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Design rules are presented for significantly expanding sequential processing
(SqP) into previously inaccessible polymer:fullerene systems by tailoring
binary solvent blends for fullerene deposition. Starting with a base solvent
that has high fullerene solubility, 2-chlorophenol (2-CP), ellipsometry-based
swelling experiments are used to investigate different co-solvents for the
fullerene-casting solution. By tuning the Flory-Huggins χ parameter of the
2-CP/co-solvent blend, it is possible to optimally swell the polymer of interest
for fullerene interdiffusion without dissolution of the polymer underlayer.
In this way solar cell power conversion efficiencies are obtained for the
PTB7 (poly[(4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)(3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl)]) and PC61BM
(phenyl-C61-butyric acid methyl ester) materials combination that match
those of blend-cast films. Both semicrystalline (e.g., P3HT (poly(3-hexylthiophene-2,5-diyl)) and entirely amorphous (e.g., PSDTTT (poly[(4,8-di(2butyloxy)benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)-alt-(2,5-bis(4,4′-bis(2-octyl)dithieno[3,2-b:2′3′-d]silole-2,6-diyl)thiazolo[5,4-d]thiazole)]) conjugated
polymers can be processed into highly efficient photovoltaic devices using the
solvent-blend SqP design rules. Grazing-incidence wide-angle x-ray diffraction
experiments confirm that proper choice of the fullerene casting co-solvent
yields well-ordered interdispersed bulk heterojunction (BHJ) morphologies
without the need for subsequent thermal annealing or the use of trace solvent
additives (e.g., diiodooctane). The results open SqP to polymer/fullerene
systems that are currently incompatible with traditional methods of device
fabrication, and make BHJ morphology control a more tractable problem.
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1. Introduction

Recent advances have pushed the
power conversion efficiencies (PCEs) of
polymer:fullerene photovoltaics to near
10%.[1,2] Despite encouraging progress in
our understanding of these devices,[3–9]
obtaining such efficiencies has proven
to be a major challenge due to the high
sensitivity of device performance on the
nm-scale morphology of the polymer and
fullerene components.[10–17] To achieve the
ideal nm-scale bulk heterojunction (BHJ)
morphology for photovoltaic applications,
two solution-based processing methods
can be used: blend casting (BC)[18,19] and
sequential processing (SqP).[20,21] With BC,
which is by far the most common way in
which organic photovoltaics are processed,
the active layer is formed by blending the
donor and acceptor materials together in
solution prior to deposition of the blended
film. In SqP, the photovoltaic active layer
is formed by depositing the donor and
acceptor materials sequentially in separate steps, where the top layer is deposited from a semi-orthogonal solvent with
respect to the bottom.[22] The SqP method
is newer and has received far less attention than the BC approach, but has shown
great promise for the production of polymer-based solar cells.[23–26] For example, it
has been demonstrated that SqP can produce films with better
macroscopic quality and scalability,[22,27] and yield devices with
near-unity internal quantum efficiencies that outperform their
blend-cast counterparts.[28–30]
Although both SqP and BC are used to fabricate functional BHJ architectures,[22] the two processing routes build
nm-scale networks in fundamentally different ways. The BC
process relies on spontaneous demixing of the donor and
acceptor materials, which occurs either during film formation or with post-deposition processing such as thermal or
solvent annealing.[19,31–34] In contrast, SqP relies on swelling
of the underlying donor layer by the solvent of the acceptor
solution to facilitate quasi-solid-state interdiffusion of the two
materials.[27,35,36] Additional fullerene also can be driven into
the underlying polymer film with post-deposition thermal
annealing or solvent treatment.[37–42]
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Both the BC and SqP methods, however, have limitations
when it comes to forming photovoltaic BHJ blends from new
materials. For example, the spontaneous phase separation processes that drive blend-cast BHJ morphologies are still poorly
understood and thus far from being rationally controlled.[43]
This means that for every new material, a large processing
parameter space (e.g., composition ratios, the use of solvent
additives,[44–47] appropriate thermal annealing conditions,[33,34,48]
etc.) must be explored via a ‘brute force’ approach in order to
achieve an optimal BHJ network.[18,33,34,47] Because there are no
guiding principles, blend-cast processing is mostly improved by
purely Edisonian trial-and-error. SqP on the other hand, for all
its promise, has only produced efficient BHJ devices for a few
systems,[20,30,42,49,50] largely because of difficulties in finding the
right semi-orthogonal solvent for casting the fullerene layer.
One reason for the relatively limited application of SqP is that
many of its paradigms have been established for the poly(3-hexylthiophene-2,5-diyl) (P3HT) and phenyl-C61-butyric acid methyl
ester (PCBM, Figure 4 a inset) materials combination, with
dichloromethane (DCM) used as the PCBM casting solvent.[17,20]
Optimal fabrication of these P3HT:PCBM SqP active layers,
however, is unique in several important ways. First, P3HT does
not significantly swell in the presence of solvents due to its unusually high crystallinity,[51,52] which significantly inhibits PCBM
interdiffusion relative to most other polymer systems. In addition, DCM's low boiling point (39.6 °C) results in the rapid deposition of large amounts of PCBM on top of P3HT films, allowing
time for only a small portion of the fullerene to intercalate into
the polymer interior.[37,53–56] This results in a P3HT/PCBM quasibilayer structure that must be thermally annealed to drive the
remaining fullerene into the amorphous regions of the polymer
film to form the requisite BHJ.[48,57] Fortunately, the hierarchical
semi-crystalline structure of P3HT can tolerate such annealing—
a property that many other photovoltaic conjugated polymers
lack.[58] Thus, to this point, SqP research has been mostly
focused on polymers that either have a low DCM solubility and
a nm-scale structure stable enough for thermal annealing (e.g.,
P3HT)[59,60] or polymers that happen to swell an ideal amount
when using DCM as the fullerene casting solvent.[28,36,42,49]
In this article, we address the problem of searching for
orthogonal solvents for polymer:fullerene SqP by using highboiling point co-solvent blends for fullerene deposition that
can be tailored to ideally swell and wet essentially any conjugated polymer of interest. The idea is to start with a low vaporpressure base solvent in which fullerenes, such as PCBM,
have an exceedingly high solubility and in which conjugated
polymers have a generally low solubility. Fortunately, there
are several solvents that meet these criteria, including alanine,
tetrabromoethane, and tetrahydronapthalene,[61,62] as well as
2-chlorophenol (2-CP).[63] In this work, we choose to focus on
2-CP as our base solvent. We then pair 2-CP with co-solvents
chosen so that the solvent blend optimally swells and wets the
polymer of interest without dissolving it. Even though most
of the co-solvents needed to swell and/or prevent the dissolution of conjugated polymers are non-solvents for fullerenes,
the high fullerene solubility of 2-CP (112 mg/ml for PCBM)[61]
allows its co-solvent blends to produce stable fullerene solutions that yield consistent spin-cast fullerene films. Moreover,
by optimally swelling the polymer with the fullerene-casting

