
February 12, 2018 13:44 Handbook of Organic (Vol. 4) (in 4 Volumes) - 9in x 6in b3104-v2-ch08 3rd Reading page 1

CHAPTER 8

Sequential Processing: A Rational Route

for Bulk Heterojunction Formation via
Polymer Swelling

Matthew T. Fontana, Taylor J. Aubry, D. Tyler Scholes,
Steven A. Hawks and Benjamin J. Schwartz

Department of Chemistry and Biochemistry,
University of California, Los Angeles,
Los Angeles, CA 90095-1569, United States

1.1. Introduction: The Development of Sequential
Processing

Constructing solar cells based on organic materials such as conju-
gated polymers holds great potential for low-cost and lightweight
power generating applications. Although organic materials are inex-
pensive and readily amenable to scale-up, successfully incorporating
organic solar cells into the energy sector requires understanding their
underlying physics and using this knowledge to increase their effi-
ciency. In contrast to inorganic solar cells, a limitation facing organic
solar cells is the inability to produce free charge carriers following
light absorption. To overcome this, polymer-based photovoltaics are
typically based on a blend of two materials: a conjugated polymer,
which acts as the light absorber and electron donor, and an electron
acceptor, which is often a fullerene derivative such as phenyl-C61-
butyric acid methyl ester (PCBM).36,87,136,166

In polymer-fullerene solar cells, light absorption by the semi-
conducting polymer produces an excited-state electron and leaves
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behind a corresponding hole. The electron and hole remain strongly
Coulombically-bound in organic materials, and thus are collectively
referred to as an exciton. Once the photoexcited electron undergoes
charge transfer to the fullerene acceptor (exciton dissociation), the
Coulomb attraction between the electron and hole is reduced and
the electron and hole effectively become free charge carriers. For this
to happen, the polymer and fullerene components must be blended
well enough to ensure the close polymer/fullerene contact needed
to promote charge separation via electron transfer. But once the
charges are separated, both carriers must see a continuous pathway to
reach the appropriate electrode in order to collect a photocurrent: the
electron must be able to hop between neighboring fullerenes to reach
the cathode, while the hole must move along a network of adjacent
polymer chains to reach the anode. This means that some degree
of phase separation of the two components is required. A polymer-
fullerene mixture that simultaneously satisfies the intimate blending
needed for charge separation and the bicontinuous interpenetrating
network needed for charge transport is referred to as a bulk
heterojunction (BHJ).8,13,30,36,44,59,61,81,104,143

Clearly, forming an ideal BHJ morphology is critically important
for producing high-performance, polymer-fullerene organic photo-
voltaics. Research from many groups has determined that the typical
size of the polymer and fullerene domains in a BHJ architecture must
be on the order of the exciton diffusion length of the polymer (typi-
cally ∼10 nm)142 to ensure efficient exciton splitting; coarser mixing
than this leads to inefficient exciton dissociation and thus poor
production of charge carriers, while finer mixing reduces transport to
the electrodes55,127 and increases losses due to the recombination.145

When both the materials and the resulting BHJ morphology are
optimized, high-performance, single-junction, polymer-fullerene BHJ
devices have power conversion efficiencies approaching 12%.171

The most widely used method for fabricating the active layer
of organic photovoltaics is blend casting (BC). This processing
technique constructs the BHJ morphology by co-dissolving the
polymer donor and fullerene derivative acceptor and spin-casting
the resulting solution into a solid film; this method relies on the
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kinetics of solvent evaporation and spontaneous phase-separation of
the two materials to form the requisite BHJ.59 This means that
achieving optimized BHJ morphologies through BC is not trivial.
Film formation depends on several interdependent factors related to
the active layer materials, including: the miscibilities of the two com-
ponents in the host solvent and with each other, each component’s
propensity to self- or co-crystallize,102 each component’s surface
energy,101 each component’s molecular mobility and diffusivity, and
the solvent drying kinetics for a given set of casting conditions.34

Because of this, BHJ formation is hyper-sensitive to subtle changes
in either processing conditions or the polymer or fullerene’s molecular
structure. Processing parameters that can be used to tune the BHJ
morphologies formed by BC include thermal annealing,7,77,78,99,167

solvent annealing,79,172 changing the host solvent,150 and adding
a co-solvent or solvent additive.54,73,86,94,114,115,171 Unfortunately,
despite well over a decade of intense work, no clear design rules have
emerged.59,98 Indeed, many donor-acceptor pairs promise efficient
devices on paper, but for reasons still unknown simply do not form
the requisite BHJs needed to work in the laboratory.98

The sensitivity of polymer-based photovoltaic performance to
the nm-scale BHJ is further underscored by the eventual need to
scale up such devices if they are ever to be commercially practical.
This is because the formation kinetics of large-area polymer films
by blade coating or roll-to-roll fabrication are quite different from
those produced on the laboratory scale by spin-coating. This means
that BHJ morphologies produced in large-area devices are different
from those in smaller devices, so that work done on optimizing
BHJ formation in the laboratory does not necessarily translate when
scaled up.25,65,72,119 As a result, even though blend-cast organic solar
cells are making strides towards higher-efficiency devices because of
intense Edisonian effort, there are still no commercial devices avail-
able from these materials, which is a direct result of BC’s inability to
rationally control the BHJ nanomorphology during device processing.

