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Improving the long-term stability of PBDTTPD polymer
solar cells through material purification aimed at
removing organic impurities†
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Jonathan A. Bartelt,a Eric T. Hoke,d Abdulrahman El Labban,c Pierre M. Beaujuge,c
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While bulk heterojunction (BHJ) solar cells fabricated from high Mn PBDTTPD achieve power conversion

efficiencies (PCE) as high as 7.3%, the short-circuit current density (JSC) of these devices can drop by 20%

after seven days of storage in the dark and under inert conditions. This degradation is characterized by

the appearance of S-shape features in the reverse bias region of current–voltage (J–V) curves that

increase in amplitude over time. Conversely, BHJ solar cells fabricated from low Mn PBDTTPD do not

develop S-shaped J–V curves. However, S-shapes identical to those observed in high Mn PBDTTPD solar

cells can be induced in low Mn devices through intentional contamination with the TPD monomer.

Furthermore, when high Mn PBDTTPD is purified via size exclusion chromatography (SEC) to reduce the

content of low molecular weight species, the JSC of polymer devices is significantly more stable over

time. After 111 days of storage in the dark under inert conditions, the J–V curves do not develop

S-shapes and the JSC degrades by only 6%. The S-shape degradation feature, symptomatic of low device

lifetimes, appears to be linked to the presence of low molecular weight contaminants, which may be

trapped within samples of high Mn polymer that have not been purified by SEC. Although these

impurities do not affect initial device PCE, they significantly reduce device lifetime, and solar cell stability

is improved by increasing the purity of the polymer materials.
Broader context

Organic photovoltaics (OPV) has emerged as a promising technology for energy production, with distinct advantages in processing and manufacturing over
inorganic technologies. Single junction efficiencies have improved rapidly and tandem solar cells have demonstrated efficiencies exceeding 10%. In addition to
a high efficiency, OPV devices must demonstrate lifetimes approaching those of inorganic materials. Long-term OPV stability can vary between different
materials. Additionally, device stability oen varies across different batches of one single material. Such batch-to-batch variance implicates impurities, though
the exact role impurities play in OPV lifetime is unknown. In solar cells made from a high efficiency polymer, we observe that batches with highmolecular weight
(Mw) show rapid device degradation while batches with low Mw show longer device lifetimes. We link the degradation behavior of high Mw batches to organic
impurities structurally similar to the polymer. Finally, we show that increased purication of high molecular weight batches can dramatically improve device
lifetime. We suspect that batch-to-batch variance can be decreased in polymer OPV through stricter purication protocol.
Introduction

Solution-processed organic photovoltaics (OPVs), based on bulk
heterojunction (BHJ) blends of semiconducting polymers and
fullerene derivatives,1 offer a pathway to low-cost, lightweight,
eering, Stanford University, Stanford, CA
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and exible solar cells.2 The development of donor–acceptor
(D–A) copolymers has allowed for synthetic manipulation of
polymer energy levels, enhancing both light absorption and
voltage generation in BHJ devices.3–5 These improvements have
enabled single junction polymer–fullerene devices to obtain
power conversion efficiencies (PCEs) above 8%.6–10 Such high
efficiencies have increased interest in the operating lifetimes of
OPVs.11,12 Lifetimes exceeding 6 years have been reported for
glass-on-glass encapsulated, solution-processed BHJ OPVs
based on the polymer PCDTBT blended with the fullerene
derivative [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM).13

External stresses are known to inuence the operating life-
time of BHJ devices. Operating temperatures of solar cells in the
eld can reach 35 �C above ambient.14 Previous work has
Energy Environ. Sci., 2013, 6, 2529–2537 | 2529
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examined the changes in some BHJ blend morphologies in
response to temperatures within the range of expected oper-
ating conditions.15,16 Polymers with glass transition tempera-
tures above operating conditions17–19 and crosslinkable
polymers20,21 have demonstrated improved thermal stability,
even at temperatures higher than a solar cell would likely
experience during operation. Degradation of the active layer
materials in the presence of light and atmosphere has also been
widely investigated, as conjugated polymers are sensitive to
photooxidation.22–27 To further the design of stable BHJ
components, the relative photooxidation rates of common
monomers used in D–A copolymers have been reported,28 as
well as the role of fullerene derivatives as either antioxidants or
prooxidants in BHJ blends exposed to light and atmosphere.29

While much has been reported about the effects of heat,
light, and atmosphere on OPV lifetime, less is known about the
role of impurities. Impurities can be introduced into the active
layer materials at different stages of material preparation and
OPV device fabrication. For example, it has been shown that
silicone and siloxane impurities extrinsically introduced into
the blend solutions from plastic syringes affect the BHJ
morphology and can either improve or diminish initial device
performance.30,31 Additionally, palladium-, tin-, and halogen-
containing impurities can remain within polymer samples that
were synthesized via high-yielding Stille cross-coupling reac-
tions,32–35 despite thorough purication protocols.36–38 These
metals and halogen impurities have been shown to be detri-
mental to the initial performance and the lifetime of other
organic electronic devices, such as OLEDS and transistors.39–41