1402020 (2 of 11)

wileyonlinelibrary.com

solvent blend, BHJ formation can occur without the need for
subsequent thermal annealing. This allows SqP to be extended
to high-efficiency polymers whose nanostructure cannot tolerate exposure to higher temperatures.[64–66]
In what follows we describe our method for designing SqP
solvent blends. First, we use ellipsometry-based swelling measurements to better understand how swelling works in these
conjugated molecular systems, since swelling is one of the key
processes in SqP BHJ formation. Next, we demonstrate how our
solvent-selection approach can be applied to two high-performance polymers that have very different degrees of crystallinity
and solubility. Namely, we investigate the entirely non-crystalline
poly[(4,8-di(2-butyloctyl)oxybenzo[1,2-b:4,5-b′]dithiophene-2,6diyl)-alt-(2,5-bis(4,4′-bis(2-octyl)dithieno[3,2-b:2′3′-d]silole-2,6diyl)thiazolo[5,4-d]thiazole)] (PSDTTT)[67] and the extremely highefficiency poly[(4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)(3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]
thiophenediyl)] (PTB7)[68] (Figure 2b). Neither of these materials
has been previously compatible with SqP, and we show that we
can fabricate sequentially-processed PTB7:PCBM devices with
efficiencies that match those of blend-cast films without the
need for solvent additives (e.g., diiodooctane (DIO)),[46] thermal
annealing, or any other type of post-deposition processing. We
also explore how our design rules apply to highly crystalline
polymers such as P3HT when the degree of film crystallinity is
controllably varied.[57] Thus, the SqP design rules we establish
here open up an entire new avenue of morphology control in
processing polymer:fullerene BHJ photovoltaics.