To address these difficulties associated with producing polymer
solar cells by BC, we developed an alternative processing method
that forms the desired BHJ through sequential deposition of polymer
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Fig. 1. Comparison of BHJ active-layer formation via BC and SqP techniques.
In BC, the donor and acceptor are spin-coated from a mixed solution in a single
step whereas with SqP the donor is spun first followed by the acceptor in separate
steps. The traditional BC method relies on the spontaneous de-mixing kinetics
of donor and acceptor materials, which are poorly understood and difficult to
control. Our two-step SqP method involves the interdiffusion of acceptor material
into a pre-formed donor matrix, the extent of which can be controlled via swelling
and mass action.

and fullerene layers; we refer to this method as sequential processing
(SqP).6,153 The BC and SqP techniques are illustrated in Fig. 1, with
BC in the upper panel and SqP in the lower panel. In SqP, a film of
the pure conjugated polymer is spun first, with casting conditions
chosen to tune the polymer morphology to what is desirable for
a given device. Then, in a second processing step, the fullerene is
cast from a solvent that is chosen to swell the underlying polymer
layer but not dissolve it.3 Mass action drives fullerenes from the
solution used in the second step into the swollen polymer underlayer,
forming a BHJ with a fullerene network that is guaranteed to be
connected to the top of the film (since the fullerene enters only
from the top rather than starting dispersed throughout the film).
Therefore, BHJ morphology is determined by the concentration of
the fullerene solution, which tunes the mass action driving force
for fullerenes to enter the film, and the thermodynamics of how the
fullerene solvent swells the polymer, which alters the free volume in
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the swollen polymer that allows fullerenes to intercalate. Since mass
action and swelling are thermodynamic rather than kinetic effects,
this means that SqP provides significantly greater reproducibility and
control over the BHJ morphology needed to produced highly efficient
polymer solar cells.2,3

It is worth noting that when we originally developed SqP, we
were unaware of the extent to which the solvent in the second step
could swell the underlying polymer layer, and indeed our initial goal
with SqP was to prepare clean polymer-fullerene bilayers. In fact, the
fullerene-casting solvent we initially chose, dichloromethane (DCM),
is a relatively poor swelling solvent for our initially-studied conju-
gated polymer, poly(3-hexylthiophene-2,5-diyl) (P3HT).6 When we
first spun PCBM from a DCM solution onto a pre-cast P3HT film, we
found that the top surface was enriched with PCBM crystallites, and
that the photovoltaic devices had relatively poor power conversion
efficiency. Neutron reflectometry investigations, however, revealed
that significant amounts of fullerene mixed into the interior of
the polymer film, so that the morphology was more of a quasi-
bilayer than either a clean bilayer or a BHJ.77,78 Subsequent thermal
annealing of the SqP-produced P3HT:PCBM quasi-bilayer caused
PCBM to further diffuse into the polymer layer, forming a well-mixed
BHJ with greatly improved photovoltaic device efficiency.78,96,158 The
change in morphology caused by thermal annealing is caused by two
predominant effects: (1) PCBM is a higher surface energy material
than P3HT, so thermal annealing tends to drive PCBM towards
the bottom of the active layer,101 better distributing the PCBM
throughout the polymer and improving device performance;43,96,139

(2) Thermal annealing enhances the crystallinity of the components
in the active layer, particularly P3HT, which improves device
efficiency by increasing carrier mobilities.7,77,78,99,167

Although using thermal annealing to drive fullerenes deposited
via SqP into a polymer underlayer might seem like a viable approach
to BHJ formation, the improvement in sequentially-processed device
performance seen upon thermal annealing is unique to P3HT; most
modern high-efficiency low band gap polymers degrade or form
a homogeneous disordered blend with too little phase separation
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upon thermal treatment.9,11,52,87 For this reason, early studies of
SqP focused almost exclusively on P3HT.9,29,87,98,113 Despite this
early limitation, a wealth of morphological studies investigating BHJ
formation via SqP have highlighted the differences in BHJ mor-
phology between devices prepared through BC and those made via
SqP.2,5,21,24,28,43,47,48,57,77,78,82,83,90,95,96,106,110,112,120,134,139,146–149,152

153,154,159,161,167,174 More recently, SqP has been successfully
applied to the fabrication of organic solar cells based on high-
performing, push-pull polymers.3,23,26,93,126,159 Additional studies
also have extended SqP to ternary organic blends and the use
of alternative fullerene derivatives, such as 1′,1′′,4′,4′′-Tetrahydro-
di[1,4]methanonaphthaleno [1,2:2′,3′,56,60:2′′,3′′][5,6]fullerene-C60

(ICBA).23,82,84,85,137 It is also worth noting that SqP can be used
for the infiltration of molecular dopants instead of fullerenes into a
polymer underlayer, providing a substantial advance in the quality
of doped conjugated polymer films,124,125 as discussed further below.

One key advantage of SqP is its ability to take advantage of poly-
mer swelling, which makes SqP applicable to any polymer system.
Polymer swelling provides a systematic, rational and tractable avenue
towards optimal BHJ construction, including for polymers that,
unlike P3HT, cannot be thermally annealed.3 In this sense, the degree
of polymer swelling is what allows for precise tuning of the BHJ
morphology by SqP.3 If the fullerene-casting solvent poorly swells
the underlying polymer, the fullerene will not intercalate within the
film, leaving large fullerene domains deposited on top of the polymer
underlayer.6,31,77,78,120,134,152 Conversely, a solvent that interacts too
favorably with a polymer can dissolve or wash away part or all of the
underlying polymer film.3 Therefore, optimal BHJ formation requires
swelling of the polymer without dissolution. As will be discussed
further in Sec. 1.2, this places significant constraints on the choice
of fullerene-casting solvent, which must simultaneously possess both
high fullerene solubility and yield optimal polymer swelling. In light
of this, we have proposed the use of binary solvent blends that can
be tuned to create optimal SqP solvents for casting the fullerene.3

With solvent blends and other advances, SqP has produced numerous
single-junction, polymer-fullerene, photovoltaic devices with high
power conversion efficiencies.3,10,20,23,26,31,49,68,75,89,93,126,144,154,157,162
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One of the key features of SqP is that swelling is inherently selec-
tive to amorphous regions and does not strongly affect the crystalline
regions of a polymer film.14,121 Therefore, achieving optimal polymer
swelling largely depends upon the degree of polymer crystallinity.
Selecting different casting solvents and varying the originally-cast
film’s drying conditions are well known to control the crystallinity
of a spin-cast conjugated polymer film.3,57 Thus, SqP provides
many experimental “knobs” that can be independently tuned for
optimizing BHJ formation, as discussed fully in Sec. 1.2, including
controlling the crystallinity of the polymer underlayer and thus the
manner in which it swells. This allows for a better opportunity to
choose organic semiconductors that have other essential properties
that are requisite for high performance (e.g., favorable energy level
alignments, absorption spectra, etc.).