In addition to metal-based contaminants, low molecular
weight organics, such as unreacted or deactivated monomers,
degradation products, cross-coupling byproducts, and low
molecular weight oligomers, may remain within the polymer.35

Solar cells based on solution-processed small-molecule donors
have also achieved efficiencies exceeding 8%,42,43 and recently,
solar cell devices based on the small-molecule donor
p-DTS(PTTh2)2 were found to be hindered by a Stille cross-
coupling byproduct. Even with byproduct concentrations of less
than 1%, the initial performance of p-DTS(PTTh2)2:PC71BM
devices was signicantly reduced.44 In polymeric materials, low
molecular weight chains and oligomers result from the relatively
broad molecular weight distributions (PDI typically > 1.5)
obtained with step-growth polymerizations. It has also been
shown that mismatching the D–A comonomer ratio during Stille
polymerization can increase the molecular weight of low band-
gap copolymers.45 This approach may contribute to increased
concentrations of unreacted organic impurities within the
polymer, with possible implications for OPV device stability.

In this work, we investigate the role of organic contaminants
on the stability of BHJ solar cells fabricated from a blend
of poly(di(2-ethylhexyloxy)benzo[1,2-b:4,5-b0]dithiophene-co-
octylthieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD)46–48 and PC61BM.
While BHJ solar cells fabricated from high Mn PBDTTPD initially
outperform those prepared with low Mn PBDTTPD devices, we
show that high Mn PBDTTPD solar cells suffer from a character-
istic loss of short-circuit current density ( JSC) aer storage under
dark, inert conditions (glovebox environment). We observe that
2530 | Energy Environ. Sci., 2013, 6, 2529–2537
the loss of JSC in highMn PBDTTPD solar cells is caused by an S-
shape in the reverse bias region of the current–voltage ( J–V)
curve, which increases in severity over time. We also show that
BHJ solar cells, similarly fabricated from low Mn PBDTTPD and
subjected to the same storage conditions, do not suffer from the
S-shape degradation feature. However, when solutions of low
Mn PBDTTPD are intentionally contaminated with a low
molecular weight organic impurity, specically the TPD
monomer, we observe an S-shape degradation feature that is
identical to that observed in high Mn PBDTTPD devices. Thus,
we link this characteristic degradation feature to the presence of
low molecular weight contaminants within high Mn PBDTTPD
samples.

In parallel, solar cells fabricated from a batch of extensively
puried high Mn PBDTTPD show minimal loss of JSC aer 111
days of glovebox storage and no S-shapes in the reverse bias
region of their J–V curves. Material purication is achieved via
fractionation of this high Mn polymer by preparative size
exclusion chromatography (SEC), a protocol by which some of
the low molecular weight organic species is separated from
longer polymer chains. Although lowmolecular weight organics
do not signicantly affect the initial PCE of PBDTTPD solar
cells, we show that extensive polymer purication, aimed at
reducing the content of organic small molecules, leads to solar
cells with improved storage lifetimes.
Results and discussion
Initial solar cell performance

BHJ solar cells were fabricated from ve separate batches of
PBDTTPD over the course of this study. Two batches were
synthesized with low Mn (26 kDa), while another three were
synthezied with highMn (35–41 kDa) (Fig. 1). LowMn PBDTTPD
devices obtained a maximum PCE of 5.3% when blended in a
1 : 1.5 weight ratio with PC61BM (Fig. 2). In contrast, solar cells
fabricated from all three high Mn PBDTTPD batches showed
PCEs as high as 7.3% in a 1 : 1.5 weight ratio blend with PC61BM
(Fig. 2). Both the JSC (�11 mA cm�2) and ll factor (FF) (�0.70)
of high Mn PBDTTPD devices were greater than those of their
low Mn counterparts, while the open-circuit voltage (VOC)
(0.95 V) appeared to be unaffected by polymer molecular weight.
A full discussion on the effect of molecular weight on initial PCE
is beyond the scope of this paper and will be the subject of a
separate study. The present work focuses on the difference in
device degradation between high and low Mn PBDTTPD.
PBDTTPD solar cell degradation

During degradation studies, solar cells were stored and tested
under inert atmosphere (glovebox environment), in the dark,
and at room temperature. In total, 766 solar cells, on 152
different substrates, were fabricated from all three batches of
high Mn PBDTTPD and monitored periodically. The observed
degradation of BHJ solar cells fabricated from all three high Mn

polymer batches followed the same pattern; furthermore, the
degradation pattern was highly reproducible across all three
high Mn PBDTTPD batches. This pattern was observed to be
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 The chemical structures of (a) the BDT and (b) TPD monomers, (c) the
fullerene derivative PC61BM, and (d) the PBDTTPD polymer.

