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ABSTRACT: The influence of various polar solvent additives
with different dipole moments has been investigated since the
performance of a photovoltaic device comprising a donor−
acceptor copolymer (benzothiadiazole-fluorene-diketopyrrolo-
pyrrole (BTD-F-DKPP)) and phenyl-C60-butyric acid methyl
ester (PCBM) was notably increased. A common approach for
controlling bulk heterojunction morphology and thereby
improving the solar cell performance involves the use of
solvent additives exhibiting boiling points higher than that of
the surrounding solvent in order to allow the fullerene to
aggregate during the host solvent evaporation and film
solidification. In contrast to that, we report the application
of polar solvent additives with widely varied dipole moments, where intentionally no dependence on their boiling points was
applied. We found that an appropriate amount of the additive can improve all solar cell parameters. This beneficial effect could be
largely attributed to a modification of the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-active layer
interface within the device layer stack, which was successfully reproduced for polymer solar cells based on the commonly used
PCDTBT (poly[N-900-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)]) copolymer.
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1. INTRODUCTION
For many years sun light was only used as an indirect energy source. In
contrast, today organic photovoltaic cells (OPVs), which can convert
sunlight directly to electrical power, have attracted growing attention
due to their unique advantages, such as potential for low cost, easy
fabrication, low weight, and high flexibility.1−6 However, for
industrialization of organic solar cells (OSCs) their performance and
lifetime have to be further optimized.7

Currently, the most successful approach yielding high polymer solar
cell performances is based on donor−acceptor bulk-heterojunctions
(BHJ). In BHJ the photoactive layer consists of an intimate mixture of
a conjugated polymer-based electron donor and a fullerene-based
electron acceptor deposited from a mixed solution using common
solvents.8,9 As the solvent evaporates and the film dries, the donor (D)
and acceptor (A) components phase-separate into different domains.10

The resulting efficiency of the solar cell is extremely dependent on the
size, composition, and crystallinity of these domains and thus critically
depends on the nanomorphology of the photoactive layer.11−13 More
recently, several approaches for controlling the bulk heterojunction
morphology have been reported, including adjusting the rate of film-
formation process14 using a cosolvent,15 solvent vapor annealing,16,17

microwave annealing,18 and thermal annealing.19,20 Although, local
ordering, crystalline phases and bicontinuous structures could be
obtained,21−24 it is challenging to transfer these methods to industrial
fabrication processes.

Another approach for controlling the bulk heterojunction nano-
morphology is the incorporation of a small amount of high boiling
point (Tb) solvents into the D/A solution.25−30 Bazan et al. reported a
significant performance improvement to efficiencies above 5% in
blends of PC71BM with a low band gap polymer poly[2,6-(4,4-bis(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)] (PCPDTBT) upon the addition of a few volume
percent of either alkanedithiols or alkanedihalides.31−33 Similar
improvements were recently reported for other low-bandgap polymers,
where the morphologies cannot be optimized by conventional thermal
annealing processes.34−36 Morphological studies and photophysical
measurements performed on these systems have revealed that the
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improvement in the device performance had to be related mainly to
improved phase separation within the blend film, giving rise to an
enhancement in the photoconductivity of the free charge carriers.37

Moreover, Seo et al.38 have demonstrated that the solar cell device
performance can be markedly improved via incorporation of a
conjugated polyelectrolyte (CPE) interlayer deposited on top of the
photoactive layer from a methanol solution. This improvement was
attributed to local dipole arrangements, modifying the contact with the
electron extracting aluminum electrode. Furthermore, the authors
showed that deposition of methanol alone on top of the active layer
similarly increased the open circuit voltage and device performance to
a somewhat lower extend. Therefore, the performance improvement
was attributed to a combination of two effects: methanol treatment
and the presence of the thin CPE layer. A more recent in-depth
investigation by Zhou et al.,39 methanol top-casting on PTB7:PC70BM
revealed a passivation of surface traps, leading to reduced
recombination as well as increased built-in voltage and surface charge
density of the methanol treated devices, which could not be related to
any change in the blend composition or morphology. The origin of the
surface trap reduction, however, remained open and is subject of
further investigations. Furthermore, it was shown by Liu et al.40 that
the simple ethanol spin-casting on top of the active layer also results in
improvements of solar cell performance. The authors demonstrated
that ethanol can penetrate through the PCX3/PC71BM and
considerably influence the contact properties of a “buried” interface.
These positive changes were noticed only in case of using
PEDOT:PSS and were not confirmed in case of using MoOx.
However, no further investigations of the active layer-PEDOT:PSS
interface were presented. Furthermore, Wang et al.41 demonstrated
improved electron injection upon polar solvents (methanol or
ethanol) spin-casting of on top of an organic layer of a light emitting
diode (OLED). They found that the removal of the solvent did not
occur easily even in vacuum. Therefore, the authors concluded that
solvent treatment of the organic active layer can effectively modify the
organic/metal cathode interface.
Intrigued by the performance improvement upon the bare methanol