In addition to providing a rational pathway for BHJ optimization,
SqP provides a route to systematically investigate the mechanisms
underlying BHJ formation and to develop design rules that can be
extended to any polymer system. For example, the use of solvent
additives such as 1,8-diiodooctane (DIO) has become quite common-
place when fabricating blend-cast devices,59,64,73,76,86,88,114,171 but
the mechanism by which these additives improve BHJ formation
was poorly understood. Using SqP, we have found that solvent
additives such as DIO act primarily as non-evaporating swelling
agents, as discussed in more detail in Sec. 1.3. Overall, SqP is clearly
a more tractable technique for BHJ formation because it avoids
the problems inherently associated with BC. Thus, SqP not only
opens new pathways towards BHJ construction, but also facilitates
fundamental investigations into the process of BHJ formation.

1.2. Quantification of Polymer-Solvent Swelling
Interactions as the Key to Polymer Solar
Cell Design

The advantage of SqP is its ability to controllably tune the
degree of polymer swelling such that the acceptor is appropriately
dispersed into the polymer layer, creating an ideal BHJ morphology.
Quantifying the degree of swelling required to achieve the ideal
morphology and optimal performance in any given polymer-solvent
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system is important so that the processing conditions can be
chosen based on simple measurements instead of trial-and-error. To
this end, our approach has been to use porosimetry-ellipsometry
measurements to characterize polymer-solvent interactions, making
BHJ device optimization predictable.3,16,39,62,107,109,111

In porosimetry-ellipsometry measurements, a polymer film is
placed in a porosimeter and swelled by exposure to solvent vapor,
and spectroscopic ellipsometry is used to precisely measure the
change in thickness and index of refraction of the vapor-swollen
film. The experiment also can be done without a porosimeter by
simply exposing the polymer film to the saturated solvent vapor
of interest during ellipsometry. The ellipsometry-measured change
in thickness gives the free volume available in the swollen film for
fullerene intercalation. Moreover, the ellipsometry-measured change
in index of refraction of the film, combined with the effective medium
approximation, provides a means to determine the volume fraction of
polymer, φp, in the swollen film.15,18,109,130 With the volume fraction
of the polymer in hand, one can calculate the Flory-Huggins χ

parameter from39–41,62,109:

ln
(

p

psat

)
= χφ2

p + ln(1 − φp) + φp

(
1 − 1

N

)
, (1)

where N is the degree of polymerization and p/psat is the pressure
of the solvent vapor the film is exposed to relative to the solvent’s
saturated vapor pressure. Lower χ values are associated with stronger
solvent-polymer interactions. That is, the lower χ is, the more likely a
solvent is to swell (and eventually dissolve) the polymer. In Sec. 1.2.1,
we argue that there is a range of optimal χ values that lead to desired
BHJ formation and thus improved device performance.

Although there are many factors that influence the value of χ,
we focus on two that can be directly controlled to allow SqP to
be used to great effect in controlling BHJ morphology: the choice
of solvent and the degree of polymer crystallinity. As mentioned
above, a solvent in which the polymer is more soluble will act as a
better swelling agent than a solvent in which the same polymer is less
soluble. However, the same solvent can give different χ values for the
same polymer if the microcrystalline structure of the polymer film is
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different. This is because the amorphous regions of a polymer film are
highly susceptible to swelling by a solvent, whereas crystalline regions
can be treated as effectively cross-linked and thus poorly swell.3,121 In
what follows, we explore systems in which solvent choice and polymer
crystallinity are controllably varied to illustrate how SqP can follow
design rules that can rationally be used to optimize the performance
of BHJ solar cells without the need for trial-and-error.

1.2.1. Design rules: Controlling swelling via

sequential processing solvent choice

Finding an ideal solvent for the second casting step in SqP is
imperative if the method is to be general for any polymer-acceptor
system. As mentioned above, the solvent for this step must both
wet3 and optimally swell the polymer underlayer without dissolving
it,57 and also must have high solubility for the acceptor molecule
in order to infiltrate meaningful amounts into the polymer film.144

It is highly unlikely that any single solvent would fulfill all these
requirements, particularly for different combinations of polymers and
fullerenes. However, we have shown that binary solvent blends can
be logically chosen to simultaneously satisfy all of these criteria.
The basic idea is to choose a base solvent in which the infiltrant
of interest (fullerenes for polymer BHJ solar cells) is highly soluble,
and then mix this base solvent with a co-solvent to adjust the degree
of swelling for a particular polymer. If the base solvent dissolves
the polymer of interest, the co-solvent can be a non-solvent for the
polymer, with enough added to stop polymer dissolution and raise χ

into the optimal range. Conversely, if the base solvent inadequately
swells the polymer, the chosen co-solvent should be a good solvent
for the polymer, so that χ can be lowered into the optimal range.3

Through a series of measurements, we have found the values of
χ that lead to optimal polymer swelling (to an extent sufficient for
fullerene intercalation without dissolving) are in the range of 1.5 to
2.0.3 This is readily achievable for any polymer:fullerene system by
using a solvent blend for the fullerene-casting step in SqP because the
χ value for a solvent blend is roughly the mole-fraction-weighted χ

values for the individual components interacting with the polymer.
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Thus, as long as the fullerene is sufficiently soluble,144 a series of
simple swelling measurements provides a recipe for designing an
appropriate solvent blend to produce polymer:fullerene BHJs by SqP
without trial-and-error.