Fig. 2 J–V curves of representative PBDTTPD:PC61BM BHJ solar cells. Devices
fabricated from highMn (Batch #H2) PBDTTPD produce greater JSC, fill factor, and
PCE values than low Mn polymer devices.
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independent of processing conditions, device fabricators, and
fullerene type (PC61BM vs. PC71BM) or source (NanoC vs.
Solenne). To quantitatively assess the device degradation
pattern, 56 BHJ solar cells on 12 substrates, all fabricated
simultaneously from a blend of 37 kDa PBDTTPD and NanoC
PC61BM, were subjected to daily J–V testing over 28 days of
This journal is ª The Royal Society of Chemistry 2013
glovebox storage (Fig. 3). Following 7 days of storage, the
average PCE decreased by 25% (Fig. 3a), mainly as a result of a
signicant drop in JSC (Fig. 3b). In contrast, the device VOC
remained stable (Fig. 3c) and the FF decreased by less than 10%
(Fig. 3d) over the full 28 days of testing. Despite observing a
large range in degradation between devices, all of the fabricated
solar cells suffered at least a 10% drop in initial PCE over the
course of the aging experiment. Table S1† summarizes the
device degradation data for this experiment.

Aer only a few days of storage, an S-shape feature devel-
oped in the J–V curves of all the high Mn PBDTTPD devices
(Fig. 4a). This S-shape appeared at a reverse bias of approxi-
mately �1.25 V and the severity increased as the devices aged.
At reverse biases exceeding �2 V, the device photocurrent
converged to the initial photocurrent, indicating that S-shape
formation was the dominant degradation feature and the
source of JSC loss in initially high-performing, high Mn

PBDTTPD:PC61BM solar cells. This degradation feature was
inherent to the highMn PBDTTPD – no other polymer systems
tested in our laboratory, such as PCDTBT, PBTTT, MDMO-
PPV, P3HT, or PBDTTT-C-T, showed S-shapes in the reverse
bias region of J–V curves that grew with time under the same
glovebox storage conditions. The severity of the S-shape
varied among substrates, as well as across devices on the
same substrate, leading to a large range of JSC loss across
devices (Fig. 3b). Normalizing the JSC degradation for each
substrate revealed that the severity of degradation oen
extended radially from a single device, so that devices towards
the edge of any substrate were typically the most degraded
(Fig. S2†).

Our low Mn devices showed improved shelf stability relative
to the degradation observed in high Mn PBDTTPD solar cells.
Aer 26 days of storage in inert conditions, 35 BHJ solar cells
suffered only a 14% drop in both JSC and PCE. More impor-
tantly, none of the 65 solar cells on 13 different substrates,
fabricated from two different low Mn PBDTTPD polymers,
developed an S-shape degradation feature in the reverse bias
region (see ESI,† Section 2). These observations were consistent
with previous reports on PBDTTPD shelf stability.49

The existence of S-shape features in the J–V curves of illu-
minated devices has been attributed to several mecha-
nisms.50–55 For example, S-shape features have been
reproduced in model simulations of BHJ solar cells by intro-
ducing surface dipoles,56 energy barriers,57 and charge accu-
mulation at the interfaces between the active layer and the
electrodes.58 The location of a S-shape feature in the reverse
bias region suggests that an extraction barrier forms at one of
the electrodes and prevents efficient charge collection. In high
Mn PBDTTPD devices, we propose that such an extraction
barrier is not initially present, but forms over time at one of
the electrodes. Assuming that an extraction barrier causes
S-shape features to form, the replacement of either the
cathode or anode should reinstate a at photocurrent
throughout the reverse bias region.

In order to probe this assumption, the cathode of a
degraded, high Mn PBDTTPD:PC61BM device was removed with
Scotch tape,59,60 and a new electrode (Ca/Al) was vapor-deposited
Energy Environ. Sci., 2013, 6, 2529–2537 | 2531
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Fig. 3 Degradation curves for highMn (Batch #H2) PBDTTPD:PC61BM solar cells aged over 28 days. The error bars represent the standard deviation among devices. (a)
The relative device PCE decreases to about 60% of the initial value. (b) The relative JSC drops to about 70% of its initial value. There is a large range in the observed
degradation between devices. (c) The relative VOC is stable over the course of the experiment. (d) The relative FF drops by only about 10% over four weeks of storage in
the glovebox. As PCE ¼ JSC � VOC � FF, the observed decrease in PCE is dominated by the degradation of the JSC.