2. Results and Discussion
2.1. Understanding Conjugated Polymer Film Swelling for SqP
2.1.1. Using Porosimetry-Ellipsometry to Quantify Conjugated
Polymer Film Swelling
To choose appropriate co-solvents to blend with 2-CP for
fullerene deposition in SqP, we begin by examining how well
a conjugated polymer film swells with a given co-solvent using
spectroscopic ellipsometry/porosimetry.[69–74] In these measurements the changes in a conjugated polymer film's refractive
index and thickness are monitored in a non-absorbing spectral region while the sample is exposed to controlled amounts
of the co-solvent vapor (for experimental details, see the Supporting Information (SI)). Since most of the previous work on
SqP is focused on P3HT,[20,22,37,38,48,56,57] we begin by examining
the volume changes of swollen thin films of P3HT that have
varying degrees of crystallinity.
It is well known that amorphous regions of lower density
in a semi-crystalline polymer film are more susceptible to
swelling than crystalline regions.[52,75] Indeed, the crystalline
regions of a polymer film are often treated as if they are crosslinked, hindering volume expansion of the film because they
are largely impenetrable to the solvent.[75] It is further known
that P3HT crystallinity and therefore swelling can be controlled
by the choice of deposition solvent and/or the application of
post-deposition thermal annealing.[19,31] For example, casting
P3HT from chloroform—a high vapor pressure solvent—leaves
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P3HT, the swelling of a film can be tuned
by any means that changes how much solvent is incorporated into the film. The data
in Figure 1 also demonstrate that examination of polymer swelling upon exposure to a
controlled amount of solvent can be a useful
tool for comparing the relative crystallinities
of different conjugated polymer films with
the same composition. (The slight non-linearity seen in Figure 1b likely results from
the filling of void spaces in the film by the
solvent upon initial exposure to the solvent
vapor.[80])
Finally, we note that these results give
Figure 1. Porosimetry-ellipsometry measurements of (a) the percent volume change, and
(b) volume percent of solvent absorbed as a function of the fraction atmospheric isopropanol insight to our previous work using P3HT
saturation for P3HT films prepared with different degrees of crystallinity by casting from dif- for sequentially-processed BHJ solar cells,
ferent solvents and/or thermal annealing. The inset shows the chemical structure of P3HT.
where we found that when we changed the
degree of P3HT crystallinity by changing the
regioregularity of the polymer chains, we could dramatically tune
the resulting films relatively amorphous, while casting from
the amount of intercalated fullerene and thus the device perfora slower-drying solvent (e.g., orthodichlorobenzene (ODCB))
mance.[57] In particular, we found that as we decreased the P3HT
leaves P3HT films that are significantly more crystalline.[76]
Therefore we would expect more crystalline P3HT films spun
crystallinity, traditional blend-cast devices had their performance
from ODCB to swell less than more amorphous P3HT films
suffer, but the performance of sequentially-processed devices
spun from chloroform.
improved because there was more swelling of the polymer underFigure 1a shows the results of spectroscopic porosimetrylayer leading to better fullerene intercalation and photocurrent.[57]
ellipsometry measurements that compare the amount of P3HT
We therefore conclude that porosimetry-ellipsometry measureswelling (dilation) in films prepared from both slow- (ODCB)
ments can be used to understand—and thus ultimately manipuand fast- (chloroform) drying solvents; the figure shows the perlate—the extent of fullerene intercalation into polymer/fullerene
cent volume change as a function of the fraction of isopropyl
active layers produced by SqP. Hence, by controlling the degree
alcohol (IPA) vapor saturation pressure. As expected, the extent
of underlayer swelling,[57] SqP offers a more rational route to
of swelling and volume fraction of adsorbed solvent is reduced
polymer:fullerene BHJ formation.
in the more crystalline P3HT films deposited from ODCB (red
curve, squares) compared to the more amorphous P3HT films
spun from chloroform (blue curve, circles). Moreover, if we
2.1.2. Quantifying Conjugated Polymer Swelling for SqP
thermally anneal the films cast from chloroform, increasing
their crystallinity and decreasing the total amount of void
Now that we know that porosimetry-ellipsometry can be used to
space, we see that the degree of swelling and IPA adsorption
investigate the degree of polymer swelling, we can use this tool
is reduced to a level similar to that of films cast from ODCB
to quantitatively examine solvent swelling in two high-perfor(green curve, triangles).
mance photovoltaic polymers: PTB7 (see Figure 2b for chemical
We can quantitatively determine the amount of solvent
structure), a slightly crystalline polymer with extremely high peruptake within the polymer film from the data in Figure 1a
formance in blend-cast devices,[68] and PSDTTT (see Figure 2a
using the (Bruggeman) effective medium approximation
for chemical structure), an entirely amorphous polymer with
(EMA), which takes the known refractive indices of the
exceedingly low solubility in most common organic solvents.[67]
unswollen polymer film and the pure solvent, along with that
Figure 2c shows the swelling of these two conjugated polymers
measured for the solvent-swollen film, to estimate the volume
upon exposure to both toluene and IPA vapor. We chose tolfraction of adsorbed solvent within the film (for further details
uene and IPA both because of their miscibility with 2-CP and
see the SI).[74,77–79] Figure 1b shows a nearly linear relationship
because they are among a select list of solvents that are compatible with the porosimeter-ellipsometer instrument in our
between the volume fraction of solvent within the film, deterlaboratory. Since swelling is a fundamental step in polymer dismined by the EMA, and the total film dilation. This indicates
solution,[81] solvents with higher polymer solubility are better
that for P3HT, polymer crystallinity has little effect on the
extent of film dilation per unit volume of adsorbed solvent.
able to swell the polymer films due to more extensive solvent
Thus, Figure 1b demonstrates that the reason why amorphous
uptake. Thus, the swelling of both PTB7 and PSDTTT with tolP3HT films swell more than crystalline P3HT films is because
uene is greater than with IPA, which is a non-solvent for both
the more amorphous films adsorb more solvent molecules at
polymers. Furthermore, PTB7 swells around four times more
a given pressure. For example, our more amorphous P3HT
than PSDTTT with either solvent, a reflection of the latter's
polymer films can accommodate about twice as much adsorbed
generally low solubility.[67]
solvent as the more crystalline P3HT films, even though the
We can further analyze the amount of solvent adsorbed into
amount of swelling at a given amount of solvent uptake is only
both polymer films using the EMA. As with P3HT, we find
slightly different. This means that for conjugated polymers like
a nearly linear dependence of the film volume change with
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solvent-polymer film compatibility makes a
dramatic difference in how much a conjugated polymer film will swell in the presence
of solvent and therefore how extensive the
polymer and fullerene components will mix
during SqP.
As discussed above, in addition to molecular polymer-solvent interactions, the polymer-layer morphology also can significantly
influence χ. This is exemplified by Figure 3b,
which shows χ calculated from IPA-swollen
P3HT films that were processed under different conditions. Figure 3b first demonstrates that the absolute magnitude of χ is
quite large for P3HT/IPA compared to the
other polymer/IPA combinations (Figure 3a).
This fits well with the notion that P3HT's
unusually high crystallinity renders it more
impervious to solvent infiltration. Second,
Figure 3b shows that the χ value for P3HT/
Figure 2. Upper panels: Chemical structures of a) PSDTTT and b) PTB7. Lower panels: A
IPA swollen films can shifted by ∼17%
comparison of the extent of c) PSDTTT and PTB7 thin film volume change upon exposure to
simply by using a different solvent to cast the
toluene and isopropanol vapor as measured by ellipsometry; see SI for details. The saturation
P3HT film or thermally annealing it. This
pressures (psat) are 29 and 45 torr for toluene and isopropanol, respectively. d) The film volume
increase as a function of intercalated solvent measured within the film. As expected, the better is fully consistent with our expectations as
to how the different thin-film morphologies
solvent (toluene) provides greater swelling for both conjugated polymer films, and the more
that result from different processing condisoluble polymer PTB7 swells significantly better than the poorly soluble PSDTTT.
tions influence solvent swelling. Thus, we
conclude that the Flory-Huggins χ parameter is an excellent
adsorbed solvent volume, independent of the choice of swelling
solvent, as seen in Figure 2d. Thus, for these solvent/polymer
way to quantify conjugated polymer swelling and therefore
combinations, the extent of polymer swelling depends only on
polymer:fullerene BHJ formation by SqP. Notably, we are aware
how much solvent is adsorbed into the film and not on the type
of no such means of simply quantifying the nanoscale phase
of solvent molecule used. The amount of adsorbed solvent,
separation processes that govern traditional blend-cast BHJ
however, is of course highly dependent on: the choice of solmorphologies.
vent, the molecular specifics of the solvent-polymer interaction,
and the particular way in which the polymer underlayer was
processed.
2.1.3. Solvent Design Rules for SqP Based on Polymer Swelling
The question now becomes: how can we quantifiably capture these interactions? One approach would be to use a solNow that we quantitatively understand how conjugated
vation index, such as the Hansen solubility parameters,[62,82] to
polymer films swell when exposed to different solvents, we
want to use this knowledge to design solvent blends to use as
help select solvents with an ideal polymer-solvent interaction.
the fullerene-casting solvent in SqP in order to optimize BHJ
As described in more detail in the SI, however, we found difformation and thus photovoltaic efficiency. For our SqP solventficulty in correctly predicting known polymer solubilities even
blend design rules, we do not want the fullerene casting solin pure solvents using this method. Moreover, a solvation index
vent to dissolve the underlying conjugated polymer film, but
like the Hansen solubility parameters cannot account for solidwe do want to strongly swell the film without destroying the
state effects, such as how polymer-film crystallinity influences
more dense/ordered polymer regions. Thus, we should choose
swelling.[83] Instead, we can quantify the solvent-polymer film
a χ that is as low as possible within these constraints for a
interaction by calculating Flory-Huggins interaction parameters
(χ) from the results of our swelling experiments (see SI for
given polymer-(co-)solvent combination. Based on our experience, pure toluene dissolves PTB7 too well to be used as a
Flory-Huggins calculation details).[51,70,71,74,84]
fullerene deposition solvent for SqP (χ ≈ 0.4), but as we show
Figure 3a shows the calculated values of χ for the solventpolymer film pairs explored in Figure 2; stronger solvent-polbelow it makes an excellent swelling co-solvent for PSDTTT
ymer film interactions give lower values for χ. As expected,
(χ ≈ 1.4) when paired with a non-solvent (χ ⲏ 3). Thus we
toluene—the better solvent for both PTB7 and PSDTTT—gives
can estimate that a ‘good’ SqP swelling (co)solvent will have
uniformly lower χ values than IPA. Furthermore, PSDTTT
an effective χ that is roughly in the range 1.4 ⱳ χ ⱳ 2. More
has higher χ values than PTB7 for a given solvent, as expected
work is needed to determine a more precise χ value for creating
given PSDTTT's generally poor solubility. Comparing Figure 2d
ideal sequentially-processed BHJs, but the main point is that
to Figure 3a for PTB7 and PSDTTT, we find that increasing
the essential aspects of polymer film swelling—the basis of
the χ value by a factor of ∼2.4 gives an approximately three-fold
polymer:fullerene BHJ creation by SqP—can be readily quantified and understood. This is in stark contrast to traditional
increase is solvent uptake and therefore film swelling. Thus,
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Figure 3. Flory-Huggins interaction parameters (χ) for a) PTB7 and
PSDTTT films swelled with IPA and toluene and b) P3HT films cast from
different solvents swelled with IPA. A lower value of χ implies a more
favorable solvent-polymer film interaction. We find that a value of χ ≈ 0.4
is too low for SqP because it results in partial dissolution of the underlying
polymer film and that a value of χ ≈ 3 is too high for SqP because it does
not result in significant swelling and therefore fullerene interpenetration.

