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Nanoscale Phase Separation and High Photovoltaic
Efficiency in Solution-Processed, Small-Molecule Bulk
Heterojunction Solar Cells
By Bright Walker, Arnold B. Tamayo, Xuan-Dung Dang, Peter Zalar, Jung

Hwa Seo, Andres Garcia, Mananya Tantiwiwat, and Thuc-Quyen Nguyen*
Research relating to organic solar cells based on solution-processed, bulk

heterojunction (BHJ) films has been dominated by polymeric donor materials,

as they typically have better film-forming characteristics and film morphology

than their small-molecule counterparts. Despite these morphological

advantages, semiconducting polymers suffer from synthetic reproducibility

and difficult purification procedures, which hinder their commercial viability.

Here, a non-polymeric, diketopyrrolopyrrole-based donor material that can be

solution processed with a fullerene acceptor to produce good quality films is

reported. Thermal annealing leads to suitable phase separation and material

distribution so that highly effective BHJ morphologies are obtained. The

frontier orbitals of the material are well aligned with those of the fullerene

acceptor, allowing efficient electron transfer and suitable open-circuit

voltages, leading to power conversion efficiencies of 4.4W 0.4% under

AM1.5G illumination (100mW cm�2). Small molecules can therefore be

solution processed to form high-quality BHJ films, whichmay be used for low-

cost, flexible organic solar cells.
1. Introduction

Bulk heterojunction (BHJ) solar cells comprising interpenetrating
networks of an organic donor and a fullerene derivative acceptor
such as [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM)
constitute a promising technology because they are easy to
fabricate by solution processing and are predicted to yield power
conversion efficiencies (PCEs) of up to 10% if a suitable low band-
gap donor material is discovered.[1] Although considerable
research effort has been expended to develop such low
band-gap donor materials,[2] the highest reported efficiencies
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have been dominated by conjugated poly-
mers such as poly(3-hexylthiophene)
(P3HT).[3–6] This system has been explored
thoroughly for the past decade and yields
PCEs up to 5%. The high efficiency of
P3HT–fullerene devices can be explained
by the ability of the blend to phase separate
and crystallize into desirable BHJmorphol-
ogies after processing, allowing for efficient
charge separation and transport.[7,8]

The majority of research relating to BHJ
solar cells has focused on polymeric donor
materials, since they generally have better
film-forming properties than non-poly-
meric materials.[9] Small-molecule donor
materials can also form useable BHJ solar
cells by solution processing, although it is
more challenging to obtain high-quality
films. The highest reported efficiencies for
such devices have remained low (PCEs
range from 0.3% to 1.7%) relative to
solution processed solar cells using poly-
meric donormaterials (�5%). Small-moleculematerials, however,
offer advantages over polymeric materials in terms of ease of
synthesis and purification, which greatly improve fabrication
reproducibility, as well as possessing a greater tendency to self-
assemble into ordered domains, which leads to high charge carrier
mobilities.[10,11] Smallmolecules do not suffer frombatch to batch
variations, broad molecular-weight distributions, end-group
contamination, or difficult purification methods, which can be
significant problems for polymeric materials. These considera-
tionsmakesmallmolecules apromising class of donormaterial for
BHJ solar cell applications.[12–20]

Recently, our group reported a new class of small molecules
based on diketopyrrolopyrrole (DPP) and oligothiophene (OT)
building blocks. The DPP moiety imparts high optical density
while its electron affinity lowers frontier energy levels to
complement those of [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM).Concurrently, theOTportion imparts electrondonating
character and high hole mobility.[21–23] The DPP–thiophene motif
also provides locations for structural modification so to tailor
electronic and optical properties. For example, by adjusting the
number of thiophenes, the film absorption can shift up to 100 nm.
Introducing solubilizing group onto the aryl groups bound to
the DPP core leads to films that self-assemble into ordered
domains,[24] which can be fabricated into field-effect transistors
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Figure 1. Schematic diagrams. a) Chemical structures, b) device architecture, and c) energy levels.
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with high mobilities[25] and that can be used to fabricate efficient
BHJ solar cells.[26] Until now, the highest published PCE for
solution-processed small-molecule-based solar cells (3.0%) has
been achieved by our group using a 2-ethylhexyl-substituted DPP
core functionalized with two thiophene trimers.[27]

To improve the PCE value of BHJ solar cells using DPP�OT
materials, we targeted increasing the open-circuit voltage (VOC).
Previous studies on conjugated polymerBHJ cells have shown that
the difference between the highest occupied molecular orbitals
(HOMO) of the donor and lowest unoccupied molecular orbitals
(LUMO) of the acceptor largely determines the VOC.

