency increases were realized by the use of optimized morphology-controlling
strategies including the use of thermal annealing [42], solvent annealing [43], and
the application of various co-solvent additives [44, 45]. The most cited paper in all
of OPV research (>2,900 total) was published by Li et al. [43]. It demonstrated the
change in morphology associated with thermal and solvent annealing and was the
first published and certified efficiency record of over 4% for an OPV device.
Figure 3 shows J/V curves of P3BHT:PCBM OPV devices from this seminal paper.
In the same month, two other groups also published >4% efficiency with P3HT:
PCBM but with different composition ratio, layer thickness, and annealing treat-
ment [42, 46]. Although the OPV field has expanded widely beyond the P3HT:
PCBM system, P3HT:PCBM remains the “fruit fly” of OPV because the materials
are widely available with sufficient purity, and because all manner of new
processing techniques can be tested with the knowledge that small changes to the
microstructure yield large changes in OPV device PCE.

To demonstrate the pervasive study of P3HT as a model polymer for OPV, we
tracked the number of articles published about P3HT and OPV. In Fig. 1 we show
the number of scientific papers (as counted by Web of Knowledge) published per
year under the search terms ‘“organic photovoltaic”, “P3HT”, and “organic
photovoltaic + P3BHT”. This search shows that in 2013, more than 300 out of almost
1,700 OPV papers were searchable with P3HT as the OPV polymer, although P3HT
has not been a record polymer since 2006. Many of the other more than 500 P3HT
articles involve microstructural or photophysical studies that inform the OPV field.
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Fig. 3 (a) Different J/V curves of P3BHT:PCBM cells corresponding to devices with active layers
before (no. I) and after thermal annealing at 110°C for 10 min (no. 2), 20 min (n0. 3), and 30 min
(no. 4). The active layer thickness was ~210 nm and the film growth time was ~20 min. (b) J/V
characteristics under illumination for devices with different film growth rates by varying the
solvent evaporation time, fcyp. The ., for different films were 20 min (n0. 1), 3 min (no. 5), 40 s
(no. 6), and 20 s (no. 7). Reprinted with permission from [43]. Copyright© 2005, Rights Managed
by Nature Publishing Group
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2 Relating Processing Conditions to Bulk-Heterojunction
Morphology

One of the stranger lessons to be gleaned from the study of P3HT:PCBM is that the
keys to understanding and controlling P3HT:PCBM BH) morphology were
published in 1993 [47] and 1994 [48], before the BHJ concept had been introduced
[32-34]. The 1993 paper showed a transmission electron microscopy (TEM) image
and crystal structure for a self-assembled P3HT nanoribbon. The 1994 paper
reported on the solvatochromic and thermochromic properties of P3HT and related
the folding of P3HT, due to reduced temperature or poor solvent, to the strong red
shift in the absorption spectrum.

It is very instructive that in 1993 the strong tendency for P3HT to form ribbon-
like nanostructures was known. Also, the solvents necessary to crystallize P3HT,
the techniques to measure the fibers, and the technique to separate and coat the
fibers were all known. In 1994 the research community knew that poor solvents
caused P3HT to form supramolecular structures with coplanar P3HT chains and
that this resulted in a red shift of the absorption spectrum and formation of vibronic
structure. It was known that the same structures result from cooling a P3HT melt.
But nevertheless, the research community did not start using these ideas to control
P3HT:PCBM morphology until a decade later.

Why not?

The P3HT:PCBM processing conditions did not create a linear and obvious
change in morphology and so the relationship between processing conditions and
morphology to OPV performance was not obvious. The rest of this section points
out the various relationships between processing conditions and the final film
morphology. Many new OPV polymers exist that have higher efficiency than
P3HT:PCBM. In terms of processability, these newer polymers may be more or
less soluble, have lower or higher tendency crystallize, or have differing mutual
solubility with the fullerene of choice. The discussion focuses on the processing
lessons that can be broadly applied to a variety of OPV materials.

2.1 The Fabrication Toolkit

This section was written from the perspective of a device physicist and is designed
to help graduate students with new OPV materials. From this perspective, polymers
and fullerenes arrive at the laboratory in small quantities and one wishes to learn
whether this new material might be a good candidate for OPV devices. Usually, the
synthesis group supplies basic information about a polymer, such as the band gap of
the dissolved polymer determined using a UV/vis spectrometer, the molecular
weight (Mw), and the oxidation/reduction levels of the polymer measured using
cyclic voltammetry (CV).
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At this point the researcher needs to learn how to produce uniform films of the
new polymer mixed with the chosen fullerene without using too much of the
valuable polymer. With the mixture of P3BHT:PCBM, the PCE can increase tenfold
with no change in layer thickness, concentration ratio, or deposition solvent
[42]. This means that even if wise coating choices are made about the polymer
solution and a highly uniform film is coated, the resulting PCE may still be much
lower than that for an optimized morphology. The PCE increase for P3BHT:PCBM
comes from briefly annealing the film at 150°C, which causes a change in the
nanoscale morphology and the altered morphology leads to an increase in PCE. The
fabrication toolkit can therefore be further subdivided into fabrication steps that
occur before, during, and after coating. The following sections attempt to describe
the many interrelated but independently controlled fabrication parameters that
affect morphology formation. We focus on how fabrication choices affect device
morphology.

2.1.1 Molecular Weight

Unlike small molecules, polymers do not have a well-defined My, and a polymer
sample contains a distribution of molecular weights so it is difficult to compare the
molar ratio with a small molecule such as Cgy or PCBM. Instead, one typically
reports a weight ratio or wt%, so the molar ratio of polymer repeat units with respect
to PCBM is fixed. However, the polymer My has a large effect on the solubility of
the polymer and the miscibility of the polymer with the fullerene. Smaller M,
polymers or oligomers are in general more soluble and so can be processed with a
wider variety of solvents. However, the smaller My means that the polymer chains
are less entangled and that all species in both solution and melt phases can diffuse
more quickly. As a result, low My polymers and oligomers tend to make less
viscous solutions, phase separate on a larger length scale, and low Myy films are
more likely to de-wet or form voids.

The relationship between polymer My, and PCE has been exhaustively studied in
P3HT and mixtures with PCBM [49-61]. We will attempt to briefly summarize the
lessons here. First, a lower My, polymer is more soluble and more miscible with
PCBM. Also, in pure P3HT samples, it has been shown that aggregated domain
content (for a given solvent and temperature) increases with My up to ~20 kDa as a
result of increased regioregularity and reduced sample entropy [54, 62]. Even
higher My (~70 kDa) P3HT has been shown to form highly crystalline nanofibers
that can be solution processed [63, 64]. In mixed samples, the PCBM interferes with
the formation of pure P3HT domains, so the P3HT is less crystalline. The P3HT
crystallinity can be reintroduced by annealing the sample to allow phase separation.
For a high regioregularity and My, the solubility of PCBM in P3HT is ~30% [65].

Another important result was the realization that charge mobility did not neces-
sarily scale with crystallinity [58]. Kline et al. and others showed that for pure
P3HT, lower My polymer formed samples with higher apparent crystalline content
but that the crystals had few connecting polymer strands leading to poor
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macroscopic charge mobility due to a high activation barrier to charge hopping. In
contrast, in high Mw P3HT the crystalline domains were well connected to adjoin-
ing crystalline domains by individual polymer chains, and so the activation barrier
for charge hopping is much lower [54, 58]. A more detailed discussion of the
morphology of P3HT thin films can be found in the chapter “Morphology of P3HT
in Thin Films” by Kim Tremel and Sabine Ludwigs in this book [66]. Various
studies have shown that a My of less than 20,000 kD is too low for high efficiency
OPV devices [52, 54, 57]. High My, P3HT is also undesirable because it requires
higher boiling point solvents and longer equilibration times for morphology for-
mation [52]. The “Goldilocks” region for My for P3HT used for OPV is 20,000—
75,000 kD with a maximum possible regioregularity [67, 68].

2.1.2 Solvent Choice

The choice of casting solvents became a clear issue in 2001 when Shaheen
et al. published an article showing a PCE increase from 1.1 to 2.5 % for MDMO-
PPV:PCBM OPV devices cast from toluene and chlorobenzene, respectively
[36]. Subsequent studies showed that toluene was a better solvent for the
MDMO-PPV than PCBM, so the PCBM crystallized out of solution with large
domain sizes (>1 pm) that reduced the device quality [69]. However, chloroben-
zene and dichlorobenzene are equally good solvents for both polymer and fullerene
so the polymer and fullerene remain miscible to higher concentrations and the
resulting domain sizes are much smaller (tens of nanometers) [69].

A zero-order statement about solvent choice is that the solvent must be equally
good for each component to avoid large-scale phase separation. The next thing to
consider is the absolute solubility of the polymer and fullerene. Polythiophene and
Ceo have negligible solubility in any solvent, whereas P3HT and PCBM have side
chains that greatly increase their solubility. Nevertheless, concentrations of at least
10 mg/mL are necessary to obtain highly planar films of >80 nm thickness without
defects using spin-coating. In general, a higher solubility is desired so that more
concentrated solutions can be made and a wider variety of coating techniques can
be employed. P3HT and PCBM have shown the highest solubility in polar aromatic
solvents such as chlorobenzene, 1,2 dichlorobenzene, and 1-chloronaphthalene.

Another important consideration is the boiling point (BP) of the solvents. The
BP determines how quickly the solvent evaporates and thereby the formation rate
for polymer and fullerene domains. Polymer domains that equilibrate slowly in high
BP solvents tend to be more crystalline (thermodynamic product) whereas low BP
solvents evaporate quickly and yield mixed amorphous films (kinetic product).
When spin-coating at 1,000 rpm, a 20 mg/mL solution of 1:1 P3HT:PCBM con-
denses to a film in 1-3 s when processed with CHCl; (BP=61°C), 5-10 s when
processed in chlorobenzene (BP = 132°C), and the film remains wet after 60 s when
processed with 1,2 dichlorobenzene (BP = 182°C) (Moulé, personal observation)
[70]. The change in structural order in P3HT is observed in a red shift of the
absorption spectrum and formation of a clearly defined vibronic structure [71]. The
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Fig. 4 Solution absorption
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idea to increase crystallinity of the P3HT with slower solvent evaporation was used
by Li. et al. to achieve the first record PCE over 4% for OPV [43].