blend-cast processing, which relies on poorly understood spontaneous nanoscale phase separation in the presence of solvent
evaporation to create a BHJ morphology. In what follows, we
use this knowledge of conjugated polymer swelling and the χ
parameter with different solvents to create high-performance
sequentially-processed polymer/fullerene photovoltaic devices
in materials systems that were previously inaccessible to SqP.

2.2. Creating High Performance BHJ OPVs with
the SqP Co-Solvent Approach
Now that we have a sense of how two potential co-solvents—
toluene and IPA—can swell the amorphous regions of different
conjugated polymer films, we turn toward using blends of
these co-solvents with 2-CP to directly form high-performance
BHJ photovoltaic devices via SqP. Previous work has shown
that blends of good solvents and non-solvents can readily swell
polymer films,[85,86] so the information in Figures 2c and 2d
are directly relevant to mixtures with the 2-CP base solvent.

Adv. Energy Mater. 2015, 1402020

2.2.1. Selecting Co-Solvents for Polymers not Soluble
in the Fullerene Base Solvent
We begin a more detailed application of the above SqP solvent blend design rules with the conjugated polymer PSDTTT.
PSDTTT has poor solubility in most organic solvents (blend-cast
solutions of this polymer must be heated to 120 °C prior to deposition). When blend-cast devices are fabricated from heated solutions of this material and PC71BM, they have PCEs of 5.3%.[67]
For SqP, we found that at room temperature, PSDTTT is completely insoluble in 2-CP (χ ⲏ 2.5). Thus, following the design
rules outlined above for creating a fullerene-overlayer-casting
solvent for SqP, we chose to fabricate SqP devices by depositing
PCBM from a blend of 2-CP with toluene as the co-solvent.
This is because toluene increases PSDTTT solubility, lowering
χ and thus facilitating swelling. As a control experiment, we also
prepared SqP devices with the fullerene layer cast from 2-CP
blended with IPA, a non-solvent for PSDTTT that poorly swells
the polymer (cf. Figure 2c), leaving χ relatively unchanged or
raising it to an even more unfavorable value. Both IPA and toluene sufficiently wet PSDTTT films (as shown in Figure S6 of
the SI), so the use of either co-solvent should ensure that spincoating produces an even distribution of PCBM.
Figure 4a shows the current-voltage characteristics of sequentially-processed devices fabricated with the PSDTTT layer cast
from chlorobenzene and the PCBM overlayer cast from blends
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We consider two cases when designing a blended fullerene
deposition solvent: polymers that are insoluble in 2-CP (e.g.,
PSDTTT), and polymers that are soluble in 2-CP (e.g., PTB7).
When 2-CP does not dissolve the polymer underlayer, swelling
must be increased (i.e., χ must be decreased) by blending 2-CP
with a good solvent for the polymer. The fraction of good solvent
can be increased until χ is in the range of optimal swelling, just
before dissolution of the polymer film. When 2-CP dissolves a
conjugated polymer film, on the other hand, the polymer solubility must be reduced (i.e., χ must be increased) by blending
2-CP with a polymer non-solvent. The ratio of the non-solvent
to 2-CP is increased until the film no longer dissolves but still
optimally swells the polymer, allowing for interdiffusion and
BHJ creation. These ideas thus serve as design rules for the SqP
of any polymer/fullerene photovoltaic active layer. We tested a
number of 2-CP:co-solvent blends to find the point of viable film
dissolution for the polymers chosen for this study, and some of
the results are summarized in Table 1. We note that the solar
cell performance data in Table 1 do not represent exhaustively
optimized devices, which bodes well for our approach since the
performance is already respectably good.
It is also important to note that care must be taken when
selecting polymer non-solvents to blend with 2-CP because
reducing the solvent-polymer interaction (increasing χ) to
hinder dissolution also can reduce polymer wetting, which can
prevent the deposition of a smooth fullerene overlayer. Thus,
any non-solvents combined with 2-CP must be chosen to produce a solvent blend that still wets the polymer film. This is
why we chose IPA as our typical non-solvent, since alcohols
readily wet most conjugated polymers as well as maintain or
even enhance their swelling.[85–89]
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Table 1. Photovoltaic Device Performance.
Polymera)