treatment, we applied methanol to our material system as well,
composed of a novel donor−acceptor statistical copolymer based on
polyfluorene (PFO) as donor and benzothiadiazole (BTD) or
promissing diketopyrrolopyrrole (DKPP)42,43 as acceptor units. To
adjust the optical and electrical properties for optimal performance,

the ratio between the accepting units has been varied systematically
earlier.44 However, since deposition of methanol on top of the
photoactive layer is complicated within continuous solar cell
production, we used methanol as solvent additive, as well. Methanol
applied as a solvent additive might potentially modify both: the bulk
heterojunction morphology and interfaces to charge collecting
electrodes. Furthermore, as the performance change in those
photovoltaic devices cannot be assigned to the effect of higher boiling
point solvent additions, we considered a variation of solvent additives
exhibiting largely varying dipole moments. Hence, hexane, thiophene,
methanol, and dimethyl sulfoxide (DMSO) were chosen to vary the
polarity of solvent additives by dipole moments between 0, 1.6, 5.5,
and 13 C·m, respectively.45 Among these solvent additives, only
DMSO has a boiling point higher than the host solvent chlorobenzene.
For distinguishing the effects, we conducted optical, electrical,
morphological and surface characterizations on solar cells and
individual layers. Our investigation revealed that a large part of the
performance improvement has to be assigned to a change in the active
layer-PEDOT:PSS interface. Furthermore, corresponding improve-
ments upon polar solvent addition have been confirmed with more
efficient PCDTBT-based solar cells as well.

2. EXPERIMENTAL SECTION

2.1. Materials. Scheme 1 shows the synthesis of the BTD-
F-DKPP statistical D-A-copolymer, consisting of fluorene as
donor-group and either BTD or DKPP as acceptor groups. The
three monomers BTD, F, DKPP were synthesized as described
in ref 44. The yields for the alkylation of the DKPP were
generally in the lower range (∼30%) compared to that reported
in the literature (11−76%). The unbrominated BTD monomer
was prepared via a Suzuki cross coupling reaction in the
microwave with 84% yield. A Suzuki cross coupling was utilized
for the polymerization, 1 equiv fluorene (F) was used as
connecting unit and the other comonomers were used in a ratio
of 3:7 (BTD:DKPP) and purified by precipitation, Soxhlet
extraction, and repeated precipitation. The yield of the polymer
achieved was 77%. SEC measurements revealed a molar mass
(Mn) of 25 000 g/mol with a PDI value of 2.18. The HOMO
level was located at −5.12 eV, and the LUMO level, at −3.35

Scheme 1. Schematic Representation of the Polymer Synthesis Routine of BTD-F-DKPP (x = 0.3, y = 0.7) with HOMO and
LUMO Values of the Initial Monomers and the Resulting Polymer Determined by CV
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eV below the vacuum level resulting in band gap of 1.77 eV
defined by cyclic voltammetry (CV).
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) (CLEVIOS, Hereaus) was employed as a hole
transporting layer.
2.2. Device Fabrication and Characterization. Solar cell

device preparation involved etching part of the ITO-layer on
glass for selectively contacting the back electrode, followed by
cleaning in ultrasonic bath using acetone and isopropanol.
PEDOT:PSS was spin-cast from aqueous solution on top of
ITO and served as the hole transporting layer. It was annealed
on the hot plate for 15 min at 180 °C in order to drive the
water out of the film. The photoactive layer was prepared from
BTD-F-DKPP:PCBM chlorobenzene solutions with 1:4
polymer:fullerene blending ratios. For the additive containing
solutions, hexane, thiophene, methanol and DMSO were added
in different concentrations into the BTD-F-DKPP:PCBM
chlorobenzene solution. Solutions were stirred overnight at
45 °C in a N2 glovebox and then spin-cast on top of the
PEDOT:PSS layer. For the top electrodes, 50 nm of
magnesium and 100 nm of aluminum were deposited
sequentially by thermal evaporation, resulting in solar cells
with an active area of 0.5 cm2. All samples were encapsulated
under glass prior to characterization.
Current−voltage (J−V) measurements of the solar cell