With the introduction of semicrystalline polymers like P3HT, it became clear
that the solvent could affect the formation of P3HT aggregated or crystalline
structures in solution as well as in films. Figure 4 shows three liquid state UV/vis
absorption spectra of P3HT dissolved in CHCI;, anisole, and toluene, which result
in the formation of ground state structures that are amorphous, somewhat crystal-
line H-aggregates, and highly crystalline J-aggregates, respectively [72]. The red
shift of P3HT with increased order and (to the eye) very obvious color shift makes it
an easy polymer to work with. Without any device measurement, one can look at
the film and learn a lot about the nanoscopic order by observing the color.

2.1.3 Weight Ratio

The weight ratio between the donor polymer and acceptor fullerene in the final film
has a large effect on the PCE of an OPV device. The ideal or correct weight ratio is
usually defined as the ratio that achieves the highest PCE. However, there is a
strong correlation between weight ratio, layer thickness, and domain size that
makes clear that weight ratio, while easy to control, is not easily understood.

One highly useful generalization for OPV device function is that layers with
matched hole and electron mobilities have higher FF and that devices with
mismatched charge mobilities develop space-charge-limited current (SCLC) layers,
particularly with increased light intensity [73]. We can clearly state that one reason
to adjust the donor/acceptor weight ratio is to increase or decrease the relative
mobilities of the hole and electron carrying materials [74]. One particular example
of this relationship showed that for both P3HT:PCBM and OC,C,(-PPV:PCBM,
thicker layers perform better with increased PCBM content whereas thinner devices
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Fig.5 (a) J,., (b) FF, and (c) PCE as a function of weight percentage of PCBM for P3HT:PCBM
devices with thickness L =215 nm (open squares) and L= 105 nm (closed squares), and for
OC,C,o-PPV:PCBM devices with L =190 nm (open triangles) and L =80 nm (closed triangles)

perform better with reduced PCBM (Fig. 5). The explanation is that the polymer
absorbs more light than the fullerene in the visible range, so the absorption density
and thereby J,. is higher with increased polymer content. However, as the layer
thickness increases, the FF is reduced because of the increased path length, which
yields increased recombination and greater series resistance. An increased PCBM
content in the layer balances the charge mobilities for thicker devices, yielding an
increase in FF. For P3HT:PCBM, the total charge mobility is higher and well
matched, so 200400 nm OPV devices still function well [70]. In contrast, the
hole mobility (uy,) is 100 times lower in OC;C,o-PPV than in P3HT, so balanced
charge mobility is not possible for any device, and devices thicker than 100 nm
suffer from greatly reduced FF [70].

Early in the OPV literature, it was common to publish a concentration and
thickness dependence of the J/V characteristics for new polymer/fullerene mixtures
[70, 75-81]. This information is very interesting, but ultimately was not as useful as
desired because each group had slight differences in fabrication procedure and
polymer batch that led to large differences in morphology and ultimately in PCE
[82]. The difficulty in comparing samples between different research groups has led
to a tendency for many groups to publish the “hero” efficiency result without
properly reporting all of the fabrication steps necessary to repeat the result. This
tendency to focus on PCE without reporting the details of fabrication has led to a
great redundancy in OPV literature. We recommend that fabrication data still be
published (even if only in the supplemental section) to reduce repeated studies.
Accurately representing the data can be difficult. Figure 6 shows the optimization of
BHIJ layer thickness, and wt% PCBM with respect to PCE for a mixture of poly
[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]dithiophene-2,6-diyl-alt-4,7-bis
(2-thienyl)-(2,1,3-benzothiadiazole)-5',5"-diyl] (PCPDTTBTT) with PCBM
[83]. The color of the points indicates different solvents. The complexity (difficult
readability) of this plot is meant to show that it is difficult to display fabrication
information in a sufficiently dense format. Tables are popular but often fail to
present the trend in the data. Nevertheless, publishing detailed fabrication infor-
mation will reduce redundancy and confusion in the literature.



P3HT-Based Solar Cells: Structural Properties and Photovoltaic Performance
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2.1.4 BHJ Layer Thickness

As indicated in the two plots in Fig. 6, the BHJ layer thickness and PCBM
concentration ratio are not independently optimized fabrication parameters. This
is because an increase in the BHJ layer thickness increases both the total light
absorbance and the transport distance to the electrode. Several articles and reviews
describe how light absorbance into BHJ layers increases nonlinearly as a result of
interference between incident and reflected radiation [8, 84—86]. This interference
pattern means that more light is absorbed into a BHJ layer that is 70—100 nm thick
than into a layer that is 120—150 nm thick. Peumans et al. pointed out that construc-
tive interference is maximized in a BHJ layer with thickness near A/4n and mini-
mized at a thickness near 1/2n, where 7 is the refractive index of the active layer.
Peaks in simulated sunlight absorbance occur at 80, 210, and 330 nm for a thermally
annealed mixture of 1:1 P3HT:PCBM and at 110 and 230 nm for a solvent-annealed
1:1 P3HT:PCBM device [84, 85]. There are differences between thermally annealed
and solvent-annealed samples in both the internal morphology [87, 88] and ther-
mally induced mixing between the BHJ layer and poly(3,4-ethylenediox-
ythiophene):poly(styrene sulfonate) (PEDOT:PSS) [85, 89]. When PSS mixes
with P3HT, the P3HT is oxidized and bleaches, which reduces the effective thick-
ness of the active layer [85, 89].

Figure 7 shows J., FF, and PCE for P3HT:PCBM and OC,C,(-PPV:PCBM
devices as a function of layer thickness [70]. Both device types show a peak—dip—
peak in J. with increasing layer thickness. However, the first peak (~70 nm) in the
Jsc of OC,C,(-PPV:PCBM devices is much higher than the second peak, indicating
that the electrical quality of the layer decreases with increasing thickness. As
indicated above, the charge carrier mobilities in the hole-carrying and electron-
carrying domains must be matched for high J,. or PCE. Because the yu;, of OC;Cq-
PPV is much lower than y. of PCBM, this device type builds up a space charge
layer and thicker devices show reduced performance. In contrast, the thicker
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Fig. 7 Thickness dependence of (a) J, (b) FF, and (¢) PCE for 1:1 P3HT:PCBM (squares) and
1:4 OC,C;o-PPV:PCBM (triangles) OPV devices illuminated by AM1.5 source at 100 mW/cm?
intensity [70]

~210 nm P3HT devices have higher J. and PCE than devices with lower thickness.
P3HT is able to make good thicker devices with PCBM because the yu;, of P3HT and
ue of PCBM are comparable [74, 90].

Comparison of the peaks in Jy. between devices based on P3HT and OC,C(-
PPV shows a second systematic difference. The PCE maxima shown in Fig. 7 for
OC,C;o-PPV devices are at ~70 and ~190 nm, whereas for P3HT-based devices the
maxima occur at 110 and 230 nm. This shift in the position of the maxima comes
because P3HT absorbs a red-shifted radiation compared to OC,C,o-PPV (band
gap=1.9 eV rather than 2.2 eV). Because low energy photons have a longer
wavelength, the interference pattern selects for maximum absorbance at a greater
thickness than for higher energy photons [84].

2.2 The Post-deposition Toolkit

2.2.1 Solvent Annealing

Solvent-coating is a process whereby external forces are used to deliver a thin,
uniform wet film. Spin-coating produces wet films by wicking excess solution off
the substrate using centrifugal forces. Figure 8 shows a plot of wet layer thickness
versus spinning time at 1,500 rpm for a 2:1 mixture of P3HT:PCBM in a chloro-
benzene solvent [91]. Formation of the initial wet film and wicking of excess
solution occurs in the first step (Fig. 8, step a). The wet film contains all of the
polymer that will be in the final film plus solvent. The wet film (Fig. 8, step b) thins
rapidly due to evaporation of the solvent and collapses to the final dry thickness
after ~6 s (Fig. 8, step ¢) (note that the time of ~10 s mentioned in Sect. 2.1.2
corresponds to a lower spinning speed). The final stage is evaporation of solvent
from the collapsed film (Fig. 8, step d). The order of the polymer as measured using
GIWAXS and GISAXS shows that crystal ordering occurs slowly in the wet film
and that domain sizes form quickly during solidification.



P3HT-Based Solar Cells: Structural Properties and Photovoltaic Performance
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As discussed above, high BP solvents evaporate slowly (10 s—10 h), leaving the
polymer a long time to relax into unstrained and, depending on the polymer,
crystalline domains. In contrast, low BP solvents evaporate quickly (<10 s), leav-
ing the polymer in an amorphous form with strain that can cause dewetting.

In the OPV field, the drying time for a film was not purposefully controlled until
solvent annealing experiments were published by the Yang group in 2005 [43]. The
process of solvent annealing involves covering the wet film (with a petri dish or
other cover), which keeps the atmosphere above the sample rich in solvent and
prevents evaporation. In this way, the sample can be allowed to relax over hours
instead of seconds [88, 92]. Solvent annealing for OPV blends has been widely
reported. The Yang group also showed that the solvent annealing effect could be
realized with any solvent if a high solvent partial pressure above the sample could
be maintained [92]. A simple method for doing this is to spin-coat a wet film and
then to cover the wet film and substrate with an up-turned petri dish. Assuming
negligible mass transfer of solvent to outside of the petri dish, the film remains
solvent-swollen for an arbitrary time period. Several review articles have detailed
the change in morphology with solvent annealing [87, 88, 92]. In general, the longer
relaxation times afforded by high boiling point solvents leads to increased crystal-
linity in P3HT films [88]. The crystallization of P3HT forces PCBM out into a
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mixed amorphous P3HT:PCBM phase [93]. With increased PCBM density, the
PCBM also starts to form pure amorphous and crystalline domains [94, 95]. Solvent
annealing causes greater phase separation between P3HT and PCBM than thermal
annealing [96].

2.2.2 Thermal Annealing

A more commonly used method for causing phase separation between P3HT and
PCBM is thermal annealing. Thermal annealing of P3HT and mixtures of P3HT
with PCBM has been studied in great detail [42, 56, 59, 70, 76, 97—117]. Optimized
thermally annealed devices are spin-coated from a chlorobenzene solution in a ratio
that contains 35-45% PCBM by weight. After spin-coating, the metal electrode is
evaporated and then the device is heated for 5-30 min at ~150°C [42]. PCE as high
as 5% for this device type have been reported [42] but 3.5-4.5% PCE is more
common.