Co-Solvent with
2-CP

2-CP/Co-solvent Ratio
[v/v]

Film Dissolved

Annealedb)

VOC
[V]c)

PSDTTT

Isopropyl alcohol

70/30

No

No

0.63 ± 0.05

PSDTTT

Toluene

65/35

No

No

0.3 ± 0.1

PSDTTT

Toluene

35/65

No

No

0.73 ± 0.01

PSDTTT

Toluene

25/75

Yese)

No

–

PSDTTT

Blendcastf)

–

–

No

0.78 ± 0.01

Fill Factor
[%]c)

Efficiencyc,d)
[%]

0.1 ± 0.1

31 ± 2

0.03 ± 0.01

5.0 ± 0.3

34 ± 6

0.6 ± 0.3

9.5 ± 0.8

54 ± 2

3.8 ± 0.04

–

–

–

6.8 ± 0.4

66 ± 1

3.6 ± 0.2

JSC
[mA/cm2]c)

PTB7

Isopropyl alcohol

60/40

No

No

0.65 ± 0.02

3.0 ± 0.4

52 ± 3

1.0 ± 0.2

PTB7

Isopropyl alcohol

70/30

No

No

0.75 ± 0.01

12.7 ± 0.7

43 ± 1

4.3 ± 0.3

PTB7

Isopropyl alcohol

80/20

Yese)

No

–

–

–

–

PTB7

Dimethylformamide

75/25

No

No

0.68 ± 0.2

0.9 ± 0.2

25 ± 1

0.1 ± 0.1

PTB7

1-Butanol

50/50

No

No

0.76 ± .01

13.7 ± 0.8

57 ± 1

6.0 ± 0.4

PTB7

Blendcastg)

–

–

No

0.74 ± .01

13.3 ± 0.3

57 ± 1

5.9 ± 0.3

P3HT

Toluene

60/40

No

No

0.52 ± .01

3.8 ± 0.1

42 ± 2

0.8 ± 0.2

P3HT

Toluene

65/35

No

No

0.50 ± .02

6.4 ± 0.6

45 ± 3

1.4 ± 0.2

P3HT

Toluene

70/30

Yes

No

0.5 ± .01

5.6 ± 0.9

43 ± 2

1.2 ± 0.2

P3HT

Toluene

65/35

No

Yes

0.63 ± .01

8.0 ± 0.5

62 ± 1

3.1 ± 0.3

P3HT

DCM

0/100

No

No

0.47 ±.01

3.7 ± 0.9

56 ± 3

1.0 ± 0.2

P3HT

DCM

0/100

No

Yes

0.63 ± .01

7.7 ± 0.5

64 ± 3

3.1 ± 0.2

e)

All polymer layers deposited from a 10mg/mL polymer/chlorobenzene solution at 1000 rpm; b)Films thermally annealed at 150 °C for 10 minutes; c)Standard deviation
given; d)All devices use PC61BM as the electron acceptor. The device architecture is ITO/PEDOT:PSS (35 nm)/Active Layer ( 90 nm)/Ca (5 nm)/Al(70 nm); e)Polymer film
was partially removed from the substrate; f)Blend-cast film is 1:1.5 PSDTTT:PC61BM spin-cast from a 10 mg/mL PSDTTT/chlorobenzene solution deposited at 1000 rpm
at 120 °C; g)Blend-cast film is 1:1.5 PTB7:PC61BM spin-cast from a 10 mg/mL PTB7/chlorobenzene solution with 3% v/v diiodooctane as a solvent additive, deposited at
1000 rpm.
a)

of 2-CP with both toluene (blue curve, pentagon symbols) and
IPA (green curve, hourglass symbols) under simulated AM1.5G
illumination; the details of the device fabrication and the full

device J–V characteristics are summarized in Table 1. We note
that these devices were prepared without thermal annealing
or any other post-deposition processing, so that mixing of the
fullerene into the polymer layer occurred
only during the sequential deposition of the
fullerene layer from the blended solvent.
Clearly, Figure 4a shows that choosing the
appropriate solvent blend (in this case 65:35
v/v 2-CP:Toluene, χ ≈1.5, see Table 1) to swell
the PSDTTT underlayer allows PCBM to
intercalate into the underlying polymer film,
leading to a desirable BHJ morphology that
produces reasonably efficient photovoltaic
devices with PC61BM (PCE = 3.8%). This
device efficiency is comparable to blendcast PSDTTT:PC61BM fabricated following
the methods detailed in the literature (see
SI Figure S8),[67] although we note that the
blend-cast and sequentially-processed devices
were not rigorously thickness- or composition-matched.[22] In contrast, if we choose
Figure 4. Photovoltaic device performance of SqP active layers containing: a) PSDTTT and
b) PTB7 and PCBM under standard AM1.5G illumination. For these devices, the polymer under- an inappropriate, non-swelling solvent blend
layer was spun from chlorobenzene solvent, and the PCBM overlayer deposited from different
(such as 70:30 v/v 2-CP:IPA, χ ⱜ2.5), PCBM
2-CP co-solvent blends. For devices containing PSDTTT the fullerene was dissolved in 70:30
does not mix into the PSDTTT underlayer,
2-CP:IPA and 35:65 2-CP:Toluene. For devices containing PTB7 the fullerene solutions used
but instead deposits on top. This is conwere 75:25 2-CP:DMF and 70:30 2-CP:IPA. Average device efficiencies for the PSDTTT samples
are 0.005% and 3.5% when IPA and toluene are used as co-solvents, respectively. For PTB7 firmed by optical microscopy (see the images
displayed in Figure S7 of the SI), where no
devices, the average efficiencies are 4.3% and 0.1% when IPA and DMF are used as co-solvents,
change is observed for PSDTTT films after
respectively. See the SI and Table 1 for details of the device fabrication.
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PCBM is deposited from the swelling solvent blend, other than
a uniform darkening of the film due to PCBM incorporation,
but large isolated spots of PCBM are observed when the nonswelling solvent blend is used. This is because the 2-CP:IPA
blend does not swell the PSDTTT underlayer, so drops of the
PCBM solution remain after spin coating, and these droplets
eventually evaporate to leave small deposits of fullerene on
top of the polymer film.[49] Not surprisingly, the devices produced from these unmixed SqP films have almost no interior
donor/acceptor interface and thus have an extremely poor
photocurrent.
To understand the structural aspects of fullerene intercalation caused by the swelling of PSDTTT with different solvent
blends during SqP, we turn to grazing-incidence wide-angle
X-ray scattering (GIWAXS). Figure 5a shows radially-integrated
diffractograms of the pure polymer films and the sequentiallyprocessed films made with the fullerene overlayer cast from
the 35:65 2-CP:toluene solution. When PCBM is sequentially deposited on top of the PSDTTT film, a loss of polymer
ordering is observed as evidenced by the decreased magnitude
of the (100) diffraction peak centered at 0.3 Å−1, which corresponds to the lamellar stacking of the PSDTTT polymer chains.
The sequentially-processed film also shows an increase in the
full width at half maximum (FWHM) of this peak compared
to the pure polymer film, indicating a decrease in the average
crystallite domain size. Values for the measured FWHM and
peak areas are given in Table S2 of the SI. Both of these observations are consistent with the fact that fullerene has intercalated into the sequentially-processed PSDTTT film, disrupting
what little ordering the film possessed and shrinking the size
of the pre-existing polymer crystallites. We confirmed that
these structural changes are not caused by the swelling solvent