devices were performed under a class A AM1.5 solar simulator
and were recorded with a Keithley 2400 source-measure-unit.
External quantum efficiencies (EQE) were recorded under
monochromatic light with an additional halogen bias light,
providing an excitation intensity of about one sun. Electro-
luminescence (EL) spectra were recorded using fiber
spectrometers and electrical excitation by a 50 mA injection
current.
For charge carrier mobility determination, a single carrier

space charge limited current (SCLC) devices in diode
configuration were prepared, using a layer stack of glass/
ITO/PEDOT:PSS/active layer/Au. ITO coated glass substrates
were etched at the region of contact to the Au and subsequently
cleaned in acetone and isopropanol. Thereafter, a layer of
PEDOT:PSS (∼30 nm) was spin coated onto the substrates.
After drying the PEDOT:PSS for 15 min at a temperature of
180 °C, 250 nm thick layers of unmodified or additives-

modified BTD-F-DKPP:PCBM were spin-cast on top under
inert conditions. The top Au electrodes were thermally
evaporated onto the active layer under high vacuum conditions
defining an active area of 0.16 cm2 for a single SCLC device.
The devices were encapsulated using glass and an epoxy resin
under inert environment. The devices were characterized in the
dark at room temperature with a Keithley 2400 source measure
unit. Because of the symmetrical work function electrodes in
hole-only devices, built-in voltage (Vbi) close to 0 V was
assumed for fitting measured J−V characteristics. The series
resistance was determined from the reference devices fabricated
without the active layer and was found to be 5.3 Ω. Both the Vbi
and the voltage drop (IR) over the series resistance were
subtracted prior to fitting the measured J−V characteristics
using the Murgatroyd SCLC relationship for mobility
determination.46

2.3. Film Characterization. Absorption spectra were
obtained from transmission and reflection spectra recorded
on a Varian Cary 5000.
Steady-state photoluminescence spectra were recorded using

fiber spectrometers and optical excitation by laser light at 445
nm. For time-resolved photoluminescence studies, transient
emission spectra on a picosecond time scale were recorded with
a Streak Camera System (Hamamatsu C4742) in fast sweep
mode. The excitation wavelength of 400 nm was provided by a
frequency-doubled output of a Ti:sapphire femtosecond
oscillator system. Detection of nanosecond time scale emission
spectra was performed with the same Streak Camera System
but in slow sweep mode, while the excitation of 400 nm was
provided by frequency doubling the output of a commercial
femtosecond amplifier laser system (Coherent LIBRA-HE).
Topography scans and thickness measurements were

performed using a Dimension 3100 Nanoscope atomic force
microscope (AFM) in tapping mode.
Scanning electron microscopy (SEM) measurements of the

cross-section of ITO/PEDOT:PSS/active layer films were
made using Hitachi S 4800.
The surface properties of the unmodified and additive-

modified PEDOT:PSS films were characterized, after transfer of
the samples in inert gas from the glovebox to the UHV system,
by X-ray and ultraviolet photoelectron spectroscopy (XPS,
UPS) in normal emission employing monochromated Al Kα

Figure 1. (a) Optical absorption and (b) photoluminescence normalized to the absorption at laser excitation wavelength (445 nm) of pristine
terpolymer BTD-F-DKPP, its monomers (F-BTD, F-DKPP), and PCBM as well as BTD-F-DKPP:PCBM blend films.
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radiation (hν = 1486.7 eV) as well as ultraviolet radiation (He I
− hν = 21.2 eV and He II − hν = 40.8 eV) for electron
excitation.47,48 The measured values of the work function and
the ionization potential were evaluated as the difference
between vacuum level and Fermi level as well as between the
onset of an occupied states and Fermi level, respectively. XPS
provides information about up to the first 10 nm of the layer
under investigation and hence is capable of probing the surface
material composition.