Moulé and Meerholz published two articles that described measurement of EQE
as a function of BHJ layer thickness. Several thousand individual P3HT:PCBM
OPV devices were fabricated to establish these data sets [70, 85]. We found that
OPV devices with PCE of ~4% could regularly and repeatably be fabricated using
the thermal annealing method with BHJ thicknesses of 80-350 nm. The solvent
annealing method occasionally brought “hero” devices, but in general was less easy
to control because the trace solvent atmosphere in the glove-box had a large effect
on the final morphology [118]. During the fabrication of so many devices we found
three issues that were likely to reduce device quality (without changing substrates
or metal type):

1. Occasionally, there is a PEDOT:PSS batch supplied that produces exclusively
S-shaped J/V curves with low FF [119, 120] This problem could only be solved
by ordering new PEDOT:PSS and is attributed to slight changes in the doping
level of the PEDOT:PSS itself.

2. The quality of P3HT varies widely between batches, which mostly has an effect
on the FF. Average FF > 0.6 is an indication of “good” P3HT. Typically, a
graduate student can achieve “good” results with a year of practice and with
~50% of the P3HT batches received. Cleaning the P3HT by dissolving and then
dripping into a solution of CH;0H:H,O improves the FF by an average of 0.05.
The improvement most probably comes from the removal of metals.

3. We have also informally found that evaporation of metal electrodes at a high rate
can reduce the FF because the hot metal damages the polymer. We use an initial

evaporation rate of 0.02 nm s~ .

Two different two-component nonequilibrium phase diagrams have been made
for PBHT:PCBM [121, 122]. Figure 9 shows the expected phase behavior of P3HT:
PCBM in a melt or solidifying melt [121]. Thermal analysis is able to show the
mixing ratio of P3HT:PCBM as a function of temperature. All investigations agree
that PCBM has ~30% miscibility with P3HT and that with higher PCBM content,
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phase separation occurs. In addition, it has been widely reported that with heating,
PCBM diffuses through the P3HT and forms extended crystals that are detrimental
to OPV device function [118, 121, 123—125]. Some recent attempts have been made
to generate fullerenes that do not crystallize in order to improve the device
longevity [126].

Although thermal analysis can show the mixing ratio of P3BHT:PCBM in a
volume and the melting temperatures of crystals in the melt, it does not specify
the miscibility between the amorphous P3HT and PCBM. Recent bilayer device
investigations [127], neutron reflectometry [65, 128, 129], soft X-ray spectroscopy
[95, 125], and 3D electron tomography images of P3HT:fullerene [96] have
revealed that a mixed domain always exists between P3HT-rich and fullerene-
rich domains. This means that P3HT:PCBM forms four separate domain types:
P3HT and PCBM can each crystallize to form pure domains, P3HT and PCBM mix
in a ~3:7 ratio in a mixed amorphous P3HT:PCBM domain, and amorphous PCBM
with ~10% amorphous P3HT is also commonly found [130]. Spin-coating results in
the rapid formation of a film and the most common phase is the mixed 3:7
amorphous domain type. With either solvent annealing or a short period of thermal
annealing, the mixed domain phase separates into pure P3HT domains and amor-
phous PCBM domains with low P3HT content. With thermal annealing for longer
times, PCBM seed crystals form and Oswald ripening occurs, which leads to
increasingly large pure PCBM domains. Large PCBM domains result in a reduction
of OPV device quality.
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2.2.3 Co-solvent Additives

Examining solvent and thermal annealing as industrial processes showed that there
were clear disadvantages to both post-deposition annealing methods. Solvent
annealing utilizes long times with partially solvent-swollen films to allow the
morphology to develop towards a more equilibrium-like configuration. By more
equilibrium-like we mean a more crystalline, more phase-separated, and more
relaxed structure. However, long annealing times and long solvent removal times
are incompatible with rapid reel-to-reel coating.

There are also disadvantages to thermal annealing as a process in OPV manu-
facture. Thermal annealing also allows the BHJ layer morphology to develop
towards a more equilibrium-like configuration. However, because the whole sub-
strate must be heated, there is a possibility that other layers are affected. For
example, it was shown that with heating to 150°C, P3HT reacts with PEDOT:
PSS to make a mixed doped layer via the following reaction [89]:

2P3HT + 2PEDOT : PSS + A — 2P3HT*PEDOT : PSS~ + H,

Also, heating to elevated temperatures increases the diffusion rate of PCBM in
P3HT, which leads to the formation of extended PCBM crystals and reduced device
quality [102, 118, 131-134].

Given these considerations, it was clear that another method for the development
of OPV morphology needed to be invented. In 2006, Zhang et al. published an
article showing that if mixed solvents are used as a casting solution, the higher BP
solvent would remain in the film longer and the film morphology would develop as
if the entire solvent was the higher BP solvent [135]. This result gave rise to several
useful ideas. First, halogenated solvents have always been an issue for scale-up of
OPV because laws governing their release to the atmosphere are quite strict. It
would be much less expensive if non-halogenated solvents could be used or if much
smaller quantities of halogenated solvents could be used [50, 136]. Second, if high
BP solvent-additives can be used to better solubilize both the donor and acceptor
components, a different additive could be used that selectively affects one compo-
nent or the other. Peet et al. published the use of a solvent additive that selectively
solvated PCBM while acting as a nonsolvent for the donor polymer [44]. In
subsequent research that compared several PCBM selective additives, it was deter-
mined that 1,8-di-iodo-octane (DIO) produced BHJ layers with the highest PCE
[137]. Moulé et al. published the use of nitrobenzene (NB) as a nonsolvent additive
for both P3HT and PCBM [45]. Both DIO and NB produce unannealed P3HT:
PCBM devices with PCE near 4% [45, 138]. DIO has been shown to be an essential
solvent additive for many copolymer donors in mixtures with PCBM and PC;;BM.

A solvent additive for OPV can be either a good solvent, selective solvent, or a
nonsolvent for both species. The solvent additive must have a higher BP than the
carrier solvent so that as the carrier solvent evaporates off, the co-solvent additive
concentration increases. This means that the wet film thickness and concentration is
created with the main solvent, but the morphology forms under the thermodynamic
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conditions established by the co-solvent. DIO is by far the most popular co-solvent
in terms of citation frequency. It has been used with most of the new low band gap
alternating push—pull copolymers and often yields a superior PCE than films cast
without DIO.

2.2.4 Pre-formed Polymer Particles

A further fabrication technique that has been used for OPV devices is the use of
preformed polymer nanoparticles. Berson et al. published an article that examined
the formation of P3HT nanofibers in solution, followed by coating the nanofibers
with PCBM to form a BHJ layer [64, 139]. The idea behind the experiment was that
highly crystalline P3HT fibers could be formed in solution that would have fewer
defects than P3HT domains in a typical BHJ film. The principle is correct and the
spectrum of P3HT fibers shows considerably more vibronic character than P3HT
films [64, 139]. Subsequent work on P3HT fibers showed that P3HT forms highly
fluorescent J-aggregates in solution under slow cooling conditions [63, 72,
140]. However, OPV devices cast from P3HT fibers have lower PCE than normal
BHIJ devices of the same thickness [64, 141]. It is known that the P3HT fibers lie
within the plane of the film, so it is possible that the fibers are poor conductors of
holes. In this case, we expect the J. to be lower due to increased recombination at
unattached fibers. Also, the FF is expected to be lower because it probably requires
an activation potential for a hole to hop from one fiber to the next. This activation
barrier would appear as a series resistance and reduce the FF.

The mechanism was tested by adding a small amount of amorphous P3HT to the
P3HT fibers and re-fabricating OPV devices [64]. The OPV devices with some
amorphous P3HT had increased J,. and FF. The authors concluded that the P3HT
fibers lacked connectivity and that addition of some amorphous P3HT reestablished
the connectivity between P3HT domains [64]. Several other thiophenes were tested
for polymer nanoparticle-based OPV devices. It was found that poly
(quaterthiophene) (PQ12T) was too insoluble and that polymer domains with
extended sizes formed in solution [141]. Oosterbaan et al. fabricated nanofibers
from a series of thiophenes with side chain length from 3 to 9 [139]. They con-
cluded that P3HT has the ideal side chain length for polymer nanofiber OPV.
Shorter side chains leave a less-soluble polymer that is immiscible with PCBM so
OPV device layers do not have enough donor—acceptor interface, which reduces the
charge separation probability. Longer side chains destabilize the polymer fibers and
allow defects within the fiber to form. For long side chains, the miscibility with
PCBM is too high and too much intermixed donor—acceptor phase forms, leading to
increased recombination [139]. Another study of polymer nanofiber OPV was
published by Xin et al., who worked on characterization of P3BT:PC,;BM
nanofiber OPV devices (Fig. 10) [142]. P3BT:PC;;BM formed OPV devices with
high EQE and increased efficiency compared with the Oosterbaan study. Analysis
of the fabrication method shows that a combination of nanofiber formation (solvent
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Fig.10 Solvent annealing followed by thermal annealing yields a morphology for P3BT:PC;,BM
that cannot be reached by another fabrication pathway. Reprinted (adapted) with permission from
[142]. Copyright 2010 American Chemical Society

annealing) and thermal annealing was used to create the optimized morphology
film [142].

All of the experiments described above were designed to create more crystalline
P3HT domains, and the domain size was controlled by the self-assembly of the
P3HT fibers. An alternative need is to control the domain size between two
noncrystalline polymers. In this case, the domain size can be set by fabricating
polymer nanoparticles in solution [143]. One strategy for fabrication of mixed
polymer nanoparticles is shown in Fig. 11. Here the polymer concentration, sur-
factant concentration, and surfactant strength all affect the size of the final polymer
domain [143].