Fig. 4 (a) The J–V curves of a representative highMn (Batch #H2) PBDTTPD:PC61BM solar cell aged over 16 days in a glovebox. At day 0, the photocurrent in the reverse
bias region is flat. By day 5, an S-shape feature develops in the reverse bias region, and continues to develop with time. (b) A representative low Mn PBDTTPD:PC61BM
solar cell does not develop the S-shaped degradation feature over a longer aging period of 26 days.
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onto the BHJ surface. While this process did not fully restore the
initial device PCE, it signicantly reduced the S-shape feature in
the J–V curve of the degraded device (Fig. 5). Since replacing the
cathode suppressed the S-shape feature in degraded, high Mn

PBDTTPD:PC61BM solar cells, the device degradation can be
ascribed to an electron extraction barrier at the cathode. In an
attempt to prevent this cathodic degradation, we fabricated
solar cells with various interlayers and cathodes, including
lithium uoride and aluminum, calcium and silver, and cesium
carbonate and aluminum. Neither the use of these alternative
electrodes, nor various device preparation techniques, pre-
vented OPV degradation in highMn PBDTTPD devices (see ESI,†
Section 3 and 4).
2532 | Energy Environ. Sci., 2013, 6, 2529–2537
The role of low molecular weight organic impurities in device
degradation

Considering that the S-shape degradation feature exclusively
developed in solar cells fabricated from the three batches of
high Mn PBDTTPD, the degradation process must have stem-
med from something inherent to these polymer batches. Metal
catalysts were used in Stille cross-coupling polymerization
reactions and could have remained trapped within the polymer
samples. We explored the possibility that metal catalyst impu-
rities could be the source of instability in high Mn PBDTTPD by
measuring the palladium content in high and low Mn polymer
with inductively coupled plasma mass spectrometry (ICP-MS
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 The S-shape feature from a degraded, high Mn (Batch #H2) device is
eliminated by removing the cathode with Scotch tape and then evaporating a
new cathode.

Table 1 Palladium metal impurities measured by ICP-MS

Polymer Palladium (ppm)

Low Mn PBDTTPD 1000
High Mn PBDTTPD 250
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performed by Evans Analytical Group, Table 1). While metal
content has been shown to detrimentally affect organic elec-
tronic devices,39–41 it did not appear to cause the S-shape feature,
as the palladium content was 75% lower in our high Mn

PBDTTPD than in our low Mn PBDTTPD. Despite its relatively
high palladium content, low Mn PBDTTPD-based devices did
not form S-shape degradation features in their J–V curves.

Since palladium content did not appear to cause S-shape
formation in highMn PBDTTPD solar cells, we considered the role
of low molecular weight organic contaminants, perhaps trapped
within the high Mn PBDTTPD (and not in the low Mn PBDTTPD),
on BHJ solar cell degradation. We proposed that, if present, small
organic impurities might diffuse to the interface between the
active layer and the cathode, causing S-shape features upon
reaction with the metal cathode or interlayer.61,62 The extent of
degradation would thus depend on the amount of reacted surface
area, where the severity of the S-shape degradation would increase
as more small molecules reach the interface and react.

To probe for the presence of organic impurities, the size
exclusion chromatograms (SEC) of the polymers were analyzed
with an emphasis on the low molecular weight region (high
retention times) where small molecule contaminants may be
detected. The chromatograms of high and lowMn PBDTTPD did
not, however, show different peaks below 2 kDa. Electrospray
ionization, electron impact, and gas chromatography-mass
spectrometry spectra also did not detect monomer or degrada-
tion impurities in the high and low Mn polymer samples.

We considered that lowmolecular weight contaminants could
be present in concentrations below the detection limit of the
This journal is ª The Royal Society of Chemistry 2013
instruments used for these analyses (see ESI,† Section 5) so we
turned to an indirect approach to examine the effect of low
molecular weight contaminants on solar cell stability. TPD
monomer was intentionally incorporated into low Mn

PBDTTPD:PC61BM devices. We chose the TPD monomer as our
intentional contaminant because it was a low molecular weight
organic component that was used in excess in the polymerization
reaction of PBDTTPD. A similar experiment was used to study the
effect of PC84BM impurities in PCDTBT:PC71BM BHJ and trace
metal impurities in PTB7 solar cells, and the technique was
found to be especially useful for assessing the role of impurities
at concentrations below effective detection limits.41,63