3. RESULTS AND DISCUSSION

At first we investigated the optical properties of F-BTD, F-
DKPP, and BTD-F-DKPP copolymers, PCBM, and blends of
BTD-F-DKPP:PCBM in thin films. As summarized in Figure
1a, the two base copolymers, F-BTD and F-DKPP, exhibited
considerably different optical band gaps of 2.08 and 1.75 eV,
respectively. The statistical terpolymer BTD-F-DKPP, consist-
ing 30% BTD and 70% DKPP acceptor units, yielded an
additive and strong absorption in the range between 500 and
700 nm. Also blending of BTD-F-DKPP with PCBM resulted
in additive absorption in thin films. Photoluminescence spectra
(Figure 1b) normalized to the absorption at the laser excitation
wavelength (445 nm) demonstrate that F-BTD exhibited an
approximately 50 times larger photoluminescence signal as
compared to F-DKPP. The photoluminescence spectrum of the
BTD-F-DKPP copolymer shows the expected additive
behavior, resulting in intermediate photoluminescence strength.
Upon addition of PCBM and formation of a bulk
heterojunction the photoluminescence is reduced by a factor
larger than 10, indicating >90% exciton dissociation efficiency.
However, a very strong signal, centered at 875 nm, occurred in
addition to the quenched polymer and fullerene photo-
luminescence, which indicates strong charge-transfer (CT)
state recombination across the heterojunction. This may be
either due to geminate or bimolecular radiative recombination
and puts a strong limitation on the accessible photocurrent
generation.49,50

The UV−vis absorption and photoluminescence spectra of
BTD-F-DKPP:PCBM films, either spin-cast from blend
solutions without or with methanol additive and, alternatively,
with methanol spin-cast on top of the active layer are presented
in Figure 2. The optical properties of the films with methanol
spin-cast on top of the active layer and from solution with a
small amount of methanol, varied negligibly as compared to the
active layer cast from the unmodified solution. Since, generally,

the photoluminescence signals can be scaled with the domain
size, as for larger domain sizes the probability of reaching the
heterojunction interface and thus the probability for exciton
splitting decreases due to the limited lifetime of excitons,15 no
variation in signal strength of the photoluminescence signals at
700−750 and 750−1000 nm might indicate no modifications of
the bulk heterojunction morphology (degree of phase
separation). In addition, no significant change in the CT-state
recombination was observed at the peak wavelength of 875 nm.
This might further confirm that the blend morphology
remained almost unaffected by the methanol treatments.
However, even though no clear indications of a possible

morphological change or a change in the CT-recombination
could be detected, the photovoltaic performance was increased
remarkably comparing the untreated pristine active layer and
the active layer with methanol spin-cast on top as well as the
devices with methanol additive (compare Figure 2b). Both
methanol applications, on top of the photoactive layer and
addition into solution, resulted in a significant increase of the
photocurrent and open circuit voltage. Using methanol as an
additive yielded a slight further improvement of the open
circuit voltage. The increased photocurrent might be an
indication of more efficient charge carriers extraction and, as
noticed before by Zhou et al.,39 reduction of interface
recombination upon applying methanol in both ways. However,
as both of the methanol treatments did not reduce the CT-PL
peak, the effect of the current increase may thus be exclusively
assigned to the interfacial modifications. Since the photocurrent
density only yielded about 5 mA/cm2 in the best case, it
appears that a large amount of the charge carriers are tightly
bound across the heterojunction, comparing the experimental
photocurrents with expected from optical absorption. From
photocurrent data (not shown) it can be concluded that about
50% of the current losses found at the short circuit condition
have to be related to bimolecular recombination losses.
A remarkable increase in the open circuit voltage has been

earlier assigned to a modification of the photoactive layer blend
composition near the charge extracting electrodes.51 This might
further indicate that in our case the modification was taking
place mostly near the electrodes. Furthermore, the considerable
increase in open circuit voltage earlier observed by Zhou et al.39

and Liu et al.40 after simple spin-casting polar solvents on top of
the active layer was also attributed to the modification of the
BHJ/metal cathode interface with a decrease of the injection
barrier and passivation of the surface traps.

Figure 2. (a) UV−vis absorption spectra and normalized photoluminescence of BTD-F-DKPP films and (b) J−V characteristics of the same films in
solar cell devices, spin-cast from solution as pristine film, or either with methanol on top of the active layer or with methanol applied as additive in
solution.
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In contrast to other additives, methanol is unlikely to
selectively dissolves one of the active layer components as the
solubility of conjugated polymers and fullerene derivatives is
generally low in methanol. However, it is a polar solvent, which
might result in a polarization effect within the modified solution
or in bulk heterojunctions. To check this hypothesis and in
order to gain larger contrast between the additive and the host
solvent chlorobenzene, which has a rather comparable polarity
(5.2 C·m) to methanol, we chose several additional solvent
additives with largely varied dipole moments between 0
(hexane), 1.6 (thiophene), 5.5 (methanol), and 13 C·m
(DMSO)45 and investigated their influence on solar cell
performance and optical properties. It should be noticed that