3 Optical Properties

One remarkable feature of solid P3HT:PCBM blends is that their optical properties
depend largely on the preparation conditions [73, 144, 145]. Because absorption
and emission spectra are easier to record than, for example, X-ray scans and TEM
images, the quantitative analysis of optical data with regard to morphology is of
great interest. Figure 12 shows exemplary optical absorption spectra of as-prepared
and annealed P3HT:PCBM measured at room temperature, together with the
corresponding J/V device characteristics. Here, the films were cast from chloro-
form, a low-boiling point solvent, and were annealed at the given temperatures for
10 min each. With annealing at higher temperatures, the long wavelength features
at 560 and 610 nm attributed to absorption of planarized P3HT chains in polymer



P3HT-Based Solar Cells: Structural Properties and Photovoltaic Performance

Ultrasound .| of solvent
—_— —_—

ﬁaiér;é\ﬁnac;nl 5 Q®- ‘ ‘

Miniemulsion Aqueous dispersion

j"ﬁ%‘% ff
@ ,@ Evaporation Q— E 3

Blendof two
different dispersions

t43

Two different polymers in
individual particles

Fig. 11 (a) Preparation of a dispersion of solid polymer nanoparticles in water. First, a solution of
the polymer in an organic solvent is mixed with water containing an appropriate surfactant. A
miniemulsion is then formed upon stirring and ultrasonication. Finally, the solvent is evaporated,
resulting in solid polymer nanoparticles dispersed in water. (b) Strategies for preparation of binary
polymer blends using polymer nanospheres. Phase-separated structures at the nanometer scale can
be prepared either by coating a layer from a dispersion containing nanoparticles of two different
polymers, or by using dispersions that contain both polymers in each individual nanoparticle [143]

crystallites become more prominent. At the same time, the short-circuit current and
the fill factor of the device both increase continuously.

A recent model by Spano enables a quantitative analysis of regioregular P3HT
absorption spectra in relation to the morphology [147, 148]. This model was
developed to describe the absorption of and the emission from H-aggregates
comprising parallel-aligned cofacially packed conjugated chains in the case of
weak exciton coupling. In this limit, the splitting of the electronic levels due to
Coulombic interactions is considerably smaller than the vibrational energy. As a
result, interchain coupling leads to the formation of vibronic bands with their width
essentially determined by the exciton bandwidth W. It was shown later that W is
inversely related to the length of the interacting chain segments in a P3HT aggre-
gate [149]. An important prediction of Spano’s model is that the exciton bandwidth
affects the relative intensities of the individual transitions of the vibronic progres-
sion in the absorption. Clark et al. successfully applied this model to optical spectra
of pure P3HT films with a variation in the solvent type used. Higher solvent boiling
points led to smaller W values, which was attributed to an increase in the P3HT
aggregate size [71, 150].
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Fig. 12 Optical absorption spectra of PAHT:PCBM photoactive layers and the corresponding J/V/
characteristics of solar cells prepared with the same photoactive layer. The as-prepared film is the
condition directly after spin-coating. The given annealing temperatures were applied for 10 min
each, directly from the state after spin-coating. Also shown are the absorption spectra of a film of
pure P3HT and a film comprising PCBM:PS, where the latter was used to determine the PCBM
contribution to the P3BHT:PCBM absorption spectra [146]. The active layer thickness was only
100 nm, which causes less absorption in the active layer and a lower photocurrent compared with
optimized devices

This model has been successfully applied to understand the morphological
changes of the P3HT phase in a 50:50 wt% P3HT:PCBM blend, where information
about the crystallinity and interchain ordering of the polymer phase was determined
[146]. A low and a high boiling point solvent were investigated with the use of
different annealing temperatures. The absorption spectra analysis was compared
with the solar cell performance in devices with identical active layers (Fig. 13). The
low boiling point solvent, chloroform, led to a non-optimized initial film morphol-
ogy. Compared to the as-prepared blend prepared from the high boiling point
solvent dichlorobenzene, the chloroform-cast layer exhibited smaller aggregates,
a lower degree of crystallinity, and a larger absorption bandwidth. Upon annealing,
the degree of crystallinity of the P3HT component increased up to a temperature of
ca. 70°C, with a correlated increase in the aggregate width from ca. 7 to 10 nm. The
glass transition of a 1:1 blend of P3HT:PCBM has been observed to range from
ca. 10to 70°C [151-153]. It has, therefore, been concluded that annealing above the
glass transition provides the chains with sufficient mobility to allow for the growth
of existing polymer crystallites. Beyond the glass transition range, annealing had a
surprisingly weak effect on the further changes to the degree of crystallinity.
Neither the percentage of aggregated P3HT chains nor the aggregate width of
annealed chloroform-cast layers reached the same level as found in the pristine
P3HT layer cast from chloroform or as found in any of the dichlorobenzene-cast
blends. It is plausible to assume that a further growth of P3HT crystallites in the
chloroform-cast layers upon annealing at higher temperatures is prevented by an
already-existing network of agglomerated PCBM molecules [154]. The Gaussian
line width ¢ in the absorption spectra, however, decreased throughout the entire
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Fig. 13 Best-fit parameter of the aggregate P3HT component in the absorption spectra of P3HT:
PCBM blends coated from chloroform (CF) and dichlorobenzene (DCB), with subsequent thermal
annealing of the as-prepared film for 10 min at the indicated temperature. ¢ the Gaussian line
width, Width aggregate width of the P3HT crystalline component, % Aggregate crystalline
percentage of the P3HT component versus the total amount of P3HT, FF fill factor of the
photovoltaic device with the same photoactive layer used in the optical absorption investigation.
Red and black dashed lines show corresponding values measured on as-prepared layers of pristine
P3HT, cast from CF and from DCB, respectively. The glass transition of P3BHT:PCBM is shown by
the change from light to dark grey background, with a glass transition temperature of around 60—
70 °C [146]

range of annealing temperatures used. This decrease in the absorption line width is
indicative that the intra- and/or interchain disorder is reduced. It was then shown
that the decrease in ¢ goes along with a prominent increase in the hole mobility,
enabling more rapid extraction of the photogenerated charges to the electrodes. As a
consequence, non-geminate recombination becomes less efficient for higher
annealing temperatures, which revealed itself in a prominent increase in the fill
factor. As an important conclusion, we find that consideration of only the percent-
age of crystallinity and/or of the aggregate size is not sufficient to explain the
overall effect of annealing on device properties.
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Nevertheless, as efficient hole transport necessitates the existence of a percola-
tion pathway of crystalline P3HT throughout the entire layer, knowledge about the
degree of crystallinity and also about the 3D distribution of the different phases
forming the P3HT:fullerene blend are highly important. A well-established method
for obtaining information on these properties is electron tomography (ET) [79, 96,
155]. For example, Loos and coworkers applied ET to determine the amount and
distribution of the crystalline P3HT component in P3HT:PCBM blends [79]. These
samples were investigated directly after spin-coating or after thermal annealing for
20 min at 130°C. The overall degree of crystallinity (DoC) in the annealed samples
was between 40 and 55%, depending on layer thickness. The DoC from ET
compares nicely with the range of values given in Fig. 13 for annealed blends.
Notably, ET on thin layers (50-100 nm) revealed an enrichment of the crystalline
P3HT content close to the bottom side where hole extraction occurs [79]. On the
other hand, 200 nm thick layers had a homogeneous distribution of P3HT crystal-
lites, which is highly beneficial for the efficient collection of holes throughout the
entire active blend.

Raman spectroscopy is another successful optical technique for study of the
degree of molecular ordering in the P3HT phase of the PABHT:PCBM blend. The
in-plane skeleton Raman modes of C=C and C-C stretching were studied by Tsoi
et al. under excitation wavelengths ranging from resonant to nonresonant
[156]. Although direct electronic excitations in the resonant range could lead to a
strong fluorescent background that can cover Raman signals, this is still an impor-
tant measurement technique because the resonant conditions provide information
about the molecular structure. In order to better understand the changes in the
morphology of the P3HT component, Raman spectra of regiorandom and
regioregular P3HT were compared where the regioregular polymer is known to
have a higher degree of ordering. These results were then compared with the Raman
spectra from a blend of regioregular P3HT with PCBM. The C=C stretching mode
was found to be the superposition of the ordered and disordered P3HT character-
istics and this was used to quantitatively estimate the degree of molecular ordering
in the blend. The degree of molecular ordering in the nonannealed blend compared
with the annealed blend was found to increase from 42 to 94%, relative to the
ordering of pristine regioregular P3HT. The percentage of crystallinity can then be
estimated based on a known percentage of crystallinity in the pristine P3HT. Tsoi
et al. assumes a crystallinity in the regioregular P3HT of 15% and hence a
percentage crystallinity of 6 and 14% in the P3HT phase of the annealed and
nonannealed blends, respectively. However, optical spectroscopy on pristine
P3HT layers consistently showed a degree of chain aggregation of approximately
40-50% [62, 150], and even higher degrees of crystallinity were reported in bulk
samples [157]. Using 50% as a reference value, the degree of aggregation as
estimated from the Raman spectra is 21 and 47% in the nonannealed and annealed
blends, respectively. This approximation seems to be more reliable, based on the
results of previous studies. Therefore, with an accurate method for determining the
percentage crystallinity in the pristine regioregular P3HT, the analysis of Raman
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spectra provides a simple way to determine the percentage crystallinity in the
P3HT:PCBM blend films.

In conclusion, optical spectroscopy is capable of quantifying some important
morphological parameters of P3HT:PCBM blends. Annealing clearly enlarges the
P3HT crystallites in the composites, but also improves intra- and interchain order
within the polymer domains. It is documented that this improvement assists charge
extraction via a higher hole mobility. Structural disorder was recently proposed to
be one origin of gap states in semicrystalline polymer domains [158]. Although
as-prepared chloroform-cast layers are less crystalline, they contain a noticeable
number of aggregated chains. It has been postulated that free carrier generation in
P3HT:PCBM cells is assisted by the delocalization of holes on fully conjugated
chains [159]. It is, therefore, concluded that the number of aggregated P3HT chains
in as-prepared blends is sufficiently high for the efficient photogeneration of free
carriers (as documented in the next section), while the poor structural order in these
layers prevents the efficient extraction of free carriers to the external circuit [146].

4 Geminate and Non-geminate Recombination

As described in the previous section, optimized samples of P3HT:PCBM exhibit
high fill factors, meaning that the photogenerated current is independent of bias
over a wide range. On the other hand, samples with non-optimum morphology
suffer from low fill factors. In this case, the photocurrent becomes continuously
smaller with increasing bias (decreasing internal electric field), which points to
photocurrent losses that are most prominent at low internal electric field. Clearly,
the identification of these loss processes in relation to morphology is of interest, not
only with regard to an overall understanding of these complex devices but partic-
ularly when targeting the knowledge-based optimization of BHJ devices.