[28–30,1] The
LUMOlevel of the acceptor shouldbe at least 0.3 eV lower than that
of the donor to drive charge separation after exciton formation. An
offset greater than 0.3 eV results in wasted energy during electron
transfer.[7,31,32] Basedon these considerationsweenvisionedusing
a fused benzofuran system to replace the terminal bithiophene
units from our previous structural design. The fused system
maintains a highly conjugated structure while the electronegative
oxygen atom stabilizes the HOMO of the molecule. We found
that solution processed films of the benzofuran-substituted
DPP�OT�3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione (DPP(TBFu)2) have
good absorption properties and frontier energy levels that are
appropriately aligned with those of PC71BM—a commonly used
acceptormolecule inBHJ solar cells (Fig. 1).DPP(TBFu)2:PC71BM
mixtures form good quality films and can self assemble into BHJ
morphologies with bi-continuous networks of donor and acceptor
rich domains after annealing. Annealed DPP(TBFu)2:PC71BM
devices yield PCEs of up to 4.4� 0.4%withVOC of 0.9V.We justify
the performance of the material based on its frontier orbital
energies, light absorption, and film-forming characteristics.
Figure 2. UV–Vis absorption spectra. a) Pure DPP(TBFu)2 in solution and

solid state and pure PC71BM film. b) PureDPP(TBFu)2 films after annealing

at different temperatures. c) As-cast films composed of different donor–

acceptor ratios.
2. Results and Discussion

2.1. Optical and Electronic Properties

Figure 2 shows the absorption of pure DPP(TBFu)2 solution and
films, a pure PC71BM film and DPP(TBFu)2:PC71BM films as a
function of annealing temperatures and blend ratios.DPP(TBFu)2
absorbs past 650 nm in solution with a molar absorptivity of
64 000 M

�1cm�1 at 630 nm. The absorption broadens and extends
to 710 nm in the solid state (Fig. 2a). The absorption spectrum of
pure DPP(TBFu)2 changes considerably after thermal annealing,
� 2009 WILEY-VCH Verlag GmbH &
as shown in Figure 2b. A significant increase in absorption
intensity at 590 nm occurs after thermal annealing up to 100 8C,
followed by a decrease in intensity above 100 8C. Increases in
optical absorption after annealing have been observed for P3HT
and are found to derive from aggregation/interchain interactions
and an increase in the crystallinity of thematerial, which enhances
the probability of optically active p–p� electronic transitions.[33–35]
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3063–3069
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An increase in the crystallinity of annealed DPP(TBFu)2 was also
confirmed by X-ray diffraction (XRD) studies (Supporting
Information, Fig. S1). XRD data show an increase in the
diffraction intensity, which implies a higher degree of crystallinity
after heating at 100 8C. The absorption of the blend at various
annealing temperature shows a similar trend in the 500–700 nm
region as that observed in the pure film.

Absorption characteristics of as-cast DPP(TBFu)2:PC71BM
films at various blend ratios are shown in Figure 2c. It can be
seen thatmixtures of the twomaterials absorb strongly throughout
the range of 300 nm to 700 nm. The absorption of the blends is
relatively high in the 500 to 700 nm range for all blend ratios,
reflecting the higher optical density of DPP(TBFu)2 relative to
PC71BM. The DPP(TBFu)2 absorption (500 to 700 nm) increases
with increasing donor content, while the PC71BM absorption
decreases with lower acceptor content in the blends.