Experimentally, the TPD monomer was added to solutions of
lowMn PBDTTPD:PC61BM at 0.1 mol% and 1.0 mol% (molarity of
TPD relative to the combined molarity of PBDTTPD and PC61BM),
and solar cells were fabricated using the same processing condi-
tions as for the non-contaminated devices. Intentional TPD
contamination only slightly lowered initial device performance.
Control solar cells with no contaminant, solar cells with 0.1 mol%
TPD, and solar cells with 1.0 mol% TPD achieved up to 5.26%,
5.12%, and 4.64% PCE, respectively (see ESI,† Section 6).
However, aer 21 days of glovebox storage, several of the devices
contaminated with 0.1 mol% TPD developed a modest S-shape
feature in the reverse bias region of their J–V curves (Fig. 6b). The
addition of 1.0 mol% TPD resulted in signicant S-shape forma-
tion in 60% of devices (Fig. 6c). The result was reproduced in 70%
of devices in a second experiment where 1.0mol%TPDwas added
to low Mn PBDTTPD:PC61BM solutions. As with solar cells fabri-
cated from high Mn PBDTTPD, the S-shape feature characteristic
of device degradation developed at approximately �1.25 V. At
reverse biases exceeding �2 V, the photocurrent of the aged,
contaminated devices also converged to the initial photocurrent.
The same mechanism that caused high Mn PBDTTPD solar cells
to degrade was likely responsible for the observed S-shape feature
in TPD contaminated devices. Since the addition of 1.0mol%TPD
to solar cells more consistently reproduced the S-shape degrada-
tion feature of high Mn PBDTTPD, it is inferred that high Mn

PBDTTPD polymers contained impurities at similar concentra-
tions (see ESI,† Section 5).

We calculate that about 1014 to 1015 molecules of TPD (or a
another similarly sized organic molecule) would be required to
create a perfect monolayer on the surface of a solar cell
substrate (2.5 cm2), assuming the area of one TPD molecule is
0.15–0.50 nm2 (see ESI,† Section 7). The PBDTTPD:PC61BM:TPD
lms are 100 nm thick. Assuming the volume percent of each
component in the lm is proportional to the molar percent in
solution, then 1.0 mol% TPD in solution corresponds to 2.5 �
1014 nm3 TPD in the lm. Assuming a TPD molecular volume of
0.15–0.50 nm3, there are between 5 � 1014 and 2 � 1015 TPD
molecules in a lm, which matches the estimate to cover the
entire substrate with a perfect monolayer. Imperfect monolayer
formation, perhaps through aggregation of the small molecule
impurities or incomplete access to the active layer–cathode
interface, could lead to incomplete reaction with the cathode
and varying extents of device degradation. An impurity
concentration of 1.0 mol% could thus be sufficient to cause
widespread, yet not necessarily complete, surface converage of
Energy Environ. Sci., 2013, 6, 2529–2537 | 2533
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Fig. 6 Fresh and aged J–V curves of representative low Mn (Batch #L1)
PBDTTPD:PC61BM devices to which TPD was intentionally added. (a) Solar cells
with no intentionally added TPD show little degradation over 21 days. (b) Solar
cells with 0.1 mol% TPD show a slight S-shape feature at �1.25 V after 21 days of
storage. (c) Solar cells with 1.0 mol% TPD show significant S-shape formation
after 21 days of aging, matching that of high Mn PBDTTPD:PC61BM solar cells.

Fig. 7 Preparative SEC-treated highMn PBDTTPD:PC61BM devices show less than
10% degradation of JSC and no S-shape formation over 111 days of aging.
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contaminant on the substrate, leading to the substantial
(though not complete) observed cathode degradation.

Further polymer purication improves solar cell stability

If low molecular weight organic impurities, such as unreacted
monomers, coupling byproducts, oligomers, or other degraded
impurities, caused the rapid development of S-shape degrada-
tion curves in high Mn PBDTTPD BHJ solar cells, then reducing
all low molecular weight content in high Mn PBDTTPD could
lead to relatively stable BHJ solar cells. In addition to repeated
precipitation and soxhlet extraction, a solution of high Mn

PBDTTPD was further puried by preparative SEC. With this
2534 | Energy Environ. Sci., 2013, 6, 2529–2537
technique, the low molecular weight constituents were sepa-
rated from the higher molecular weight fraction (Fig. S18 and
S19†). Solar cells fabricated from this new fraction of high Mn

PBDTTPD achieved a maximum PCE of 7.3% (Fig. 7), which
corresponds to the efficiency obtained with soxhlet-treated high
Mn PBDTTPD. More notably, the S-shape degradation feature
did not develop in any of the 50 SEC-treated high Mn PBDTTPD
devices aer an extended 111 days aging period (Fig. 7).