The elementary steps that lead to charge generation and extraction in BHJ solar
cells are shown in Fig. 14. Free carrier formation from photogenerated excitons
(created in either the donor or acceptor phase) involves formation and split-up of
interfacial electron hole pairs (often called geminate pairs because they origin from
the same photoexcited exciton). As these pairs can be generated directly via optical
sub-bandgap excitation, they are commonly denoted as charge transfer states.
Geminate pairs may either split up into free carriers or recombine geminately to
the ground state. Clearly, the competition between these two processes sets the
upper limit for the efficiency of the internal photon-to-charge conversion. The
second important step is the extraction of photogenerated charge to the electrodes.
The efficiency of this process is, in general, not unity because these charges might
recombine with carriers of opposite sign (either free or trapped, photogenerated or
injected) on their way to the electrodes. This recombination is called “non-gemi-
nate” or “free carrier recombination”. Therefore, the efficiency of an organic donor/
acceptor blend is determined by the fate of three elementary states (see Fig. 15): the
photogenerated exciton (mostly singlet excitons) with energy Es;, the charge
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Fig. 14 Processes leading to free carrier generation and extraction. Absorption of light leads to
the generation of a tightly bound intramolecular exciton (in P3HT:PCBM, the absorption in the
visible spectrum is dominated by the polymer). This exciton decays to the ground state within its
fluorescence lifetime or it diffuses to the donor—acceptor heterojunction where it dissociates into
an interfacial electron—hole pair (charge transfer state). Due to the low permittivity of organic
media, the interfacial polaron pair is bound by its mutual Coulomb potential. The charges forming
this pair either overcome this potential to form free carriers, or they recombine geminately. Then,
the free electron and the hole become extracted at the electrodes or they recombine
non-geminately with other charges. The time scale for exciton dissociation, free carrier formation,
and charge extraction is plotted at the fop. Numbers should be taken with care because the charge
carrier dynamics in blends depends very much on the chemical structure and morphology of the
donor—acceptor mixture
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Fig. 15 Left: Donor—acceptor bulk heterojunction device and the relevant elementary states.
Right: HOMO and LUMO energies of P3BHT and PCBM in the 1:1 blend as determined by
photoelectron spectroscopy (values taken from [160])
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Table 1 Energies of the relevant states and excitations in blends of P3HT with PCBM

Blend Energy (eV) Reference
P3HT LUMO™" 2.13 [160]
P3HT HOMO™" 4.65 [160]
PCsBM LUMO*¢ 3.80 [160]
PC4;BM HOMO™¢ 5.80 [160]
P3HT:PCq,BM LUMO™* 3.29 [160]
P3HT:PCs,BM HOMO™¢ 4.63 [160]
P3HT:PCg;BM charge separated state® 1.34

P3HT absorption onset” 1.68

PCgBM absorption onset’ 1.61

Charge transfer state® 1.14 [161]

“Measured by photoelectron spectroscopy (PES) and inverse photoelectron spectroscopy (IPES)
Pure P3HT layer, coated from chlorobenzene on either Si or Au

“Pure PCy;BM layer, coated from chlorobenzene on either Si or Au

9P3HT:PC4;BM (1:1) blend coated from chlorobenzene on Au, once buried interface. Similar
values are seen for as-prepared and annealed samples

Calculated from the P3HT:PCg,BM (1:1) HOMO and LUMO energies given in the rows above
From the extrapolation of the absorption onsets of the pure materials in Fig. 18b
EP3HT:PC4;BM (1:1) on PEDOT:PSS, room temperature

transfer (CT) state with energy Ecr, and the charge separated (CS) state with
energy Ecs. The CS state is different from the CT state in having overcome any
mutual electron—hole interactions.

Because of the low dielectric constant of organic materials, the interfacial
electron—hole pair is bound by Coulombic forces. Consequently, the energy of the
CT state is expected to be smaller than that of the free electron-hole pair Ecr < Ecs.
On the other hand, efficient photon-to-electron conversion is energetically favored
only if the energy of the primary excitation is larger than that of the final product,
meaning that E5; > Ecs. Energies of the relevant species are listed in Table 1 for
P3HT:PCBM. HOMO and LUMO energies in the blend are depicted in Fig. 15. The
energy of the charge separated state was taken as the difference between the P3HT
HOMO and the PCBM LUMO in the blend. The values suggest that the CT state
has indeed the lowest energy, meaning that its split-up into free carriers is hampered
by a potential barrier. However, note that the simple energy scheme drawn in
Fig. 15 does not account for the heterogeneity of the P3BHT:PCBM blend films,
which has a large impact on the photovoltaic performance (see next section).

4.1 Free Carrier Generation Versus Geminate
Recombination

A well-established model to describe free charge generation in isotropic media via
split-up of Coulombically bound geminate pairs is the Braun—Onsager theory [164]
(see also [165] for a detailed discussion on the accuracy of the model). Carriers are
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considered to be free if their distance exceeds the Coulomb capture radius, meaning
that the thermal energy is larger than the mutual Coulombic binding energy of the
geminate pair. Free carrier formation involves a Brownian-type random walk that is
well described by the Onsager theory. In general, the photogeneration efficiency
P is a function of both the internal electric field and temperature:

kqa(E,T)

PET) = —380)
(E.T) ka(T,E) + k¢’

(6)

where k4 is the field- and temperature-dependent rate for charge separation and k¢ is
the inverse lifetime of the bound e-h pair. Although the Braun—Onsager model was
originally developed for homogeneous media, it has been applied to model BHJ
cells made of poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-p-phenylene vinylene]
(OC;C4¢-PPV) blended with PCscBM [166]. For nonzero k¢, the field-dependence
of k4 causes P to vary with the internal electric field and therefore with the external
bias. If non-geminate recombination is weak, this field-dependence determines the
course of the photocurrent as a function of applied voltage. Based on this assump-
tion, Mihailetchi et al. concluded that in OC;C;o-PPV:PCcBM only 60% of the
bound CT states dissociate into free carriers at short-circuit conditions and room
temperature. Field-assisted generation in PPV-based blends was recently confirmed
by Mingebach et al. [167]. The Braun—Onsager model was also applied to describe
the J/V characteristics of P3HT:PCBM solar cells [73, 168], but this analysis
yielded long CT lifetimes of at least 100 ns [159].

The application of the model to P3HT:PCBM blends was challenged by the
observation of efficient ultrafast free carrier generation in as-prepared and annealed
P3HT:PC¢,BM thin films using transient absorption spectroscopy (TAS) with a
subpicosecond time resolution [100, 169, 170]. Quenching of the excitons in the
P3HT phase, accompanied by the appearance of a photoinduced absorption signal
assigned to polarons, was shown to occur within 100 fs for as-prepared blends and
within a few picoseconds in annealed blends. The slower build-up of the polaron
population in the annealed sample was attributed to the dynamics of exciton
diffusion to the BHJ. Figure 16 shows exemplary TAS traces for as-prepared and
annealed P3HT:PCBM blends as a function of illumination fluence. Detailed
analysis of the TAS experiments as a function of the pulse fluence suggested that
exciton dissociation leads to two populations, free charges and bound polaron pairs,
with the latter recombining geminately within only 2 ns [169]. These experiments
ruled out the possibility that photogeneration in P3HT:PCBM blends involves a
long-lived CT state and suggested that free carrier formation may not necessarily be
assisted by the electric field. Interestingly, the thermal treatment of these
chlorobenzene-cast blends had a rather small effect on the fraction of generated
free carriers, which was 68 and 85% for the as-prepared and thermally annealed
layers, respectively. Thus, despite a large difference in the PV performance,
exciton-to-polaron conversion proceeds with comparable efficiency in both of
these samples. In contrast, regiorandom P3HT blended with PCBM yielded a
much smaller free carrier formation efficiency of only about 20%, while most
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Fig. 16 Charge induced absorption decay (750-850 nm) for (a) as-prepared and (b) annealed 1:1
blends of regioregular P3HT and PCBM coated from chlorobenzene. The transients of the
as-prepared device show a fluence-independent decay attributed to geminate recombination of
strongly bound CT states at early times. The dynamics of both blends at longer times is entirely
determined by the recombination of free polarons. Lines show global fits to a non-geminate
recombination model including a density-dependent recombination coefficient. The data show
conclusively that free carrier formation is rapid and that geminate recombination is completed
within few nanoseconds. Reprinted (adapted) with permission from [169]. Copyright 2010 Amer-
ican Chemical Society

excitons formed strongly bound CT states that decayed geminately to the ground
state within 2 ns.

Field-independent photogeneration in solvent-annealed P3HT:PCBM was
unambiguously proven by Kniepert et al. using time-delayed collection field
(TDCF) experiments [171]. In a TDCF measurement, as schematically shown in
Fig. 17a, the sample is illuminated by a short laser pulse while being kept at a
constant pre-bias voltage V.. After the delay time, 74, a rectangular pulse with
voltage V.. 1s applied to sweep out all remaining free carriers. Therefore, TDCF is
analogous to TAS with an electrical probe instead of an optical probe. In contrast to
steady-state current—voltage measurements, classical time-of-flight experiments, or
the photo-CELIV (charge extraction by a linearly increasing voltage upon
photogeneration) technique, TDCF allows application of different biases during
generation and collection of the charge carriers. To measure the field dependence of
free carrier formation, TDCF experiments are performed with variable pre-bias, a
short delay time, and a large collection field. Thereby, the delay time must be
carefully chosen to ensure that geminate recombination is completed within the
delay time. Also, the pulse fluence must be kept low to avoid non-geminate
recombination prior to application of the collection bias. Provided that these
conditions are safely met, the total collected charge as a function of the pre-bias
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Fig. 17 (a) The TDCF experiment. A pre-bias V. is applied during illumination with a nano-
second laser pulse. After a given delay, rapid charge extraction is ensured by applying a large
reverse bias Vi [171]. (b) Total extracted charge Q. as a function of pulse fluence for
as-prepared and annealed P3HT:PCBM. The time delay was 20 ns and the collection field was
—5 V. O\ is perfectly linear in the fluence for both samples over the entire intensity range, ruling
out losses due to non-geminate recombination. (¢) O as a function of pre-bias for a pulse fluence
of 0.7 pJ/cmz. The generated charge is found to be independent of bias within an error of 10%
(grey areas). (d) Comparison of the bias-dependent extracted charge and the steady-state J/V
characteristics of the as-cast and annealed blend. In contrast to Q,(V), the shape of the J/V
characteristics of the two devices differs greatly, with the as-prepared device exhibiting a much
lower fill factor. Therefore, incomplete charge extraction rather than field-dependent charge
generation must be the main cause for the much poorer performance of the as-prepared device
[172]

measures the field-dependence of free charge generation in competition with
geminate recombination.