Although there are several potentially good choices as base
solvents for fabricating polymer:fullerene BHJs by SqP, we decided
to focus on 2-chlorophenol (2-CP), which has high a solubility for
PCBM (112 mg/mL)100 and a relatively low solubility for most
conjugated polymers. As examples of how to tune a solvent blend
with 2-CP to produce the optimal χ for BHJ production, we
recently focused on applying SqP to produce solar cells from both
PTB7, a slightly crystalline and highly soluble polymer,56,86 and
PSDTTT,3,132 a completely amorphous polymer with low solubility
in most common organic solvents;132 see Fig. 2 for the chemical
structures of these polymers. We measured the swelling of both
polymers ellipsometrically upon exposure to isopropyl alcohol (IPA)
vapor, a non-solvent for conjugated polymers, and to toluene vapor,
which is generally a good solvent for conjugated polymers. Figure 2
shows that, as expected, the swelling by of both PTB7 and PSDTTT
with toluene (dark circles and dark squares, respectively) is greater
than with IPA (light circles, light squares), and that PTB7 (circles)
swells about four times more than PSDTTT (squares) since the
latter has poor solubility even in “good” solvents such as toluene.
Figure 2(d) shows the calculated χ values for these polymer film-
solvent pairs extracted from the ellipsometric data. The data clearly
show lower χ values for the polymer-toluene interactions compared
to those with IPA, and higher χ values for PSDTTT than for PTB7
in a given solvent. It is worth noting that pure toluene cannot be
used as a second-step SqP solvent for either polymer as its χ value is
low enough that films of either of these polymers would be dissolved
during the fullerene-casting SqP step, and pure IPA cannot be used
because the χ is too high to promote sufficient swelling. Alternatively,
pure 2-CP slightly dissolves PTB7 (χ too low) and does not dissolve
PSDTTT (χ too high). Therefore, we can blend 2-CP with IPA to
bring χ into the optimal range for PTB7, or blend 2-CP with toluene
to bring χ into the optimal range for PSDTTT.3
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Fig. 2. Chemical structures of (a) PSDTTT3,132 and (b) PTB764,86 ; (c) Swelling
of PSDTTT and PTB7 upon exposure to toluene and isopropanol (IPA) vapor
measured by porosimetry-ellipsometry. Being more soluble than PSDTTT, PTB7
swells more with both solvents: toluene (dark circles) and IPA (light circles). Since
PSDTTT is poorly soluble it swells less with toluene (dark squares) and IPA
(light squares); and (d) Calculated χ parameters for PSDTTT (light squares for
IPA-swelling and dark squares for toluene-swelling) and PTB7 (light circles for
IPA-swelling and dark circles for toluene-swelling) films using the ellipsometric
swelling data and the effective medium approximation to obtain φp in Eq. 1.3

Figure 3 shows the performance of the photovoltaic devices
fabricated with solvent blends by SqP. With the optimized co-solvent
ratio for PSDTTT:PCBM of 35% 2-CP to 65% toluene (triangles),
device efficiencies of 3.8% were achieved, which exceeded the 3.6%
efficiency of blend-cast devices made with these same materials.3

As a control experiment, we also see that PSDTTT devices with
the fullerene deposited from a 2-CP:IPA blend (vertical diamonds)
perform terribly since IPA can only raise χ relative to 2-CP. For
PTB7, the amount of IPA needed to raise the χ high enough so
as to not dissolve the polymer underlayer was so large that the
fullerene solubility in the solvent blend decreased dramatically. This
resulted in insufficient fullerene being driven into the film by mass
action and sub-optimal device performance, as seen by the low fill
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Fig. 3. Device performance of (a) PSDTTT and (b) PTB7 sequentially-processed
devices with optimally-designed solvent blends for the fullerene-casting step. For
PSDTTT, the fullerene was cast from 70:30 2-CP:IPA (vertical diamonds) and
35:65 2-CP:Toluene (triangles). For PTB7, the fullerene was cast from 70:30
2-CP:IPA (horizontal diamonds) and 50:50 2-CP:1-BuOH (circles). For PTB7,
the mixture of 2-CP:IPA has a χ that is still too low and slightly dissolves the
film (adding additional IPA leads to too low a PCBM solubility), but blending
2-CP with the higher-χ non-solvent 1-BuOH yields optimal performance.

factor (horizontal diamonds). Since polymer solubility decreases (χ
increases) with increasing solvent alcohol chain length, we then tried
1-butanol (1-BuOH) as the fullerene casting co-solvent. With the
optimal 50:50 2CP:1-BuOH ratio (circles), we obtained excellent SqP
device performance with a photovoltaic power conversion efficiency
of 6.0%, exceeding the 5.9% of the blend-cast equivalent device.3

It is important to note that SqP fabrication required neither trial-
and-error adjustment of the processing conditions nor the use of any
solvent additives such as DIO (as discussed further in Sec. 1.3).