Even if their structure is unknown, this result further links the
S-shape degradation feature in BHJ solar cells fabricated from
highMn PBDTTPD to the presence of some type of lowmolecular
weight contaminant in the active layer. We suspect that solvent-
based purication steps alone may not have the same level of
effectiveness on some high molecular weight materials, espe-
cially if a high Mn leads to a greater propensity for polymers to
aggregate in solution. Finally, this result suggests a need to
further purify high Mn polymers in order to reach device stabili-
ties comparable to those of their low Mn counterparts.
Conclusions

We have shown that highMn PBDTTPD:PC61BM solar cells yield
initial device PCEs as high as 7.3%, but can suffer from rapid
degradation characterized by the appearance of S-shaped
features in the reverse bias region of J–V curves. BHJ solar cells
fabricated from low Mn PBDTTPD are not as efficient initially
but do not suffer from the same S-shape degradation feature.
We have shown that intentionally introduced low molecular
weight impurities structurally similar to the polymer can induce
degradation in BHJ solar cells. The specic degradation feature
observed in this study is suspected to be a consequence of
organic contaminants accumulating at and possibly reacting
with the device cathode. Although low molecular weight
impurities in high Mn PBDTTPD are not directly observed by
standard analytical methods, we nd that solar cells fabricated
from high Mn PBDTTPD, subjected to fractionation by prepar-
ative SEC, do not show S-shape degradation during glovebox
storage over an extended period. We infer that solvent-based
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/C3EE41328D


Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 S
ta

nf
or

d 
U

ni
ve

rs
ity

 o
n 

23
/0

7/
20

13
 1

6:
32

:1
4.

 
View Article Online
purication approaches, such as repeated precipitations and
soxhlet extraction, may not have the same level of effectiveness
on high Mn polymers versus low Mn polymers. A greater
propensity for high Mn polymer to aggregate in solution may
explain the suspected difference in impurity content between
the high and low Mn samples of PBDTTPD.

We conclude that polymer solar cell devices with high initial
PCEs are not necessarily free of impurities, which may adversely
affect device lifetime more than initial performance. The
threshold concentration at which impurities start reducing
device lifetime is difficult to observe directly via standard
analytical methods, yet a non-negligible concentration of
impurities may still be present. Careful removal of both organic
and metal-based impurities from polymers is expected to yield
notable improvements in OPV device lifetimes.
Experimental
Synthesis of low Mn PBDTTPD (26 kDa)

1,3-Dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (400.00
mg, 945 mmol), (4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b0]-
dithiophene-2,6-diyl)bis(trimethylstannane) (708.15 mg,
917 mmol) and chlorobenzene (24mL) were combined in a 100mL
Schlenk ask and degassed with nitrogen for 25 min. Tris-
(dibenzylideneacetone)dipalladium(0) (26.0 mg, 28.4 mmol) and
tri(o-tolyl)phosphine (34.5 mg, 113 mmol) were added to the
ask and the reaction mixture was stirred for 18 h at 110 �C,
before a second round of catalyst and ligand were added to the
ask. Aer another 18 h of stirring at 110 �C, strong complexing
ligand N,N-diethyl-2-phenyldiazenecarbothioamide (130 mg,
587 mmol) and chloroform (20 mL) were added to the reaction
mixture to remove residual catalyst. The reaction contents were
stirred at 55 �C for 1 h before precipitation into methanol
(500 mL). The precipitate was ltered through a Soxhlet thimble
and puried via Soxhlet extraction for 2 h with methanol and
12 h with dichloromethane, before being collected in chloro-
benzene. The chlorobenzene solution was then concentrated by
evaporation, precipitated intomethanol (400mL) and ltered to
yield 630 mg of a dark purple solid (94%). SEC analysis in
chloroform: Mn ¼ 26 kDa, PDI ¼ 2.0.
Synthesis of high Mn PBDTTPD (36–41 kDa)

1,3-Dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione
(400.00 mg, 945 mmol), (4,8-bis((2-ethylhexyl)oxy)benzo
[1,2-b:4,5-b0]dithiophene-2,6-diyl)bis(trimethylstannane) (708.15 mg,
917 mmol) and chlorobenzene (16 mL) were combined in a 100 mL
Schlenk ask and degassed with nitrogen for 25 min. Tris(di-
benzylideneacetone)dipalladium(0) (26.0 mg, 28.4 mmol) and
tri(o-tolyl)phosphine (34.5 mg, 113 mmol) were added to the ask
and the reaction mixture was stirred for 21 h at 110 �C, before a
second round of catalyst and ligand were added to the ask.
Aer another 18 h of stirring at 110 �C, strong complexing
ligand N,N-diethyl-2-phenyldiazenecarbothioamide (130 mg,
587 mmol) and chloroform (16 mL) were added to the reaction
mixture to remove residual catalyst. The reaction contents were
stirred at 55 �C for 1 h before precipitation into methanol
This journal is ª The Royal Society of Chemistry 2013
(400 mL). The precipitate was ltered through a Soxhlet thimble
and puried via Soxhlet extraction for 2 h with methanol, 20 h
with dichloromethane and was nally collected in chloroben-
zene. The chlorobenzene solution was then concentrated by
evaporation, precipitated intomethanol (400mL) and ltered to
yield 626 mg of a dark purple solid (94%). SEC analysis in
chloroform: Mn ¼ 36 kDa, PDI ¼ 1.9 (Batch #H1). Two other
polymer batches were similarly prepared. SEC analysis in
chloroform: Batch #H2:Mn ¼ 37 kDa, PDI ¼ 1.9; Batch #H3:Mn