TheHOMOlevel ofDPP(TBFu)2wasdetermined tobe5.2 eVby
using ultraviolet photoelectron spectroscopy (UPS)[36,37] and was
not found to change significantly when mixed with PC71BM
(Supporting Information, Fig. S2). The band gap estimated from
the onset of the absorption spectrum (710 nm) was found to be
1.7 eV (Fig. 2a), putting the LUMOof thematerial at approximately
3.4 eV. The HOMO, band gap and LUMO of PC71BM film were
measured using the same techniques, and found to be 5.8, 1.8, and
4.0 eV, respectively (Fig. 1b), similar to previously reported values
for fullerenes.[38] The difference between the LUMO of PC71BM
andHOMOofDPP(TBFu)2 is 1.2 eV, and is expected to yield aVOC

on the order of 0.9 V.[1,39]
Figure 3. AFM images of 70:30DPP(TBFu)2:PC71BM films spin-coated on ITO

images of as-cast film (a), film after annealing at 90 8C (b), and at 100 8C (c). d

(f). It can be seen that the size of the surface features increases with annea

Adv. Funct. Mater. 2009, 19, 3063–3069 � 2009 WILEY-VCH Verl
2.2 Film Morphologies

We investigated the morphologies of pure DPP(TBFu)2 films and
blends with PC71BM by using tapping-mode atomic-force
microscopy (AFM). DPP(TBFu)2 is soluble in chloroform and
forms smooth films with an average surface roughness of 0.7 nm
when spin-coated atop indium tin oxide (ITO)-coated glass
substrates with a 45-nm layer of poly(styrenesulfonic acid)-doped
poly(ethylenedioxythiophene) (PEDOT:PSS). Annealing pure
DPP(TBFu)2 at 100 8C increases surface roughness to �1.0 nm
(Supporting Information, Fig. S3a and b).

Next,we examine the surface structure ofDPP(TBFu)2:PC71BM
films as a function of annealing temperature by using AFM.
Figure 3 shows the topographic and phase images of as-cast and
annealed 70:30 DPP(TBFu)2:PC71BM films. The topographic and
phase images of the as-cast films are featureless with a surface
roughness of �0.5 nm (Fig. 3a and d). Thermal annealing at
temperatures above 80 8C results in significant changes in the
surface morphology. Figure 3 depicts the topography of a 70:30
DPP(TBFu)2:PC71BM blend ratio after heating at 90 8C and
100 8C for 10min in nitrogen. The topographic image of
DPP(TBFu)2:PC71BM annealed at 90 8C comprises small oblong
domains 10–50 nm wide with a surface roughness of �1.1 nm
(Fig. 3b). These oblong domains increase in average size to
�100 nm upon thermal annealing at 100 8C, and the surface
roughness is �2.3 nm (Fig. 3c). Similar changes in the film
morphology upon thermal annealing are observed for other blend
ratios as well.
/PEDOT:PSS substrates and annealed at various temperatures. a–c) Height

–f) Phase images of films as-cast (d), annealed at 90 8C (e), and at 100 8C
ling temperature. The scan size for all images is 2 mm� 2 mm.

ag GmbH & Co. KGaA, Weinheim 3065
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Figure 4. AFM images of DPP(TBFu)2:PC71BM films spin-coated on ITO/PEDOT:PSS substrates

and annealed at 100 8C for 10 minutes. a–c) Height images for 30:70 (a), 50:50 (b), and 70:30

(c) blend ratios. The scan size for all images is 5mm� 5mm.
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Figure 3e and f shows the corresponding phase images of the
annealed70:30DPP(TBFu)2:PC71BMblend. Twodistinct domains
(orange and blue in figure) are observed to form. We assign the
blue phase to a donor-rich material and the orange phase to an
acceptor-rich material because the blue-phase and the orange-
phase domains increase with the donor and the acceptor content,
respectively. There is a clear dependence between the annealing
temperature and the domain size, where the average domain size
of the donor material increases from several ten of nanometers
when annealing at 90 8C (Fig. 3e) to hundreds of nanometers at
100 8C(Fig. 3f).Thus, the surfacedomainsizesof agivenblendcan
be controlled by varying the annealing temperature.[40] The
observed changes in morphology agree well with the absorption
and XRD results.

Next, we examine the effect of donor:acceptor ratio on film
morphology of the as-cast and annealed blends: 30:70, 50:50,
60:40, and70:30.The as-castDPP(TBFu)2:PC71BMfilmsat various
blend ratios are smoothwith a surface roughness of less than 1 nm
and are similar to those shown in Figure 3a and d (see Supporting
Information Fig. S3c and d). Figure 4 shows the topographic
images at various blend ratios after heating at 100 8C for 10min.
The 30:70 blend exhibits isolated clusters of rod-like domains of
DPP(TBFu)2 within the PC71BM matrix (Fig. 4a). The average
width and length of the rod-like structures are �80 nm and
440 nm, respectively, while the average surface roughness is
2.3 nm. At a 50:50 ratio, the entire surface is covered with
rectangular clusters of rod-like domains (Fig. 4b), with a surface
roughness of 2.1 nm. The dimensions of the rod-shaped features
are similar to those observed in the 30:70 ratio. The 70:30 ratio
shows a morphology that is similar, albeit less defined, to that
observed in the 50:50 ratio (Fig. 4c).
2.3. Charge Carrier Mobilities