In addition to our work, van Franeker et al.144 examined the
influence of swelling interaction, fullerene solubility and evaporation
rate of the fullerene-casting solvent on BHJ device performance. They
found that nearly all the aromatic solvents they examined similarly
swelled the polymer films. However, only solvents with high fullerene
solubility (≥ 200 mg/mL) produced devices with efficiencies that
were similar to those of traditional blend-cast devices. This result
emphasizes the importance of mass action for driving in fullerene



February 12, 2018 13:44 Handbook of Organic (Vol. 4) (in 4 Volumes) - 9in x 6in b3104-v2-ch08 3rd Reading page 13

Sequential Processing 13

when selecting an SqP swelling solvent: the fullerene solubility must
be high enough that the fullerene infiltrates the polymer film once
swollen; without a high fullerene solubility the fullerene will not go
into the swollen regions.68,93,144 Furthermore, too low a fullerene
solubility in SqP causes the formation of droplet-like features and/or
dendritic fullerene crystallites on top of the polymer film, or a
quasi-bilayer structure. If there is insufficient fullerene intercalation,
this not surprisingly leads to poor electron mobility and thus lousy
photovoltaic performance.1,2,17,102

SqP not only has been demonstrated for an increasingly wide
variety of material combinations,3,25,68,93,126,152 but also provides a
route toward potential commercial scale-up. This is because blend-
casting relies on spontaneous de-mixing that occurs during film
formation, and drying kinetics change with device area. Moreover,
commercial production of polymer-based photovoltaics is highly
unlikely to be based on spin-coating, the preferred technique at
laboratory scales. This is because the kinetics of solvent evaporation
are different with industrial processes such as blade-coating or roll-to-
roll processing. Indeed, the limited studies on scalability show that
as the active area increases, the performance of blend-cast devices
suffer.65,72 Fortunately, SqP, which is based on the thermodynamics
of swelling, avoids these problems with scale-up.2,3,6,57 Figure 4
compares the performance of thickness- and composition-matched
P3HT:PCBM devices produced by BC (circles) and SqP (diamonds)
at two different size scales. In the small-area devices (∼7 mm2)
shown in Fig. 4(a), the BC and SqP devices perform similarly with
slightly better performance from the SqP devices at 3.4 ± 0.2%
compared to 2.9 ± 0.2%. For the identically-prepared larger-area
devices (∼34 mm2) in Fig. 4(b), not only do the SqP devices exhibit
superior device efficiency (2.5 ± 0.2% versus 2.0 ± 0.4%), but their
performance is more consistent, as indicated by the lower standard
deviation (error bars) for 20 devices of each type.2 Most of the
decrease in SqP device performance on increasing the device area
results from the sheet resistance of the ITO used for the cathode in
these devices, not from changes in the nm-scale architecture of the
BHJ active layer.



February 12, 2018 13:44 Handbook of Organic (Vol. 4) (in 4 Volumes) - 9in x 6in b3104-v2-ch08 3rd Reading page 14

14 World Scientific Handbook of Organic Optoelectronic Devices

Fig. 4. Comparison of BC (circles) and SqP (diamonds) P3HT:PCBM photo-
voltaic performance in (a) regular-area (∼7mm2) and (b) larger-area (∼34mm2)
devices. This data makes clear that SqP is more amenable to scale up since
large-area SqP devices are not only better performing, but also are more
reproducible.

1.2.2. Design rules: Using SqP to control polymer

crystallinity

A clear benefit of SqP is the ability to quantify, using χ, the swelling
induced by a given solvent or solvent blend and thus understand the
resulting interpenetrating BHJ network that is formed. As mentioned
above, χ is not only affected by the choice of solvent, but also by the
polymer crystallinity.14,121 Generally, higher polymer crystallinity
is better for polymer-based photovoltaics since the regular chain
packing provides for improved charge transport. Increasing polymer
crystallinity is difficult with blend-cast BHJs, because the presence of
fullerenes in the originally-cast film inhibits polymer crystallization
(and as mentioned above, most modern push-pull polymers will not
tolerate thermal annealing). Fortunately, by separating the polymer
and fullerene casting steps, SqP provides a route to independently
controlling the polymer crystallinity.

As a demonstration of this type of control, we varied the
crystallinity of P3HT films by changing the solvent from which
the polymer was cast, and also by thermally annealing the films
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Fig. 5. Porosimetry-ellipsometry measured swelling of P3HT films cast from
different solvents; the chloroform-cast films (circles) are much less crystalline than
the thermally-annealed (diamonds) or ODCB-cast (triangles) films. The more
amorphous chloroform-cast film swells more than twice as much with IPA as the
more crystalline films.

(as P3HT is one of the few polymers for which thermal annealing
is advantageous).7,80,99 When we cast P3HT from a high vapor
pressure solvent, such as chloroform, the resulting films are highly
amorphous, whereas casting from a slower-drying solvent, such
as ortho-dichlorobenzene (ODCB), creates P3HT films that are
significantly more crystalline, as could be seen by examining both
the UV-Visible absorption spectroscopy and X-ray diffraction of the
films.3,6,79,158,160 Figure 5 shows the results of swelling these P3HT
films of varying crystallinity with IPA vapor. We found that the
more amorphous films cast from chloroform (circles) exhibit larger
volume changes compared to the more crystalline films cast from
ODCB (triangles). This is consistent with the idea that crystalline
regions are effectively impenetrable to swelling solvents and thus do
not participate in the volume expansion of the film. If we thermally
anneal a chloroform-cast P3HT film (diamonds), we see that its
swellability is reduced to be similar to that of an ODCB-cast film.
As a result, the calculated χ value for chloroform-cast P3HT is lower
than the nearly-matched χ values for the ODCB-cast and chloroform-
cast-annealed P3HT films.3 Thus, SqP allows us to preserve the
crystallinity of an ODCB-cast or annealed P3HT film, as long as we
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choose a solvent with the second casting step that has an appropriate
χ to allow for fullerene intercalation.