Adv. Energy Mater. 2015, 1402020

2.2.2. Selecting Co-Solvents for Polymers Soluble in the Fullerene
Base Solvent
We now switch our focus to PTB7, another polymer that thus far
has been incompatible with SqP because it is too soluble in DCM.
PTB7 films also are slightly soluble in 2-CP (χ ⱳ 1) and quite
soluble in toluene (χ ≈ 0.4). This means that the 2-CP:toluene
blends we used for SqP of PSDTTT active layers cannot be used
for PTB7 since the films would be soluble in both solvent components. Thus, following our design rules, SqP of PTB7 requires
a blend of 2-CP with a non-solvent that will decrease the polymer
solubility but enhance (or at least maintain) the natural swelling
of PTB7 that takes place with 2-CP,[85,86,88] bringing χ into the
optimal range. As mentioned above, we also need to choose
non-solvents that still allow the fullerene casting solution to adequately wet the polymer underlayer.
To find an appropriate non-solvent, we fabricated
PTB7:PCBM SqP devices with blends of 2-CP with different
co-solvents that possess varying propensities to wet the
polymer film. We found that IPA and dimethylformamide
(DMF) act as representative wetting and non-wetting solvents, respectively. Figure S6 in the SI shows the results of
contact angle measurements for both of these co-solvents on
PTB7; the results give a 3° contact angle for IPA and 38° contact angle for DMF. This indicates small amounts of IPA can
easily cover the entire PTB7 film surface, while DMF poorly
wets the PTB7 surface. Though enough DMF can be used to
eventually cover the PTB7 film, this solvent is easily removed
during deposition, leaving behind drops of fullerene that
deposit onto the film's surface. The resulting performance of
SqP devices with the fullerene deposited from blends of these
representative co-solvents with 2-CP is shown in Figure 4b
and summarized in Table 1. As expected, the fullerene solution that both wets and swells the PTB7 polymer film (70:30
2-CP:IPA, χ ≈ 1.4) is able to form a BHJ network and give
good device efficiency, whereas the fullerene solution that
swells but does not wet (75:25 2-CP:DMF χ ⱜ 2.5) produces
sequentially-processed films that exhibit poor device performance (Figure 4 and Table 1).
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Figure 5. a) GIWAXS diffractorgram of pure (solid red curve) and
sequentially-processed (dashed blue curve) as-cast PSDTTT:PCBM films.
The FWHM values of the polymer (100) peak at 0.3 Å−1 are 0.08 and
0.11, respectively. b) GIWAXS diffractogram comparing thin films of
pure PTB7 (black dashed curve) with sequentially-processed PTB7:PCBM
films with the PCBM overlayer spun from a 70:30 2-CP:IPA solution (blue
solid curve) and a 50:50 2-CP:1-BuOH solution (red dotted curve). The
apparent shift of the (100) peak in both SqP devices is due to the presence of an underlying PCBM peak at ∼0.7 Å−1; this apparent shift is also
observed in PTB7 blend-cast devices.