Low charge carrier mobilities result in charge accumulation and
inefficient charge collection while unbalanced charge carrier
mobilities decrease thefill factor (FF) and efficiency ofBHJdevices
by promoting charge recombination.[41,42] To quantify carrier
mobilities for the DPP(TBFu)2:PC71BM films, current-density–
voltage (J–V) characteristics of single-carrier diodes were
measured for pure and blended materials. The hole and electron
mobilities were extracted using the space-charge limited current
(SCLC)model.[43–45]PureDPP(TBFu)2filmsexhibit holemobilities
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
on the order of �1� 10�5 cm2 V�1 s�1 before
and after annealing at 100 8C (Supporting
Information, Fig. S4a). For the blends, the
average hole mobilities for as-cast 30:70, 50:50,
60:40, and 70:30 films were found to be
0.9� 10�5 cm2 V�1 s�1, 2� 10�5 cm2 V�1 s�1,
3� 10�5 cm2 V�1 s�1, and 3� 10�5 cm2 V�1

s�1, respectively. The hole mobilities did not
change significantly upon annealing. Electron
mobilities were found to increase significantly
with higher acceptor concentration from
2� 10�5 cm2 V�1 s�1 to 70� 10�5 cm2 V�1

s�1 to200� 10�5 cm2V�1s�1 for the70:30, 50:50
and 30:70 blend ratios, respectively. After
annealing at 100 8C, the electron mobility increases by a factor
of 45 for the 70:30 blend (90� 10�5 cm2V�1 s�1) but there is only a
slight improvement in electron mobilities for the 50:50 and 70:30
blend ratios (200� 10�5 cm2V�1 s�1 and 300� 10�5 cm2V�1 s�1,
respectively). One possible explanation for these observations is
that percolation pathways are poorly formed at low fullerene
concentrations, but improve upon thermal annealing. When a
sufficiently high fractionof the fullerene component, that is, 30:70,
is used, the percolation pathways are obtained directly from
solution. The plot of the charge carrier mobility versus the blend
ratio before and after annealing is included in the Supporting
Information (Fig. S4b). The carrier mobility was found to bemore
balanced at high donor concentrations (60:40 and 70:30 blend
ratios), and is perhaps one of the factors that contributes to higher
device performance, as described in more detail below.
2.4. Device Properties

After understanding thin-film properties, we examine how the
DPP(TBFu)2:PC71BM films perform in solar cells. Figure 5 shows
the J–V and the incident-photon conversion efficiency (IPCE)
characteristics of as-cast and annealed DPP(TBFu)2:PC71BM
(60:40) devices under AM 1.5G illumination at an intensity of
100mWcm�2. The short-circuit current density (JSC),VOC, andFF
for all devices are summarized in Table 1. The VOC is �0.9 V and
remains unchanged for all annealing temperatures and donor:-
acceptor blend ratios. The JSC is small for as-cast 60:40 blended
films (1.5mA cm�2) and increases substantially to a value of
8.9mA cm�2 for devices annealed at 80 8C (Table 1). The JSC
reaches a maximum value of 10mA cm�2 after annealing at
110 8C, a factor of 6 higher than for the as-cast devices. The JSC
decreases slightly to 8.3mA cm�2 after annealing at 150 8C
(Table 1). The slight drop in JSC is likely a result of decreased charge
separation due to a reduced donor–acceptor interfacial area,
consistent with the observed change in the donor and the acceptor
domain sizes from the AFM images collected at high annealing
temperatures, Figure 3c. The FF shows the same trend as the JSC.
The FF is 0.24 for as-cast devices and increases to 0.38 for devices
annealed at 80 8C (Table 1). The FF reaches a maximum value of
0.48 fordevicesannealedat 110 8Canddecreases slightly to0.46 for
those annealed at 150 8C. The improved JSC and FF of the device
annealed at 110 8C leads to an efficiency of 4.4%, over an order of
magnitude higher than the as-cast device (0.33%; Table 1).
Adv. Funct. Mater. 2009, 19, 3063–3069
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Table 1. Comparison of device characteristics of differentDPP(TBFu)2:PC71BM
blend ratios annealed at different temperatures [a]. Here, JSC is the short-
circuit current density, VOC is the open-circuit voltage, FF is the fill factor,
and h is the overall power conversion efficiency.