With the control over both the polymer crystallinity and the
degree of fullerene intercalation that SqP affords, it is interesting to
compare the differences in the crystallinity of devices made via BC
and SqP. We studied the crystallinities of a series of composition-
and thickness-matched P3HT:PCBM BHJs using grazing-incidence
wide-angle X-ray scattering (GIWAXS).57 From the GIWAXS images
shown in Fig. 6, it is clear that sequentially-processed BHJs
(diamonds) have a much higher degree of P3HT crystallinity, as
evidenced by the much stronger diffraction peaks compared to
BC (circles).57 Furthermore, electron-energy-loss filtered TEM (EF-
TEM) tomography images of composition and thickness-matched
sequentially-processed and blend-cast P3HT:PCBM films also show
that the morphology obtained by the BC approach has larger
and less ordered domains compared to that obtained using SqP.57

Fig. 6. GIWAXS from a pure P3HT film (squares) cast from ODCB and from
composition-and-thickness-matched P3HT:PCBM BHJs produced by both SqP
(diamonds) and BC (circles). The SqP film retains more of the pure P3HT
crystallinty compared to the BC film in which crystallization is hindered by the
presence of fullerene.
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As mentioned above, BC nearly always leads to lower polymer
crystallinity because the presence of fullerene inhibits polymer
crystallization.118,135 SqP, on the other hand, can preserve the higher
degrees of crystallinity in pure polymer films since the crystalline
regions are not disrupted during BHJ formation, providing a route
to independently tuning and optimizing this cystallinity.57

1.3. Using SqP to Understand How Solvent Additives
Improve BHJ Formation

As mentioned in Secs. 1.1 and 1.2.2, thermal annealing improves BHJ
morphology for semi-crystalline polymers such as P3HT7,99 and other
thiophene-based polymers,66 but thermal treatment tends to degrade
high-performing push-pull conjugated polymers.9,29,87,98,113 As a par-
tial solution to this problem, a wealth of literature has demonstrated
that adding small amounts of particular co-solvents (so-called sol-
vent additives) to blend-cast donor-acceptor solutions dramatically
improves the BHJ morphology and thus device performance.73,88,98

Indeed, such additives are required for most high-performing, poly-
mer, blend-cast, photovoltaic systems.54,58,64,76,86,94,103,114,168,171

The first solvent additive shown to improve the BHJ morphology
was octanedithiol (ODT). Adding small volumes (typically only a
few %) of ODT to the polymer-fullerene blend solution led to large
improvements in the photoconductive response and carrier mobilities
in the resulting cast films.115 Perhaps more importantly, the addition
of just a few percent ODT when fabricating blend-cast films for the
active layer of BHJ solar cells led to a doubling of the power conver-
sion efficiency.114 After screening numerous liquids, 1,8-diiodooctane
(DIO) emerged as the most promising additive for achieving the best
BHJ photovoltaic efficiencies.76 Furthermore, DIO’s reputation as
the additive-of-choice was solidified after numerous reports of devices
based on new high-performing polymers that required DIO to achieve
reasonable efficiencies.54,58,86,94,168,171 Thus, DIO remains as the most
frequently-used additive, even though other additives such as ODT
and 1-chloronapthalene (CN) are also known to work with different
polymer/fullerene materials combinations.73,88
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1.3.1. Controversy surrounding the solvent additive

mechanism of BHJ improvement

Because of their reputation for significantly enhancing device efficien-
cies, solvent additives have received considerable attention, although
the mechanism by which they improve the BHJ morphology and thus
device performance is still not well understood. Moreover, although
numerous additives exist and are well-documented in the literature,
there is no clear guiding principle for either additive selection or
optimal additive concentration.59,73 What is known is that in a
few select cases, the use of solvent additives leads to morphology
improvement by increasing the degree of phase separation of overly-
mixed polymer-fullerene BHJs.22,51,52,73,76,97,114,117 But in the major-
ity of systems, additives work by improving mixing of the overly
phase-separated morphologies that are naturally formed with most
push-pull conjugated polymers.4,12,33,53,60,74,86,103,131,170,171,175 This
is because most high-performing, push-pull polymers naturally over-
phase segregate when blended with fullerenes. Overall, however,
determining whether or not adding a few percent of an additive such
as DIO, ODT or CN will increase or decrease the domain size is still
determined empirically, by trial-and-error.

One interesting observation is that DIO, the most widely used
solvent additive, demonstrates a PCBM solubility that is quite
high (> 120 mg/mL).156 Because of this, it has been postulated in
the literature that the BHJ morphology control offered by solvent
additives is connected with differential solubility:12,76,86,97,171,175 the
idea is that keeping the fullerenes better suspended in solution
during film formation somehow promotes improved phase separation.
This idea, however, is not consistent with the fact that DIO can
either improve mixing or promote phase separation depending on
the system at hand, or that ODT also favorably improves BHJ
morphology,22,91,114 but only has a PCBM solubility of 19 mg/mL.163

It is also worth noting that the use of solvent additives is neither
a scalable nor a desirable avenue towards device optimization: in
general, solvent additives are difficult to work with, with only very
small amounts required for optimal performance (and an optimal
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amount that changes upon scale-up).25,73,133 DIO is particularly
difficult to work with since it is sensitive to light and air; with its low
vapor pressure, DIO tends to remain in the polymer film, leading to
degradation of the device performance once this additive begins to
break down.138,140,164

1.3.2. Solvent additives are non-evaporating

swelling agents

Perhaps the one common feature among the various solvent additives
used to improve BHJ morphology is that nearly all of them have high
boiling points. Shin et al.128 demonstrated that adding small amounts
of ODT or CN to blend solutions of P3HT:PCBM significantly
extended the film solidification time, and that increasing the amount
of additive produced films with greater thickness.128 The increased
thickness likely arises simply from the fact that these slowly-
evaporating solvent additives remain in the film; indeed, the thickness
of films cast with solvent additives decreases over long periods
of time as the additive evaporates, approaching the additive-free
thickness.118 The fact that solvent additives remain in a polymer
BHJ film and increase its thickness has led us to suggest that solvent
additives improve device performance by acting as non-evaporating
swelling agents, effectively turning BC into SqP.3