by performing control experiments on films treated with the
solvent blend without any fullerene, which show no change
in their (010) diffraction peak, as demonstrated in Figure S4a
of the SI. This supports the claim that the solvent swells the
amorphous regions of the polymer film, leaving the crystalline
regions unchanged.[52,75]
The presence of the broad X-ray diffraction feature centered at 1.4 Å−1 in Figure 5a also supports the idea of fullerene
intercalation, since this peak is a signature of PCBM in the
interior of the film. If there were a significant amount of bulklike PCBM in small crystallites deposited on top of the film,
this would lead to narrow diffraction peaks superimposed on
the broader background.[34] It is worth noting that the broad
fullerene feature centered at 1.4 Å−1 lies on top of the polymer's (010) scattering peak. We can confirm that the (010)
polymer peak remains unchanged in SqP films, however, by
subtracting out the fullerene signal as shown in Figure S5 of
the SI.
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It is worth noting that our initial choice of IPA as a representative non-solvent was due to its compatibility with the
porosimeter-ellipsometer used for our swelling measurements.
The 2-CP:IPA blend used to produce the SqP devices in Figure 4b
still has a slightly too high solubility for PTB7. This can be seen
in the GIWAXS data shown in Figure 5b, which shows that
the magnitude of the PTB7 (100) lamellar stacking peak (black
dashed curve) undergoes a sizable increase after SqP with the
2-CP:IPA blend (blue solid curve). This indicates that this particular SqP solvent blend has a χ low enough to alter the structure of the underlying polymer film rather than simply swelling
it to enable fullerene intercalation. We believe that use of this
co-solvent blend increases PTB7 diffraction because the solvent
re-dissolves part of the polymer and then recrystallizes it upon
drying, similar to solvent annealing.[90,91] Regardless, such
dramatic changes in film structure run counter to the ideas
of SqP, where device reproducibility is guaranteed by the fact
that polymer films swell without dramatic restructuring of their
morphology. As a result, for SqP we would like to avoid significant changes in polymer morphology upon fullerene intercalation like those shown in Figure 5b.
Since conjugated polymer dissolution decreases (χ increases)
with increasing alcohol chain length in solvent blends,[85,88,89,92]
we decided to use 1-butanol (1-BuOH), a linear and longerchain alcohol, as the fullerene casting co-solvent to hinder
the dissolution of PTB7 during fullerene deposition. This
choice of co-solvent indeed prevents structural changes in the
PTB7 films, as seen by comparing the X-ray diffraction (100)
peak area of a pristine PTB7 film (black dashed curve) to SqP
films fabricated using a 2-CP:1-BuOH mixture as the swelling
solvent (red-dotted curve) in Figure 5b. We also confirm that
the 2-CP:BuOH blends do not restructure the film by demonstrating that there is no change in (010) peak when the
co-solvent blend is spun onto PTB7 without any fullerene, as
shown in Figure S4 of the SI. This means that unlike with IPA,
the use of 1-BuOH leaves the polymer crystallinity relatively
unchanged, so that this co-solvent causes enough swelling to
enable fullerene intercalation without significant reorganization
of the polymer chains. Overall, the simple and rational switch
from IPA to 1-BuOH shows that with the proper solvent combination, fullerene incorporation into easily-dissolving polymer
films can be achieved without causing a significant change in
structure from the pure polymer film.
Given that the 2-CP:1-BuOH blend has the swelling properties that we desire, we can now use it to fabricate sequentiallyprocessed solar cells from high-efficiency PTB7. Figure 6 compares the performance of ‘normal’ geometry devices based on
PTB7:PC61BM blend-cast films (using the standard 3% DIO
additive)[46] with that of sequentially-processed films fabricated
with PC61BM deposited from a 50:50 2-CP:1-BuOH co-solvent
blend. The two films yield essentially identical device performance, as verified by external quantum efficiency (EQE) measurements (see Figure S1 of the SI) and Table 1, with PCEs of
6.0% and 5.9% for the sequentially-processed and blend-cast
films, respectively. We note that when using PTB7, higher
devices efficiencies can be achieved by utilizing different contact interlayers and the electron acceptor PC71BM;[2,68] however,
these well-known optimization approaches could be applied
equally well to blend-cast and sequentially-processed devices.
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Figure 6. A comparison of the photovoltaic performance of devices based
on blend-cast PTB7:PCBM films (using the standard 3% DIO solvent
additive during processing) and those based on sequentially-processed
films with the fullerene overlayer cast from a 50:50 2-CP:1-butanol cosolvent blend. Details of the device fabrication and performance can be
found in the SI and in Table 1. The PCEs achieved here are 5.9% and
6.0% for the BC and SqP films, respectively. Clearly, with the right solvent
combination, SqP can produce devices with equivalent BHJ morphologies
and thus efficiencies to those created by BC, even though these particular
materials were designed specifically for BC and not for SqP.

Thus, it is clear that for this system, the optimal BHJ morphology can be achieved equally well by both BC and SqP,
which is highly encouraging for SqP since PTB7 is a champion
polymer for blend-cast processing.
To put these SqP efficiency results into perspective, we point
out that when blend-cast PTB7:PCBM active layers are prepared
for photovoltaic applications, a small amount of a solvent additive such as DIO is required (for poorly understood reasons) to
optimize the film morphology.[46,64] Thermal annealing cannot
be applied to PTB7:PCBM blend films because PTB7 possesses small, weakly-formed crystallites that readily dissolve
upon heating.[58] Since PCBM is highly miscible in PTB7, the
fullerene diffuses uniformly throughout the polymer at elevated
temperatures, destroying the desired hierarchical BHJ nanomorpology.[58,93] Further proof of this comes from annealing
laminated PTB7/PCBM bilayers, which give poor device performance despite excellent interdiffusion/mixing.[58] Thus, the
data in Figure 4b suggest that SqP circumvents this improper
mixing issue by relying on swelling-activated interdiffusion,
which is highly selective to regions of lower density (typically
regions that are more amorphous/disordered).[52,75] Thus,
SqP must leave the more dense polymer regions untouched
while inserting the fullerene into the surrounding amorphous
polymer network, yielding a desirable polymer:fullerene photoactive network.[20,52] Clearly, for many polymers, SqP offers
selective blending of the polymer and fullerene components
that is not available through thermal annealing or other processing routes.
In addition, the fact that we can match the performance of
blend-cast PTB7:PC61BM devices with the SqP approach by following simple design rules for choosing a fullerene overlayer
co-solvent blend has important implications for the production
of polymer:fullerene photovoltaics. First, we are able to rationally produce the desired BHJ architecture without the use of
solvent additives such as DIO. DIO is unstable in air and its
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2.2.3. Limitations to the Co-Solvent Approach: Semi-Crystalline
Polymers
PTB7 and PSDTTT are examples of high-efficiency donor
polymers that differ greatly in their solubility in 2-CP. Both of
these polymers, however, are fairly amorphous, which facilitates the use of co-solvent blends for polymer swelling and
fullerene intercalation. We opened this paper, however, with
a discussion of the fact that SqP was first applied to P3HT,
which possesses significantly more crystalline domains than
modern lower bandgap push-pull polymers like PSDTTT and
PTB7. Previous work has shown that sequentially-processed
P3HT devices require thermal annealing to drive fullerene
into the polymer film,[48] and that a high degree of polymer
crystallinity inhibits fullerene intercalation even with thermal
annealing.[57]
To see if the use of co-solvent blends can overcome the
need for thermal annealing with sequentially-processed P3HT/
PCBM devices, we used our design rules to attempt to select
a co-solvent mixture tailored to P3HT. Like PSDTTT, P3HT
is insoluble in 2-CP, so we selected toluene as a co-solvent
with a blend ratio of 35:65, just shy of P3HT dissolution.
Figure 7 compares the performance of as-cast and thermally
annealed sequentially-processed devices fabricated using both
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concentration in BC solutions must be finely controlled, which
makes the use of this additive unamenable to industrial-scale
processing. Moreover, the role of DIO in BC morphology optimization is still not well understood, making it unclear as to
how to further improve upon blend-cast BHJ devices without
additional Edisonian trial-and-error to optimize the processing
conditions. Finally, it is essential to note again that all of the
polymer systems studied herein were specifically designed
and optimized for BC. Thus, the fact that we can use SqP to
match the device performance of materials optimized for a different processing route shows the power of SqP. Clearly, SqP
has the potential to open the field of organic photovoltaics to
polymer:fullerene systems that do not work with BC and might
be specifically designed to take advantage of SqP's unique
method of BHJ formation.
We also note that the SqP optimization process outlined
above is empirically quite different than the traditional BC optimization process. The key difference is that SqP optimization
is guided by well-known elements of polymer physics—wetting and swelling—whereas BC is based on poorly understood
spontaneous nanoscale phase separation.[43] Thus, with BC, it
is difficult to determine why (or why not) a particular materials
combination or processing step results in a more/less favorable
morphology. With SqP, on the other hand, simple screening
experiments that examine swelling, wetting, contact angle, spectroscopic properties, χ, etc., can be conducted to understand the
essential morphological issues at play. Moreover, with SqP, the
fullerene network is likely to be better connected throughout the
active layer, improving the global electron mobility.[17] In short,
morphology control—the bane of blend-cast processing—is a
more tractable problem with SqP, and the design rules we have
outlined here detail how high-performance polymer:fullerene
networks can be created with the SqP approach.