Blend Ratio Annealing Temp [8C] JSC [mA cm�2] VOC [V] FF h [%]

60-40 As-cast 1.5 0.96 0.24 0.33

60-40 80 8.9 0.92 0.38 3.1

60-40 100 9.9 0.92 0.42 3.8

60-40 110 10.0 0.92 0.48 4.4

60-40 150 8.3 0.92 0.46 3.5

30-70 As-cast 6.7 0.90 0.38 2.3

30-70 100 5.7 0.90 0.38 2.0

50-50 As-cast 4.8 0.94 0.35 1.6

50-50 100 8.4 0.90 0.45 3.4

60-40 As-cast 1.5 0.96 0.24 0.3

60-40 100 9.9 0.92 0.42 3.8

70-30 As-cast 0.8 0.88 0.26 0.2

70-30 100 9.0 0.94 0.49 4.2

[a] Thearchitecture is ITO/PEDOT:PSS/DPP(TBFu)2:PC71BM/Al for all devices.

Figure 5. J–V characteristics and external quantum efficiencies of

DPP(TBFu)2:PC71BM devices. a) J–V curves of a 60:40 DPP(TBFu)2:PC71BM

blend ratio annealed at different temperatures. b) IPCE spectra of a 60:40

DPP(TBFu)2:PC71BM blend annealed at different temperatures compared

to a P3HT:PC61BM device. c) J–V curves of different DPP(TBFu)2:PC71BM

blend ratios after annealing at 100 8C. d) IPCE spectra of different

DPP(TBFu)2:PC71BM blend ratios after annealing at 100 8C.
The IPCEs of a 60:40 blend ratio at various annealing
temperatures are shown in Figure 5b. Integrating the IPCE yields
the theoretical JSC values, which equal the measured values in the
J–V curves to� 1mA cm�2. The IPCE of a 1:1 P3HT:PC61BM
device is included for comparison (dashed line). The IPCEs of the
DPP(TBFu)2:PC71BMdevices extendpast 700 nm.The IPCEof the
as-cast DPP(TBFu)2:PC71BM device is around 10%. The IPCE of
the 60:40 device annealed at 100 8C integrates to 10mA cm�2,
similar to the measured JSC (Fig. 5a) and reaches a maximum of
58% at 585 nm. The shape of the IPCE spectrum resembles
the shape of the absorption spectrumof the blendedfilms,with the
Adv. Funct. Mater. 2009, 19, 3063–3069 � 2009 WILEY-VCH Verl
notable exception that the relative height of the IPCE plot in
the 350–500 nm region is higher than the absorption. Perhaps the
excitons generated by PC71BM are harvestedmore efficiently than
the donor due to the smaller PC71BM domain sizes as seen in the
AFM images (Fig. 3).

Figure 5c and d shows the J–V and the IPCE characteristics of
DPP(TBFu)2:PC71BM devices annealed at 100 8C for 10min as a
function of the blend ratios. The VOC remains the same for all
the blend ratios studied here. Before annealing, JSC is highest
(6.7mA cm�2) for large acceptor concentrations (70% by weight).
After annealing at 100 8C, JSC increases with the donor
concentration from 5.7mA cm�2 for 30:70 blend ratio to
8.4mA cm�2 for 50:50 ratio, and reaches the highest value of
9.9mAcm�2 for the60:40blend ratio (Table 1). JSCdrops slightly to
9.0mA cm�2 at higher donor concentration (70:30). The FF
increases with increasing donor concentration from0.38 for 30:70
to 0.49 for 70:30 (Table 1), which is likely due to a greater balance of
charge carrier mobilities at high donor concentrations.[1,11,23] A
PCEof 4.4%occurs at blend ratios of 60:40 or 65:35 after annealing
between 100 and 110 8C. The IPCEs observed for different blend
ratios after annealing at 100 8C for 10min are plotted in Figure 5d.
The IPCE is around 36% for 30:70 blend ratio, increases to�50%
for the 50:50 blend, reaches amaximumvalue of 58% for the 60:40
blend, and drops to 47% for the 70:30 blend.