Field-independent free charge generation was also seen for PAHT:PCBM blends
coated from chloroform, which had either been dried at room temperature
(as-prepared) or annealed at 150°C for 15 min directly after spin-coating. These
measurements were performed with a delay time of 20 ns, which is well above the
lifetime of the CT state (as determined from TAS experiments, as described above).
For such a short delay, the total collected charge Q.. is perfectly linear over a wide
range of pulse fluences, meaning that non-geminate recombination losses are
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insignificant for the chosen parameters (Fig. 17b). The dependence of QO versus
Vpre measured for a moderate pulse fluence of 0.7 pJ/cm? is shown in Fig. 17c. The
extracted free charge is independent of pre-bias (within 10%, see grey area in
Fig. 17c¢) for both as-cast and thermally annealed blends, implying field-independent
charge carrier generation. A very weak dependence of free carrier generation on the
electric field was also seen in TDCF experiments performed on chlorobenzene-cast
P3HT:PCBM, with and without thermal annealing [167, 173]. Further evidence for
field-independent free carrier formation in thermally annealed P3BHT:PCBM came
from transient photoconductivity experiments [174, 175].

To summarize, field-independent generation is shown to be common to blends of
regioregular P3HT with PCBM. The importance of this finding becomes evident
when considering that the studied devices were processed under a variety of
conditions (different solvents, thermal annealing, solvent annealing, different
layer thicknesses), which resulted in different morphologies and, consequently, in
a wide range of PV performance parameters.

Before discussing possible morphological pictures to explain these findings, we
turn to the involvement of CT states in the exciton-to-polaron conversion in P3HT:
PCBM blends. The observed insensitivity of free carrier generation to the internal
electric field suggests that this process does not involve split-up of bound CT states.
It has been proposed that the dissociation of P3HT excitons at the heterojunction
generates “hot” CT states (Fig. 18a), which possess a sufficient amount of energy to
overcome the Coulomb barrier without the aid of an electric field [169]. Interest-
ingly, “colder” CT states in P3BHT:PCBM can be directly excited by using photon
energies of between 1.2 and 1.6 eV, which is below the energy of the vibronically
relaxed S; exciton of P3HT. Lee and coworkers measured the external quantum
efficiency and the absorption of annealed P3HT:PCBM over a wide range of photon
energies [163]. The main result of these experiments is displayed in Fig. 18b. The
EQE spectrum was fully reproduced by considering only the wavelength-dependent
absorption of the organic layer in the device while keeping the internal quantum
efficiency constant at around 80%. It was concluded that efficient free charge
generation in P3HT:PCBM does not require the split-up of hot CT states, which
is in contrast to the hot CT model outlined above. In accordance with the interpre-
tation by Lee and coworkers, it was reported that the incident photon energy has no
effect on the charge generation and recombination in either as-prepared or ther-
mally annealed P3BHT:PCBM blends [162]. These authors also showed that the
shape of the EQE does not change with bias. Because free carrier generation is
known to be independent of bias upon excitonic excitation, the dissociation of CT
states must also be unaffected by the internal electric field.

An important observation by Lee et al. is that free charge generation is efficient,
even when directly exciting the sub-bandgap CT state. Therefore, a driving force
must exist that counterbalances the mutual Coulomb attraction of these geminate
polaron pairs. One possible cause of this force is the energy landscape in these
blends, arising from its particular three-phase morphology. As pointed out above,
these blends consist of three phases: intermixed regions of P3HT and PCBM,
domains of crystallized P3HT chains, and almost pure agglomerates of PCBM
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Fig. 18 (a) Generation of free charges either via a “hot” charge transfer (CT) state formed by S,
exciton split-up or via a “cooler” CT state that is generated by direct excitation. Reprinted with
permission from [162]. Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) Experimental EQE spectrum under short-circuit conditions (circles) compared with the
absorption coefficient of solid P3HT, PCBM, and the 1:1 P3HT:PCBM blend. Also shown is the
modeled EQE spectrum that assumed a constant IQE of 80% but a wavelength-dependent
absorption (A) of the blend layer according to A = Ay(1 — exp(—2ad)), with a being the absorption
coefficient and d the active layer thickness. Reprinted (adapted) with permission from [163]. Copy-
right 2010 American Chemical Society

molecules. P3HT chains within the mixed domains are believed to exhibit a twisted
conformation, similar to chains in solution or in a solid sample of regiorandom
P3HT. As these twisted chains exhibit lower HOMO energies than those in crys-
tallites of planar P3HT [176], an energy gradient is established that drives holes out
of the intermixed regions [177]. Similarly, Jamieson et al. pointed out recently that
the larger electron affinity of PCBM molecules in pure fullerene aggregates com-
pared to the intermixed domain assists free charge generation [178]. Polaron pairs
generated in the intermixed regions are therefore prone to rapid dissociation into
spatially separated charges, with the hole and electron residing on domains of the
pure donor and acceptor, respectively (Fig. 19a). This model of a morphology-
related driving force is consistent with the observation of efficient dissociation of
even relaxed CT states, and it also provides a reasonable explanation for the
inefficient non-geminate recombination of electrons and holes in annealed P3HT:
PCBM blends.

The situation is different when considering excitons that are formed within
ordered P3HT domains. Troisi and coworkers pointed out that because of the
lower band gap of chain segments within the crystallites, these excitons are repelled
by the more disordered donor—acceptor interface [179]. The authors therefore
proposed that these excitons split via tunneling of the electron through layers of
more distorted polymer chains at the interface into higher and partially delocalized
states on the PCBM aggregates (see Fig. 19b). This long-range exciton dissociation
results in a spatially separated electron—hole pair, stabilized by a more disordered
interfacial region. In a subsequent publication, Caruso and Troisi considered the
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Fig. 19 (a) Split-up of geminate electron—hole pairs formed in the intermixed region between
polymer-rich and fullerene-rich domains. Backbone twisting and disruption of intermolecular
interactions raise the energies of electrons and holes in the intermixed region. Therefore, a
morphological driving force is established that counterbalances the mutual Coulombic interaction
of the geminate pair. Reprinted (adapted) with permission from [177]. Copyright © 2013 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. (b) An exciton formed within the P3HT crystallite is
repelled from the interface because chains at the boundary to PCBM exhibit a higher band gap.
Exciton split-up can, however, occur via electron tunneling into partially delocalized states in the
PCBM aggregates. Reprinted (adapted) with permission from [179]. Copyright 2011 American
Chemical Society. (¢) The frequency of the carbonyl stretch vibration of the PCBM is higher at the
interfaces with conjugated polymers than of PCBM molecules in the interior of fullerene aggre-
gates. Therefore, the dynamics of charge transfer spit-up in polymer:fullerene blends can be
followed through the time dependence of the carbonyl vibration frequency after excitation in a
transient visible/infrared experiment. Reprinted (adapted) with permission from [180]. Copyright
2010 American Chemical Society. (d) Time-dependence of the center frequency of the PCBM
carbonyl stretch recorded at three different temperatures after pulsed excitation of a P3HT:PCBM
blend film with 550 nm light. The independence of the transient on temperature is interpreted in
terms of an activationless split-up of interfacial electron-hole pairs. Reprinted (adapted) with
permission from [181]. Copyright 2012 American Chemical Society

kinetics and energetics of the proposed process in greater detail [182]. For long- 945
range transfer, the electron transfer rate kgt scales approximately like kgr(R) =ko 946
exp(—pR) with distance R, where f is an attenuation factor. It is shown that 947
tunneling through conjugated chains results in values of § as small as 0.2 A~'. 948
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Under these conditions, kgp for an exciton formed 23 A from the interface
(corresponding to six chains in the z-stacking direction) is on the order of
10"? s, which leads to polaron formation on a time scale comparable with that
found experimentally in annealed P3HT:PCBM.

In P3HT:PCBM, both mechanisms described above may contribute to free
charge photogeneration. Tunneling, as proposed by Troisi and coworkers, is impor-
tant when exciting the blend at 500-650 nm, where aggregated P3HT absorbs. On
the other hand, sub-bandgap absorption excites CT states predominately in the
intermixed region, and the split-up of these coulombically interacting electron—hole
pairs benefits from the morphology-related driving force. One might, therefore,
expect the IQE to depend on the excitation energy, which is apparently not the case
in P3BHT:PCBM. In a very recent work, Vandewal et al. demonstrated the IQE to be
insensitive to excitation energy for various organic donor—acceptor BHJ systems
[183]. It is proposed that photogeneration proceeds via the split-up of thermalized
(electronically and vibronically relaxed) CT states at all illumination conditions,
even if illumination primarily excites the donor or acceptor component. This
situation was encountered in an inefficient blend with a pronounced field depen-
dence of generation, but also for a highly efficient blend with field-independent
generation. Accordingly, we propose that photogeneration in P3HT:PCBM is
entirely governed by the efficient split-up of low-energy CT states.

We note that activationless free charge generation in P3HT:PCBM was unam-
biguously proven with ultrafast vibrational spectroscopy [180, 181]. It had previ-
ously been shown that the frequency of the carbonyl group in PCBM depends on the
local environment: the vibration frequency of a PCBM molecule located in the
interior of a fullerene cluster is lower than that of a PCBM molecule at the interface
to the donor polymer [184] (see Fig. 19c). Therefore, the motion of the electron
away from the heterojunction during charge separation can be monitored through a
decrease in the carbonyl frequency. For P3HT mixed with PCBM, the time-
dependence of the carbonyl center frequency was independent of the temperature,
meaning that free charge formation via CT split-up does not require thermal
activation (Fig. 19d) [181]. In agreement with this, TAS experiments presented
by Mauer et al. showed free carrier generation in annealed regioregular (rr)-P3HT:
PCBM blends to be independent of temperature [185], indicating again
activationless geminate pair separation.