Figure 7. A comparison of the photovoltaic device performance for
sequentially-processed P3HT:PCBM active layers with the fullerene
overlayer cast from traditional DCM (red curves/triangles) and a 35:65
2-CP:toluene solvent blend (back curves, pentagons). The open symbols
show the performance of as-cast devices and the filled symbols are for
devices thermally annealed at 150 °C for 10 minutes.

the standard fullerene casting solvent DCM and our 35:65
2-CP:toluene solvent blend. As expected, the device performance of the sequentially-processed as-cast active layers
made using the solvent blend significantly outperforms the
device fabricated with DCM, with device efficiencies of 1.4%
and 1.0%, respectively. This is clearly the result of enhanced
PCBM intercalation due to improved swelling by the toluene
co-solvent blend. Unfortunately, the device efficiencies remain
substantially lower than those of annealed P3HT/PCBM films.
Whether they are formed by BC or SqP, we previously found
that thermal annealing gives device efficiencies of ∼3.1%, independent of how the active layer was formed.[22] This suggests
that fullerene intercalation by swelling via the appropriate
choice of co-solvents is most effective for SqP of polymers with
relatively low crystallinity. Indeed, as noted above, we find that
a polymer's film history can affect the solvent-polymer film χ
parameter (Figure 3b), where a more crystalline P3HT film
has a higher effective χ than an amorphous film with the same
swelling solvent.
All of this illustrates that there are limits of the SqP approach,
and suggests that additional measures like thermal annealing
must be taken when highly crystalline underlayers are used.
We note, however, that this is a rather extreme example because
P3HT has proven to be extremely atypical with its high fraction of crystalline domains. Thus, our approach should remain
most effective on its own when employed with polymers that
are more amorphous than P3HT; fortunately, this includes
most low bandgap push-pull polymers that are better suited for
use in solar cells due to their broader absorption of the solar
spectrum.[94]

3. Conclusions
In summary, we have shown that the use of co-solvent blends
for fullerene deposition can significantly expand the applicability of SqP to include a large variety of high-performance
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conjugated polymer underlayers. As a demonstration of the
efficacy of our approach, we fabricated high-performance solar
cells using polymers (PSDTTT and PTB7) that were previously inaccessible to the SqP method. To appropriately tune the
fullerene solution to the conjugated polymers of interest, we
rationally mixed various co-solvents with 2-chlorophenol (2-CP),
a novel SqP solvent with intrinsically high fullerene solubility
and generally low polymer solubility. We then chose co-solvents
for SqP fullerene deposition that effectively swelled (measured
via spectroscopic ellipsometry) and wet (measured via contact
angle) the conjugated polymer layer without dissolving or disrupting the polymer crystallinity (measured via GIWAXS), thus
tailoring the χ value of the fullerene solution to produce efficient BHJ photovoltaic devices. For polymers that are insoluble
in 2-CP, such as PSDTTT, a ‘good’ solvent for the polymer, such
as toluene, must be chosen as the co-solvent to bring χ into
the desired range of ∼ 1.5. If 2-CP dissolves the polymer film
of interest, as with PTB7, an appropriate non-solvent must be
chosen to disrupt dissolution (increasing χ) while maintaining
swelling and wetting of the polymer underlayer; we found that
simple alcohols worked well in this regard.
In all of the work described above, we used 2-CP as the
base solvent, chosen because it possesses a high fullerene
solubility and relativity low solubility for most conjugated polymers. However, there are other choices that could be made for
the base fullerene casting solvent, as long as they have high
fullerene solubility and swell but do not dissolve the conjugated
polymer film of interest. As mentioned in the introduction,
other suitable solvent choices might be solvents such as aniline, tetrahydronapthalene, and tetrabromoethane, all of which
have exceeding high fullerene solubility.[61,62] It is also possible
in certain situations to use traditional OPV processing solvents,
such as ODCB or chlorobenzene as the fullerene base solvent
if the polymer of interest is relatively insoluble.[30,42,49] For the
polymers that we considered here, 2-CP provided a great initial testing ground as it provides different χ interactions for our
polymers of interest: low for PTB7 and high for PSDTTT. We
fully expect that other base solvent choices may provide advantages for use with different conjugated polymers and we will
explore this in future work. Overall, by expanding sequential
processing through the rational choice of fullerene co-solvent
blends, polymer:fullerene pairs that are incompatible with
blend casting now can be explored as candidates for the production of efficient photovoltaic devices.
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