¼ 41 kDa, PDI ¼ 1.8.

Determining molecular weight

For polymer molecular weight determination, polymer solu-
tions (1 mgmL�1) were prepared using HPLC grade chloroform.
Samples were briey heated and then allowed to return to room
temperature prior to ltering through a 0.45 mmPTFE lter. Size
exclusion chromatography (SEC) was performed with HPLC
grade chloroform at an elution rate of at 1.0 mL min�1 through
three PLgel Mixed-C columns. The particle size in the columns
was 5 mm and the columns were maintained at room tempera-
ture. The SEC system consisted of a Waters 2695 Separation
Module and a Waters 486 Tunable Absorption Detector. The
apparent molecular weights and polydispersities (Mw/Mn) were
determined with a calibration based on linear polystyrene
standards using Millennium soware from Waters.

Further purication of high Mn PBDTTPD

Conditions analogous to those employed for the preparation of
the high Mn PBDTTPD were used for polymerization.
The following material quantities were used for the polymeriza-
tion: 1,3-dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione
(390.54mg, 928 mmol), (4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b0]-
dithiophene-2,6-diyl)bis(trimethylstannane) (696.74mg, 899 mmol),
chlorobenzene (15.8 mL), tris(dibenzylideneacetone)dipalla-
dium(0) (24.7 mg, 26.9 mmol), and tri(o-tolyl)phosphine (32.8 mg,
108 mmol). Post polymerization, the polymer mixture was stirred
with complexing ligand N,N-diethyl-2-phenyldiazene-
carbothioamide, and precipitated inmethanol. The precipitate was
puried via Soxhlet extraction for 8 h withmethanol and 72 h with
dichloromethane, before being collected with chlorobenzene.
Upon concentration by solvent evaporation, and precipitation
into methanol, 586 mg of polymer was collected (92%). As an
added step in the purication protocol, the polymer (100 mg)
was dissolved in HPLC grade chloroform (8 mL), passed
through preparative SEC columns (see details below), and the
tail fraction, containing low molecular-weight impurities, was
separated from the main polymer fraction. Upon concentration
by solvent evaporation, and precipitation into methanol, 61 mg
of polymer was collected (61%). SEC analysis in chloroform: Mn

¼ 35 kDa, PDI ¼ 1.8.
For purication by preparative SEC, polymer solutions

(12.5 mg mL�1) were prepared with HPLC grade chloroform.
The solutions were briey heated, to induce complete polymer
dissolution, and then allowed to return to room temperature,
prior to ltering through a 0.45 mm PTFE lter. Purication was
performed at room temperature with HPLC grade chloroform at
Energy Environ. Sci., 2013, 6, 2529–2537 | 2535
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an elution rate of 15 mL min�1 through a set of two JAIGEL-4H-
40 columns mounted on a LC-9130NEXT (JAI) system equipped
with coupled UV-254NEXT and RI-700NEXT detectors.

Device preparation

Glass substrates patterned with ITO (15 U per square, Xinyan
Technologies LTD) were scrubbed with dilute Extran 300 deter-
gent, ultrasonicated in the same dilute detergent for 10 min,
rinsed in de-ionized (DI) water for 5 min, then ultrasonicated in
acetone and isopropyl alcohol baths for 10 min. Substrates were
rinsed with DI water again, blown dry with nitrogen gas, and
placed in an oven (95 �C) for 15min to remove any residual water.
Immediately before spinning, substrates were exposed to a UV-
ozone plasma for 10 min. An aqueous solution of PEDOT:PSS
(Clevios P VP AI 4083) was spin-cast at 4000 rpm onto the
substrates and baked at 140 �C for 15 min. Substrates were then
transferred into a dry nitrogen glovebox (<3 ppm O2).