The photovoltaic characteristics for different blend ratios and
annealing temperatures are summarized in Table 1. Comparing
the as-cast devices at different donor:acceptor ratios show a large
drop in the device efficiency with increasing donor concentration
from2.3% for the 30:70 blend to 1.6% for the 50:50 blend, to 0.3 for
the 60:40 blend, and to 0.18% for the 70:30 blend. Perhaps, this
drop in the efficiency is a result of a reduction in electronmobility
with lowerPC71BMconcentration in theblend (2� 10�5 cm2V�1s�1

for 70:30 and 200� 10�5 cm2 V�1 s�1 for 30:70). At low donor
concentration (30:70 blend), annealing at 100 8C causes the JSC to
drop slightly from 6.7mA cm�2 to 5.7mA cm�2 whereas the FF
remains unchanged; thus, the efficiency decreases slightly from
2.3% to 2.0%. The drop in JSC may be due to an increase in phase
ag GmbH & Co. KGaA, Weinheim 3067
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separationupon thermal annealing, as observed in theAFM image
shown in Fig. 4a. Increasing the donor concentration in the blend
leads to better JSC, FF, and device efficiency (Table 1). The highest
performance observed occurred for the 60:40 blend annealed at
110 8C, yielding a JSC of 10mA cm�2, a VOC of 0.92V, a FF of 0.48,
and a PCE of 4.4%. This result is reproducible from three different
donor batches with PCE of 4.4� 0.4%. This suggests that
percolation paths are not optimized at lower temperatures. Future
workwill focus on understanding the photophysics of thematerial
anddevelopingprocessing techniques to enhance the formationof
percolation paths while maintaining small domain sizes for
increased JSC and FF values.
3. Conclusions

In summary, we present a novel, small-molecule donor system
featuring the DPP�OT chromophoric core whose optical and
electronic properties can be tuned by choosing the appropriate
terminating group. By using benzofuran units, a solution-
processable donor system with high optical density is obtained.
Our molecular design gives a material that has a deeper HOMO
than the widely used polymeric donor material P3HT but has
larger spectral coverage. The frontier orbitals of this donor system
are appropriately match with the common fullerene acceptor
PC71BM, which results in effective charge transfer process.
DPP(TBFu)2 films in pure form or when blended with PC71BM
exhibit increased crystallinity upon thermal annealing. With all
these properties in consideration, solar cells giving high VOC

values and PCE values greater than 4% have been demonstrated,
which, to date, are the highest reported BHJ solar cells based on
solution-processable conjugated molecular systems. This work
demonstrates that the correct combination of conjugated building
blocks can lead to smallmolecules that have excellent film-forming
properties for use inBHJ devices. It is expected that withmore fine
tuning of DPP-based materials, combined with optimized device
processingmethods,BHJsolar cellswith efficiencies of larger than
5% are possible.
4. Experimental

3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4-dione (DPP(TBFu)2): In a three-necked, oven-dried 100mL
round-bottom flask, 3,6-bis-(5-bromo-thiophen-2-yl)-2,5-di-n-octyl-pyr-
rolo[3,4-c]pyrrole-1,4-dione [19] (0.683 g, 1.00mmol) was mixed with
15mL of anhydrous toluene and 10mL of 2.0 M potassium phosphate and
the resulting mixture was degassed for 10min. Benzofuran-2-boronic acid
(0.375 g, 2.25mmol), tris(dibenzylideneacetone)dipalladium(0) (14mg,
0.0153mmol), and tri-tert-butylphosphonium tetrafluoroborate (18mg,
0.0620mmol) were then added to the mixture and then degassed again for
5 minutes. The reaction mixture was stirred and heated to 908C under
argon overnight. The reaction mixture was allowed to cool down to room
temperature, after which it was poured into 300mL of methanol and then
stirred for 30min. The precipitated solid was then collected by vacuum
filtration and washed with several portions of distilled water, methanol,
isopropanol, and petroleum ether. The crude product was purified by flash
chromatography using chloroform as eluent, and the solvent was removed
in vacuo to obtain a pure product. 3,6-bis(5-(benzofuran-2-yl)thiophen-2-
yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione is formed as a shiny,
dark-green powder (yield: 67.2%) with mp 2338C. 1H NMR (250MHz,
CDCl3, ppm) d¼ 9.01 (d, J¼ 4.0Hz, 2H), 7.48-7.61 (m, 6H), 7.20-7.36
� 2009 WILEY-VCH Verlag GmbH &
(m, 2H), 7.05 (s, 2H), 4.85 (dd, J¼ 4.0Hz, 0.5Hz, 4H) 1.98 (m, 2H), 1.20–
1.50 (m, 16H), 0.80-1.00 (m, 12H). MS (LR-EI) m/z: [Mþ] calculated for
C46H48N2N2O4S2: 756.31, found 756.03. CHN analysis: calcd: C 72.89,
H 6.39, N 3.70. found: C 72.35, H 6.33, N 3.88.