Our conclusion that solvent additives function by swelling is
based on experiments where we spun pure P3HT from solutions
containing no solvent additive, 3% DIO, 3% ODT and 3% CN and
then measured the thickness of the resulting films using spectroscopic
ellipsometry.16,111 We found that the P3HT films cast with both DIO
and ODT additives were thicker than those cast without additives by
hundreds of nanometers (i.e., the small amounts of solvent additive
more than doubled the film thickness).42 The films cast from the
solution with the CN additive were only marginally thicker than
the additive-free films, but since CN has the lowest boiling point
out of the three solvent additives, we believe that the CN simply
evaporated between the time the films were cast and the ellipsometry
measurements.
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To understand what the presence of so much solvent additive does
in a conjugated polymer film, we fabricated sequentially-processed
BHJ solar cells by spin-coating PCBM (dissolved in DCM) onto
P3HT films cast with and without solvent additives, as described
above. As discussed in Sec. 1.1 above, DCM is a poor swelling
solvent for P3HT, so as a result, devices with no solvent additive
have poor performance because PCBM is not well-mixed throughout
the polymer film. When the P3HT film is pre-swollen by solvent
additives, as in the case of ODT and DIO, however, the device per-
formance increased significantly. This suggests that when fullerene
is deposited in the second SqP step, the fact that the polymer film
was pre-swollen by the additive facilitates more-complete mixing of
polymer and fullerene, resulting in an improved BHJ morphology.42

Thus, non-evaporating solvent additives present another avenue for
optimally swelling polymer films via SqP: if the polymer film is
pre-swollen, the fullerene-casting solvent no longer needs to have
the optimal value of χ to produce BHJs by fullerene infiltration.
Moreover, since DCM removes DIO, sequential deposition of PCBM
simultaneously removes the majority of DIO, which otherwise is a
separate step required after BC of a BHJ film that uses a solvent
additive.140

The idea that DIO acts as a non-evaporating swelling agent is also
consistent with a report by Kong et al.71 In their work, Kong et al.71

created BHJ films from several conjugated polymers and then spun a
DIO solution (a few % DIO dissolved in a marginal polymer solvent)
on top of the films. They found that the BHJ morphology was
reorganized, leading to significantly improved device performance.
Since the DIO in this case was introduced after the BHJ was formed
and the fullerene was solidified, this provides further evidence that
differential solubility of the polymer and fullerene is not the main
mechanism for BHJ improvement with solvent additives. But the
observed improvement in device performance is consistent with the
idea of solvent additives acting as a non-evaporating swelling agent:
DIO swells the BHJ and remains in the polymer film, giving plenty
of time and free volume for the fullerene to reorganize within the
BHJ and form more ideal domains.
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Overall, we believe that solvent additives work by essentially
converting BC into SqP. When there is a small amount of solvent
additive present in a blend-cast solution, the resulting BHJ film
ends up swollen by the slowly-evaporating additive that remains
in the film. This gives the fullerene time to reorganize within the
polymer film even after the main solvent has evaporated; the BHJ
morphology is improved in essentially the same manner as in the
experiments of Kong et al.71 The reason that blend-cast morphologies
are so sensitive to the amount of solvent additive is that different
polymers have different χ values with different additives, and as with
SqP, it is critical to adjust the amount of polymer swelling to allow
for the proper degree of fullerene reorganization. Finally, ODT, CN
and other liquids work as solvent additives because they are also
good swelling agents for conjugated polymers and have high boiling
points, not because they have high fullerene solubility (as ODT
does not).

1.4. Doping Conjugated Semiconducting Polymers
by the Sequential Processing Approach

The same SqP methodology and design rules described in Sec. 1.2
to create polymer-fullerene BHJs also can be applied to inserting
other small molecules into a pre-cast conjugated polymer film. If the
molecule of interest has a LUMO level comparable to the polymer
HOMO level, charge transfer occurs, resulting in p-type doping of
the polymer.165 Since semiconducting polymers have intrinsically low
carrier densities and mobilities, molecular doping can be beneficial as
it allows electrical properties such as conductivity to be tuned over
several orders of magnitude, thereby enabling these materials to be
used for a wider variety of applications.27,123,165

Similar to BC in OPVs, molecular doping has traditionally been
achieved by co-dissolving the dopant and polymer and using the solu-
tion to cast a film.38,116,165,169 At low dopant concentrations, BC is a
completely adequate preparation method for creating doped conju-
gated polymer films. As the dopant concentration increases, however,
the presence of the charges created on the polymer backbone greatly
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decreases the solubility of the polymer in organic solvents, causing
the polymer to aggregate and eventually crash out of the solution
used to co-dissolve the polymer and dopant.37,45,46,105,124 This is
why it has been exceedingly difficult to produce high-quality, scalable
highly-doped conjugated polymer films via blend-cast doping.32,37,169

Given the success we had using SqP to control BHJ morphologies
with conjugated polymer-fullerene blends, we found that we could
also use SqP to successfully dope conjugated polymer films with
a high degree of morphology control.124,125 By simply tuning the
concentration of dopant in the selected solvent that appropriately
swells the underlying polymer, we were able to achieve high doping
levels that were only limited only by the solubility of the dopant
in the chosen swelling solvent.124 Several groups have subsequently
taken advantage of this idea, using SqP doping of conjugated polymer
films for patterning or to improve conductivity.50,63,67,70 Figure 7
shows our use of SqP to dope P3HT by oxidation with 2,3,5,6-
Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), acheiving
some of the highest-reported conductivities for this particular mate-
rials combination. More importantly, since the quality of the doped

Fig. 7. Comparison of the conductivity of P3HT films doped by (a) blend casting
(data from38) and (b) sequential processing. The different units on the horizontal-
axis result from the two distinct doping methods; for BC, doping is reported as
a mole fraction of the F4TCNQ dopant in the blended solution, whereas for SqP,
doping is reported as the F4TCNQ concentration (mg/mL) in the solution from
the second casting step. The inset is an image of each doped film.
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film quality was unchanged from the originally-cast polymer film,
we were also able to quantify the carrier density and mobility via
AC-field Hall Effect measurements,124 not believed to be possible
with films fabricated by BC since early 2015.151