All solutions were prepared in the glovebox using PBDTTPD
synthesized as above, and PC61BM, purchased from Nano C.
The active layer components were dissolved in chlorobenzene
overnight at 115 �C. Shortly before spinning, a small amount
(�10 to 20 mL) of chlorobenzene was added to the solutions to
compensate for any evaporation overnight. Active layers were
spin-cast from solutions at 115 �C. Optimized solar cells for
both high and low Mn polymer use a 1 : 1.5 ratio by weight of
PBDTTPD:PC61BM, with a solution concentration of 8 mg mL�1

PBDTTPD. For intentional contamination experiments,
1,3-dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD)
was added to solutions of lowMn PBDTTPD:PC61BM in 0.1 mol%
and 1.0 mol%, relative to the combined mass of PBDTTPD and
PC61BM. Thus, the 0.1 mol% solution contained 8.6 mg
PBDTTPD, 12.9 mg PC61BM, and 0.014 mg TPD. The 1.0 mol%
solution contained 8.0 mg PBDTTPD, 11.7 mg PC61BM, and
0.112 mg TPD. Active layers were spin-cast at 1200 rpm for
45 seconds (500 rpm s�1).

Optimized devices of both high and low Mn used 7 nm of
calcium and 150 nm of aluminum as the cathode (Ca purchased
from Plasmaterials, 99.5% purity, Al purchased from K. J.
Lesker, 99.999% purity). The metals were applied by thermal
evaporation at pressures less than 10�6 Torr, and were evapo-
rated directly onto the organic layer at rates <0.5 Å s�1. For
cathode removal, Scotch tape was applied evenly over the elec-
trode and ripped off by hand, in the glovebox. Details about
devices with other cathode materials are provided in the ESI.†

Device characterization

J–Vmeasurements of solar cells were performed in the glovebox
with a Keithley 2400 source meter and a Spectra-Physics 91160-
1000 solar simulator calibrated to 1 sun, AM1.5 G with a NREL
certied KG-5 ltered silicon photodiode. For lifetime testing,
J–V curves were taken periodically on multiple devices on
multiple substrates. Over the course of investigation, over 700
devices, from multiple solutions, cathode evaporations, and
PBDTTPD samples were monitored. Between testing, devices
were kept in the dark and stored inside the glovebox, which has
a N2 environment containing oxygen and water levels of <3 ppm.
2536 | Energy Environ. Sci., 2013, 6, 2529–2537
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M. Leclerc and M. D. McGehee, Adv. Energy Mater., 2011, 1,
491–494.

14 M. Koehl, M. Heck, S. Wiesmeier and J. Wirth, Sol. Energy
Mater. Sol. Cells, 2011, 95, 1638–1646.

15 X. Yang, J. K. J. van Duren, R. A. J. Janssen, M. A. J. Michels
and J. Loos, Macromolecules, 2004, 37, 2151–2158.

16 B. Conings, S. Bertho, K. Vandewal, A. Senes, J. D'Haen,
J. Manca and R. A. J. Janssen, Appl. Phys. Lett., 2010, 96,
163301.

17 S. Bertho, G. Janssen, T. J. Cleij, B. Conings, W. Moons,
A. Gadisa, J. D'Haen, E. Goovaerts, L. Lutsen, J. Manca and
D. Vanderzande, Sol. Energy Mater. Sol. Cells, 2008, 92,
753–760.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/C3EE41328D


Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 S
ta

nf
or

d 
U

ni
ve

rs
ity

 o
n 

23
/0

7/
20

13
 1

6:
32

:1
4.

 
View Article Online
18 J. Vandenbergh, B. Conings, S. Bertho, J. Kesters,
D. Spoltore, S. Esiner, J. Zhao, G. Van Assche,
M. M. Wienk, W. Maes, L. Lutsen, B. VanMele,
R. A. J. Janssen, J. Manca and D. J. M. Vanderzande,
Macromolecules, 2011, 44, 8470–8478.

19 C. H. Peters, I. T. Sachs-Quintana, W. R. Mateker,
T. Heumueller, J. Rivnay, R. Noriega, Z. M. Beiley, E. T. Hoke,
A. Salleo and M. D. McGehee, Adv. Mater., 2012, 24, 663–668.

20 B. J. Kim, Y. Miyamoto, B. Ma and J. M. J. Fréchet, Adv. Funct.
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J. A. M. Fordyce, S. Beaupré, M. Leclerc and J. M. Buriak,
Adv. Energy Mater., 2012, 2, 361–368.

50 D. Gupta, M. Bag and K. S. Narayan, Appl. Phys. Lett., 2008,
92, 093301.

51 D. Gupta, S. Mukhopadhyay and K. S. Narayan, Sol. Energy
Mater. Sol. Cells, 2010, 94, 1309–1313.

52 H. Jin, M. Tuomikoski, J. Hiltunen, P. Kopola, A. Maaninen
and F. Pino, J. Phys. Chem. C, 2009, 113, 16807–16810.

53 J. Wagner, M. Gruber, A. Wilke, Y. Tanaka, K. Topczak,
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