Solar cells were fabricated by spin-casting the BHJ active layer onto a 50-
nm layer of PEDOT:PSS (H.C. Stark Baytron P 4083) atop Corning 1737
glass patterned with 140 nm of ITO (Thin Film Devices). An 80-nm-thick
aluminum cathode was deposited (area 20mm2) by thermal evaporation
with no heating of the sample (Angstrom Engineering). Unless otherwise
stated, the BHJ layer was spin-cast at 2 500 rpm from a solution of
DPP(TBFu)2 and PC71BM in chloroform at a total solids concentration of
20mg mL�1. PC71BM was purchased from Nano-C and used as received.
The active layers were determined to be approximately 95-nm thick using
an Ambios XP-100 Stylus profilometer. Solar cells were characterized under
simulated 100mW cm�2 AM1.5G irradiation from a 300W Xe arc lamp
with an AM1.5 global filter. Simulator irradiance was characterized using a
calibrated spectrometer, and illumination intensity was set using an NREL
certified silicon diode with an integrated KG1 optical filter; spectral
mismatch factors were calculated to be less than 10%. Many devices were
fabricated independently by different individuals (B. W. and A. T.) in two
separate laboratories. Three different batches of DPP(TBFu)2 were tested.
Quantum efficiencies were measured with a Xe lamp, monochromator,
optical chopper, and lock-in amplifier; photon flux was determined by a
calibrated silicon photodiode. Device fabrication and testing were done
under inert atmosphere in a nitrogen filled glovebox.

UV�Vis absorption spectroscopy was measured on a Shimadzu 2401
diode array spectrometer. AFM images were collected in air under ambient
conditions on multiple sets of films using the Innova scanning probe
microscope (Veeco). Silicon probes with spring constants of �5N m�1

and resonant frequencies of 75 KHz (Budget Sensors) were used for
tapping mode AFM measurements.

For UPS measurements, 75-nm-thick Au films were thermally deposited
on precleaned Si substrates with a thin native oxide. Blend (or pure)
solutions were then spin coated at spin speed of 2 000 rpm and
concentration of 0.1%. All films were prepared inside a nitrogen-
atmosphere glovebox and were transferred via an airtight sample holder
to the UPS analysis chamber. Samples were also kept in a high vacuum
chamber overnight to remove solvent residues. The UPS analysis chamber
was equipped with a hemispherical electron energy analyzer (Kratos Ultra
Spectrometer) and was maintained at 1� 10�9 Torr. The UPS measure-
ments were carried out using the He I (hv¼ 21.2 eV) source. During UPS
measurements, a sample bias of �9 V was used in order to separate the
sample and the secondary edge for the analyzer. To confirm the
reproducibility of the UPS spectra, we repeated these measurements
twice on each set of samples. Thin-film XRD spectra were recorded
using an X’Pert Phillips Material Research Diffractometer (MRD) at
45 kV and 40mA with a scanning rate of 0.004 degree per second, and Cu
Ka radiation (with wavelength l¼ 1.5405 Å) with a 2u-v scan configuration.

Hole- or electron-only diodes were fabricated using the architectures:
ITO/PEDOT:PSS/DPP(TBFu)2:PC71BM/Au for holes and Mg/
DPP(TBFu)2:PC71BM/Mg for electrons. Electron-mobility measurements
were repeated using the architecture of Al/DPP(TBFu)2:PC71BM/Ba/Al.
Electron mobilities were measured using electrodes with different work
functions to ensure that the built-in potential of the devices did not affect
the results. Mobilities were extracted by fitting the current density–voltage
curves using the Mott–Gurney relationship (space charge limited current).
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