1.5. Conclusions and Perspective

Sequential processing makes BHJ design a tractable and more ratio-
nal process by decoupling BHJ formation into two, independently
tunable steps. With SqP, one can choose the solvent in the first
casting step to control the degree of polymer crystallinity. The
initial film could also be molecularly doped, patterned or modified
by thermal annealing if desired. Fullerene incorporation into the
tailored polymer film is then precisely tuned by the selection of
the appropriate solvent for the second casting step, along with
the fullerene concentration. By making some very simple swelling
measurements, it is straightforward to choose an optimal solvent or
solvent blend for the SqP fullerene-casting step with the proper χ

value to allow for fullerene intercalation without dissolution of the
underlying polymer. Because SqP depends on the thermodynamics
of swelling and not the kinetics of solvent evaporation, SqP is
amenable to large-scale fabrication techniques, avoiding the need
to re-optimize small-scale results to the large-scale processing. The
SqP technique works for both polymers that are highly soluble
in common solvents and those that are not, providing a rational
means to create desired BHJ morphologies without need for trial-and-
error. The general principles that govern BHJ formation via blend-
casting are poorly understood, making SqP the processing technique
of choice.

In addition, forming a BHJ in two separate steps facilitates a
greater understanding of BHJ formation. In this way, SqP enabled
us to argue that solvent additives act as non-evaporating polymer
swelling agents, improving BHJ morphology by effectively turning
BC into SqP. This also opens the possibility to use solvent additives
in the first SqP casting step, pre-swelling the polymer film and
allowing for a wider choice of solvents for the second step since it is no
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longer necessary to optimize χ. Without the ability to independently
control swelling and fullerene intercalation, solvent additives would
need to be continually re-optimized through trial-and-error.

Finally, since SqP is an efficient method for inserting small
molecules into conjugated polymer films, SqP is also a highly effective
technique for molecular doping. By swelling, molecular dopants
can be effectively inserted into conjugated polymer films, resulting
in unprecedented film quality and conductivity. With both BHJ
formation and molecular doping, SqP allows us to take advantage
of swelling to control conjugated polymers for a wide variety of
optoelectronic applications.
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A., Ade, H., Fréchet, J. M. J., Toney, M. F., Mcgehee, M. D., The
Importance of Fullerene Percolation in the Mixed Regions of Polymer-
Fullerene Bulk Heterojunction Solar Cells. Adv. Energy Mater., 3
(2013) 364–374.

10. Bartesaghi, D., Ye, G., Chiechi, R. C., Koster, L. J. A., Compatibility
of PTB7 and [70]PCBM as a Key Factor for the Stability of PTB7:[70]
PCBM Solar Cells. Adv. Energy Mater., 6 (2016) 1502338.

11. Beiley, Z. M., Hoke, E. T., Noriega, R., Dacuña, J., Burkhard, G. F.,
Bartelt, J. A., Salleo, A., Toney, M. F., McGehee, M. D., Morphology-
Dependent Trap Formation in High Performance Polymer Bulk
Heterojunction Solar Cells. Adv. Energy Mater., 1 (2011) 954–962.

12. Bijleveld, J. C., Gevaerts, V. S., Nuzzo, D. D., Turbiez, M., Mathi-
jssen, S. G. J., de Leeuw, D. M., Wienk, M. M., Janssen, R. A. J.,
Efficient Solar Cells Based on an Easily Accessible Diketopyrrolopyr-
role Polymer. Adv. Mater., 2 (2010) E242–E246.

13. Blom, P. W. M., Mihailetchi, V. D., Koster, L. J. A., Markov, D. E.,
Device Physics of Polymer: Fullerene Bulk Heterojunction Solar Cells.
Adv. Mater., 19 (2007) 1551–1566.

14. Brown, H. R., Flory-Huggins-Rehner Theory and the Swelling of
Semicrystalline Polymers by Organic Fluids. J. Polym. Sci. Polym.
Phys. Ed., 16 (1978) 1887–1889.

15. Bruggeman, V. D. A. G., Berechnung Verschiedener Physikalischer
Konstanten von Heterogenen Substanzen. I. Dielektrizitätskonstanten
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of Confined Residual Additives on the Photostability of P3HT:PCBM
Active Layers. J. Phys. Chem. C, 119 (2015) 9142–9148.

139. Treat, N. D., Brady, M. A., Smith, G., Toney, M. F., Kramer, E. J.,
Hawker, C. J., Chabinyc, M. L., Interdiffusion of PCBM and P3HT
Reveals Miscibility in a Photovoltaically Active Blend. Adv. Energy
Mater., 1 (2011) 82–89.

140. Tremolet de Villers, B. J., Hara, K. A. O., Ostrowski, D. P., Biddle,
P. H., Shaheen, S. E., Chabinyc, M. L., Olson, D. C., Kopidakis, N.,
Removal of Residual Diiodooctane Improves Photostability of High-
Performance Organic Solar Cell Polymers. Chem. Mater., 28 (2016)
876–884.

141. Vakhshouri, K., Smith, B. H., Chan, E. P., Wang, C., Salleo, A.,
Wang, C., Hexemer, A., Gomez, E. D., Signatures of Intracrystallite
and Intercrystallite Limitations of Charge Transport in Polythio-
phenes. Macromolecules, 49 (2016) 7359–7369.

142. van Bavel, S. S., Sourty, E., With, G. D., Loos, J., Three-Dimensional
Nanoscale Organization of Bulk Heterojunction Polymer Solar Cells.
Nano Lett., 9 (2009) 507–513.

143. Vandewal, K., Albrecht, S., Hoke, E. T., Graham, K. R., Widmer,
J., Douglas, J. D., Schubert, M., Mateker, W. R., Bloking, J. T.,
Burkhard, G. F., Sellinger, A., Fréchet, J. M. J., Amassian, A.,
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