In conclusion, free charge generation in blends of regioregular P3HT with
PCBM is independent of electric field and possibly temperature for a wide range
of preparation conditions and efficiencies. Carrier formation seems to be equally
efficient when CT states are formed via the split-up of singlet excitons at the BHJ or
when they are generated directly via sub-bandgap excitation. The findings are
explained by the complex morphology of these layers, which comprise pure and
intermixed regions. The answer to the question of why the exciton-to-polaron
conversion in rr-P3HT:PCBM blends is rather insensitive to the preparation con-
ditions might lie in the fact that even samples as-cast from chloroform with very
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poor performance exhibit a considerable concentration of P3HT aggregates, which
guarantee efficient CT split-up at the local scale.

4.2 Charge Extraction Versus Non-geminate Recombination

As pointed out in the previous section, free carrier generation in P3HT:PCBM
blends proceeds at the picosecond time scale, unassisted by the applied electric
field. It must, therefore, be the free carrier recombination (non-geminate recombi-
nation) in competition with charge extraction that accounts for most of the photo-
current loss within the working regime of P3HT:PCBM blends.

The influence of non-geminate recombination on the J/V characteristics can be
best understood by considering the current flowing through the device under steady-
state illumination, Jygn(V), in terms of current densities of generation and of
non-geminate loss:

-]light(v) = Jgen(v) _JNG(V)’ (7)

where Jg,, 1s the generation current density (the generated free charge per unit area
and time) and Jng the loss current density including non-geminate recombination in

the bulk and carrier extraction at the wrong contact (electrons leaving the device via
the anode or holes via the cathode). Jyg can be written as [186]:
n
JN(‘,<V) = ed—— (8)

7(n)’

with z(n) being the inverse recombination rate parametric in the carrier density n as
given by:

ﬁ = yn. 9)

Here, y is the non-geminate recombination coefficient and A+ 1 the order of
recombination. Clearly, non-geminate losses become more significant at higher
carrier density n, e.g., at low fields or as a result of low mobilities, and for a high y.
In the ideal case, free carriers recombine either with trapped charges (Schottky—
Reed-Hall recombination; SRH) or with free carriers of the opposite sign (bimo-
lecular recombination). In the first case, 1+ 1 = 1 and the lifetime of the free carrier
does not depend on carrier density. In contrast, for bimolecular recombination,
A+1=2 and an increased density of photogenerated charge accelerates recombi-
nation. Although there is some evidence that the SRH process cannot be neglected
in P3BHT:PCBM devices [175, 187], the consensus is now that the non-geminate
photocurrent loss is mainly due to bimolecular recombination.
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1021 Various methods have been applied to P3HT:PCBM in order to quantify the
1022 parameters that describe non-geminate recombination (see, e.g., [187-194]).
1023 Knowledge about y and A+ 1 was mostly derived from transient pump-probe
1024 measurements (see, e.g., [169, 189, 195]). In these experiments, a short laser
1025 pulse excites the sample and the fate of the photogenerated charge is followed by
1026 measuring the transient polaron-induced absorption signal. In a homogenous
1027 medium with low carrier mobility, the decrease in carrier density via
1028 non-geminate recombination is predicted to follow Langevin-type bimolecular
1029 recombination:

dn n )
a —m— —rn (10)

1030 with 1+ 1=2 and the Langevin recombination coefficient y; = e(u. + ppn)/€oér-
1031 However, most publications show that the free carrier dynamics in bulk
1032 heterojunction devices is not guided by simple Langevin-type recombination.
1033 TAS transients of annealed P3BHT:PCBM could be described only when assuming

1034 a higher order recombination process with ‘31—:’ o —n?. This finding was explained by

1035 bimolecular recombination % x —}/(n)n2 with a recombination coefficient that

1036 itself depends on charge density [189]. Earlier work by Nelson suggested that
1037 charge recombination in polymer:fullerene blends occurs via diffusive motion of
1038 polarons in the presence of an exponential density of traps [196]. Increasing the
1039 density of photogenerated charge fills these traps and thus accelerates non-geminate
1040 recombination. Carrier-dependent mobilities in P3HT:PCBM blends were indepen-
1041 dently proven by two groups [197, 198]. TAS experiments performed by Shuttle
1042 et al. also showed that bimolecular recombination in annealed P3HT:PCBM blends
1043 is severely slowed down compared with the Langevin limit, with values of y/y; of
1044 the order of 1072~10". This finding is in agreement with earlier work by Pivrikas
1045 et al. [188]. Suppressed recombination was attributed to the particular
1046 nanomorphology of these blends that consists of an interpenetrating network of
1047 spatially separated (and energetically separated) pathways for electrons and holes.
1048 The basic finding of a higher order but suppressed recombination, compared with
1049 the Langevin limit, was consistently seen in follow-up TAS experiments on both
1050 as-prepared and annealed P3HT:PCBM blends [169, 185, 195, 199], and was
1051 confirmed by flash photolysis and time resolved microwave conductivity
1052 experiments [191].

1053  One disadvantage of these all-optical pump-probe techniques is that they require
1054 high excitation densities and thus do not provide information on the fraction of
1055 charge surviving recombination under different bias conditions. An elegant
1056 approach to quantify these processes is to perform TDCF measurements with
1057 increasing delay time. Integration of the transients during delay and during collec-
1058 tion yields the quantities Qpre(fg) and Qcon(fq), respectively, from which the total
1059 collected charge can be calculated via Qyo(fg) = Opre(fa) + Ocon(ta). The exemple
1060 shown in Fig. 20 is the dependence of these quantities as a function of delay time for
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Fig. 20 Determination of the coefficient of bimolecular recombination by performing TDCF
experiments with variable delay between the excitation pulse and application of the collection
bias. (a) Scheme of the experiment. (b) Experimental TDCF photocurrent transients (open
squares) measured on a 200 nm thick layer of slow-dried P3HT:PCBM (1:1) during application
of different collection biases V. q;. The collection bias was applied 150 ns after the laser pulse
(t=0 in this graph). Solid lines show fits to the data using a numerical drift diffusion model with
constant electron and hole mobilities. A noteworthy observation is that charges can be fully
extracted from these layers within a few hundreds of nanoseconds for a sufficiently high collection
bias [171]. (¢—f) Opres Qconr» and Oy plotted as a function of the delay time ¢4 for as-prepared and
thermally annealed chloroform-cast PBHT:PCBM, and with the pre-bias Vi, set either to 0.55 V
(near open circuit) or to 0 V (short-circuit conditions) [172]. Solid lines show fits with an iterative
model that considers bimolecular recombination of free charges in competition with their
extraction
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1061 chloroform as-cast and annealed P3HT:PCBM for a pre-bias of 0.55 and 0 V. In all
1062 cases, the increase in Qp. with 74 is due to field-induced extraction of
1063 photogenerated carriers, leaving less charge available when the collection bias is
1064 switched on. Decreasing the pre-bias, and thereby increasing the internal field,
1065 accelerates the sweep-out of carriers, reducing the amount of available charge upon
1066 starting collection after the delay time #4. If V. is chosen to be sufficiently high to
1067 avoid recombination during collection, the course of O,y (#y) is a measure of the
1068 total non-geminate recombination loss during delay.

1069  This set of data displays some important differences between the as-prepared
1070 and annealed samples. First, the extraction of charges from the annealed layers is
1071 faster and far more efficient. For example, half of the initially photogenerated
1072 carriers are swept out of the device at 0 V within 1 ms and non-geminate recom-
1073 bination is almost absent at short-circuit conditions (Q, is essentially independent
1074 of #4). When raising the bias close to V. extraction is slowed down and the carrier
1075 density in the sample declines as a result of non-geminate recombination. For the
1076 as-prepared layer, non-geminate recombination is seen for both short-circuit and
1077 open-circuit conditions, rendering extraction inefficient for both bias conditions.
1078 Also, extraction is considerably slower and recombination is more efficient in these
1079 samples.

1080  Because Q. is a direct measure of the charge present in the layer at a delay time
1081 #4, the recombination dynamics can be determined via an iterative procedure
1082 [171]. For the data shown in Fig. 20, this analysis yields y=3.5x 107" m® ™!
1083and y=1.2x 107 '® m? s~! for the chloroform as-cast and the annealed P3HT:
1084 PCBM layer, respectively. The value for the annealed sample agrees very well with
1085 the bimolecular recombination coefficient measured by TAS at carrier densities
1086 typical for steady-state AM1.5 illumination (see, e.g., [189, 195]). To compare
1087 these values to the Langevin limit, the mobilities of the electrons and the holes in
1088 the blend must be known. Information on these quantities can be gained from drift-
1089 diffusion simulations of the photocurrent transients with different collection biases
1090 (see Fig. 20b). This yields mobilities of 1.2x1077 m? V™' s7' and
1001 1.7 x 1077 m* V~' s7' for the faster carrier in the as-prepared and annealed
1092 blend. Assuming that the faster carrier determines non-geminate recombination
1093 dynamics, recombination is reduced by three orders of magnitude compared with
1094 the Langevin limit in the annealed layer whereas it is still suppressed by a factor of
1095 20 in the as-cast blend.

1096  Although suppressed bimolecular recombination in P3HT:PCBM blends has
1097 been seen in numerous experimental studies, there is still no consistent model to
1008 explain values of the Langevin reduction factor y/y; as low as 10~*. Koster
1099 et al. pointed out that if electrons and holes move in separate regions and recom-
1100 bination takes place only at the donor—acceptor interface, non-geminate recombi-
1101 nation kinetics will be determined not by the faster but by the slower carrier:
11027 = Smin(,, u,) [200]. The analysis of space-charge-limited currents (SCLC) in
1103 chloroform-cast P3BHT:PCBM blends revealed holes to be less mobile than elec-
1104 trons, particularly for low annealing temperatures [73, 171]. This view has been
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Fig. 21 Effective bimolecular recombination coefficient . calculated by Monte Carlo modeling
of a phase-separated blend with an average feature size of 4 (black) and 35 nm (red). Simulations
were performed in the absence of energetic disorder (squares) or by assuming a Gaussian-type
DOS with a width 6 =75 meV (triangles). Open symbols represent an electric field F =0 and
closed symbols are for F = 10’ V/m. The Langevin limit is shown by the dotted line and the dashed
line is for Langevin-type recombination limited by the slower carrier. Ref 23 refers to the model in
Shuttle et al. [202]. In all cases, the hole mobility was 10~ cm?/V s. Reprinted with permission
from [201]. Copyright 2008 by the American Physical Society

challenged by Monte Carlo simulations of non-geminate recombination in phase-
separated blends [201]. Although these calculations allowed carriers to recombine
only at the interface, the non-geminate recombination coefficient was less affected
by the slower carrier mobility than Koster and coworkers had proposed (see
Fig. 21). The surprisingly weak effect of the slow carrier mobility on the recombi-
nation coefficient was attributed to the fact that carriers are distributed homoge-
neously in their respective phases, meaning that there is a population of the slower
carriers close enough to the interface to be able to recombine with the faster
carriers. It is, therefore, most likely that the reduced recombination originates
mainly from the energetic barrier formed at the heterojunction due to increased
morphological disorder in the interfacial region; however, other reasons such as an
inhomogeneous distribution of electrons and holes in the device or unbalanced
transport might also account for this effect [203, 204].

The strongly suppressed non-geminate recombination is highly beneficial for
device performance as it prevents free charges from recombining prior to extraction
to the electrodes. Quantitative information on the photocurrent loss due to
non-geminate recombination, Jyg, can be obtained by combining transient
photovoltage (TPV) with charge extraction (CE) measurements, as shown by
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Fig. 22 (a) Average charge density in an annealed P3BHT:PCBM layer (coated from xylene
solution) as a function of cell voltage and illumination intensity as measured by charge extraction
(CE). (b) Reconstruction of the measured current—voltage characteristics under steady-state
illumination from Egs. (7) and (8), with the carrier densities shown in (a) and carrier density-
dependent recombination rates measured with TPV. (¢) Charge carrier lifetimes and (d) bimolec-
ular recombination coefficients as a function of carrier density as obtained by CE and TPV
measurements on pristine (blue triangles) and thermally annealed (red circles) P3HT:PCBM
blends. (a, b) reprinted (adapted) with permission from [207]. (¢, d) reprinted (adapted) with
permission from [205]. Copyright 2010 American Chemical Society

1123 Shuttle and coworkers [205]. In TPV, the layer is under steady-state illumination
1124 with white light of appropriate intensity and the voltage across the device is
1125 measured with a large serial resistor. Therefore, the sample is under quasi-open-
1126 circuit conditions. The sample is then illuminated with a short and weak laser pulse,
1127 which increases the charge carrier density and thus causes the voltage across the
1128 device to increase. The decay of the transient photovoltage back to its steady-state
1129 value is, therefore, a direct measure of the non-geminate recombination rate
1130 [189]. To determine the charge within the illuminated blend layer by CE, the device
1131 is held under steady-state illumination at a certain bias and then is switched to short
1132 circuit (zero bias) while at the same time the light is switched off. The current
1133 transient after the switch to short-circuit conditions is integrated and corrected for
1134 the capacitive charge [206].
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As shown in Fig. 22, the carrier density within the blend layer changes with
illumination intensity /, cell voltage V, and temperature 7. Combining n(I, V, T)
with charge carrier lifetime data determined with TPV at comparable carrier
densities allows calculation of the loss current density Jng via Eq. (8). Finally,
the current characteristics under steady-state illumination are reconstructed with the
assumption of a field-independent generation current density, Jgen=J.. This
approach has been successfully applied to both as-prepared and annealed P3HT:
PCBM layers [173, 205]. The data in Fig. 22c¢, d also show that the annealed device
displays larger carrier lifetimes and lower recombination coefficients than the
as-cast sample at comparable carrier densities. This has been quoted as the main
cause for the superior performance of the thermally treated sample [173, 205].

We will, finally, comment briefly on the importance of establishing high electron
and hole mobilities in P3BHT:PCBM blends. Clearly, a high mobility of both types
of carriers ensures rapid extraction of photogenerated charge out of the blend
layers, rendering these carriers less vulnerable to recombination loss. Goodman
and Rose [208] and later Mihailetchi et al. [209] stated that unequal carrier
mobilities cause formation of space charge within the active layer, which renders
part of the blend essentially field-free. As a consequence, the extracted current

becomes significantly smaller than the photogenerated current:
9 N\ /4
Ton = q( 80;1‘:“mm> GOT51/05 (11)
q

Here, G is the generation rate and p,;, the mobility of the slower carrier. A
characteristic feature of space-charge-limited photocurrents is that they possesses
a sublinear dependence on generation rate (illumination intensity). As demonstrated
in Fig. 23, as-cast blends of chloroform-coated P3HT:PCBM blends exhibit rea-
sonable electron mobilities but very poor hole mobilities. As pointed out in Sect. 3,
the poor hole transport in these as-prepared devices is a result of the low degree of
crystallinity in combination with poor ordering within the polymer aggregates. As a
consequence, the performance of this device is space-charge limited, as evidenced
by the sublinear increase in photocurrent with light intensity. Annealing the device
improves yuy,, thereby reducing the mobility imbalance, which concurrently results
in a large improvement in device performance. Poor hole mobility was also
identified as the main cause of the poor performance of devices made from low
molecular weight P3HT [57, 210].

To conclude this section, non-geminate recombination is identified as the main
loss channel in poorly performing as-prepared P3HT:PCBM blends. This is for two
reasons: First, the coefficient for bimolecular recombination is larger in as-prepared
blends, possibly caused by a higher degree of intermixing of the donor and acceptor
component. Second and more important, as-prepared P3HT:PCBM blends exhibit
lower mobilities, rendering free charges more vulnerable to non-geminate recom-
bination and causing severe space—charge effects at solar illumination conditions.
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Fig. 23 (a) Zero-field mobilities for electrons (closed circles) and holes (open circles) at room
temperature for chloroform-coated 1:1 P3HT:PCBM blends as a function of postproduction
annealing temperature. Also shown is the hole mobility in pure P3HT (triangles). Mobilities
were derived from space-charge-limited current measurements on the corresponding unipolar
devices. Reprinted with permission from [73]. Copyright © 2006 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (c¢) Slope of the power-law increase m in the photocurrent as a function of
illumination intensity in a log—log representation as a function of annealing temperature for a
100 nm thick P3HT:PCBM blend coated from chloroform (CF) or dichlorobenzene (DCB)
[146]. (b) J/V characteristics under simulated AM1.5G illumination for the devices in (c¢) for
selected annealing temperatures cast from chloroform (fop) and dichlorobenzene (bottom) [146]

11745 Summary, Conclusions, and Outlook

1175 From 2003 to 2013, P3HT:PCBM was the “fruit fly” system to study for under-
1176 standing organic photovoltaic properties. The understanding of these properties has
1177 not been straightforward because of the complex way that P3BHT and PCBM
1178 interact with each other, with themselves, and with the substrates. In particular,
1179 mixed BHIJ films, which self-assemble from solution in the length range from
1180 10 %10 107> m, have a hierarchical variety of film features. Because the film forms
1181 via self-assembly, changing the fabrication conditions that affect the solvation of

AU11



P3HT-Based Solar Cells: Structural Properties and Photovoltaic Performance

one component more than the other can lead to a dizzying variety of optical,
electrical, and morphological features that are not particularly easy to measure
and difficult to interpret. Further complicating the literature are polymer samples
with a variety of molecular weights and regioregularities. Mixtures have different
mixing ratios, and are cast from different solvents.

Regarding charge carrier dynamics, charge generation in P3HT:PCBM was
shown to be ultrafast and activationless, even when exciting low energy CT states.
Therefore, formation of free charge must be driven by particular energetics at the
mesoscale, which counterbalance the Coulomb attraction of the geminate pair
forming the CT state. Recent quantum dynamic simulations suggest that delocali-
zation of electrons and holes on well-ordered domains assists free charge genera-
tion by reducing the Coulomb binding of interfacial CT states [211]. Because most
blends of regioregular P3HT with PCBM studied so far exhibit a significant fraction
of crystallized P3HT chains, charge delocalization might explain why free charge
generation is field-independent, irrespective of the exact preparation scheme. A
second particularity of well-performing P3HT:PCBM devices is highly reduced
non-geminate recombination. In comparison to the Langevin limit of electron—hole
recombination in an isotropic homogeneous medium, free charge recombination in
P3HT:PCBM is slowed down by a factor of 100-1,000. This vast reduction in
recombination speed allows the use of thick and well-absorbing blend layers,
without risking inefficient charge extraction and low fill factors.

In total, it took thousands of people 10 years, and more than 10° published
articles, to reach this level of understanding about how P3HT:PCBM BHIJ OPV
devices really function, how the materials self-assemble, and how to alter the self-
assembly process via fabrication conditions to achieve a desired morphology for
efficient charge generation and extraction. The lessons learned from P3HT:PCBM
are being applied to a variety of new polymers and fullerenes with the goal of
making better OPV devices. Mixed solvents, a high level of synthesis control, and
highly specialized methods to measure the morphology are now necessary to
produce new insights into BHJ function. Thus, the low hanging fruit have been
eaten.

Also, advanced electronic and optical measurements are needed to describe
common features of BHJ OPV devices. Clear (although complicated) optical and
electrical models have been developed that do a good job of predicting the effi-
ciency and other I/V characteristics of a given donor—acceptor mixture.

So is OPV all figured out? If not, what is next? Now that the science of
determining how to synthesize high efficiency materials, how to process the
mixtures, how to fabricate the devices, how to characterize each step of the film
formation, and how to measure the optical and electrical features of the device have
been established, we still need to reliably engineer good devices. In particular, it is
necessary to determine the following:

— How to coat BHJ layers quickly and without defects
— How to protect films against O, and UV light, which destroy device function
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1225 — What other impurities degrade BHJ function under the conditions of heat, light,
1226 electric field, and mechanical stress.

1227 — What electrode materials are flexible, transparent, low resistance, and provide
1228  greater device longevity

1220 — How to fabricate multiple BHJ layers in series (which is difficult due to the
1230 problem of dissolving previously deposited layers.)

1231 The future of OPV research is bright and active, but the challenges that remain
1232 require continued increases in our understanding of the device complexity. Mea-
1233 surements will be even harder, because we will be searching for the low concen-
1234 tration impurity states (at 1 ppt to 1 ppm) that degrade device function, rather than
1235 assuming that these impurities either do not exist or are not important.
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