while BTD-F-DKPP is completely insoluble in methanol and
DMSO and has low solubility in hexane (<1 mg/mL), its
solubility is somewhat higher in thiophene (∼10 mg/mL).
Inspecting the optical absorption of the additive modified BTD-
F-DKPP:PCBM bulk heterojunctions did not reveal significant
changes as compared to the unmodified active layer except for
some variation in PCBM absorption at ∼350 nm (Figure 3a).
However, in case of DMSO most prominently the PL (Figure
3b) was increased between 600 and 700 nm as well as between
800 and 1000 nm in comparison to all other films. Thus, the
possible considerable modification of the bulk heterojunction
morphology might be expected only in the case of DMSO,

Figure 3. (a) UV−vis absorption and (b) normalized photoluminescence spectra of BTD-F-DKPP:PCBM blend films without and with various
processing additives with varying dipole moments.

Figure 4. Fluorescence transients of blend films spin-coated from solutions without and with additives. The emission was integrated between (a)
670−690 nm (polymer singlet emission) and (b) 820−840 nm (CT-state emission). Samples were excited at 400 nm with a femtosecond laser pulse.

Figure 5. (a) J−V characteristics of solar cells modified with different additives and (b) the corresponding external quantum efficiencies.
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whereas all other solvent additives result in almost identical
optical properties.
Furthermore, time-resolved photoluminescence measure-

ments (Figure 4) confirmed and supported the results and
conclusions obtained by steady state PL. The PL decay
dynamics do not vary significantly and indicates only minor
changes of domain sizes and thusif at allonly minor
changes of the blend morphology. The emission at 670−690
nm from blend films spin-cast from solution with and without
additives allowed measuring the quenching of polymer singlet
exciton (Figure 4a). The excitation lifetimes were estimated
based on the monoexponential fits of the integrated intensity in
this wavelength region as 12.9 ps for the untreated film, 14.1 ps
for the film modified by hexane and 17.9 ps for thiophene, 13.8
ps for methanol as well as 16.3 ps for DMSO. Interestingly, the
emission between 820 and 840 nm (shown in Figure 4b) is
below the optical bandgap and thus appears to originate from a
long-lived species, which emission is extending into the NIR.
Hence, this emission was assigned to CT state photo-
luminescence.
Figure 5a shows the J−V characteristics of BTD-F-

DKPP:PCBM BHJ solar cells processed using the various
additives. We found that photovoltaic cells based on BTD-F-
DKPP:PCBM processed with polar additives generally
exhibited improved photovoltaic parameters for increasing
polarity as compared to the unmodified blend. The data
obtained from Figure 5 are summarized in Table 1, including
EQE-corrected photocurrents and device-to-device variation,
collected from ∼200 devices per parameter. The thickness of
the active layer without any additives was optimized to yield the
best solar cell performance and determined as ∼55 nm. Upon
using the additives the resulting active layer thickness was
varying within about ±10% (hexane, thiophene ∼50 nm;
DMSO ∼47 nm; methanol ∼60 nm)justifying the
comparability between these different films.
The J−V curves clearly show a notable improvement of the

photovoltaic performance upon additives incorporation. The
best cells with methanol as an additive exhibited 1.73% power
conversion efficiency, while cells without any additives revealed
only 0.78%. The strongest improvement for the additive
modified devices was found in a 55% increase of the open
circuit voltage from about 550 to 850 mV in case of methanol
and DMSO. In Figure 5b the additional peak occurring
between 400 and 500 nm for hexane, thiophene, and DMSO in
the EQE spectrum can most probably be assigned to a light
interference effect as no significant change of absorption upon
additives treatment was observed. The highest photocurrent
increase of about 40% was obtained for DMSO and reached 4.8
mA/cm2, as derived from the EQE-spectrum. As the short
circuit current is generally associated with the charge carrier

mobility, the SCLC method was used in order to investigate
possible changes in the hole mobility upon treatment with
additives. It should be noticed that devices composed of BTD-
F-DKPP copolymer have generally low hole mobility (Table 1).
The addition of small amounts of hexane and thiophene has
almost no effect on the hole mobility. In contrast, methanol and
DMSO additives resulted in an increase in the hole mobility by
1 order of magnitude.
Interestingly, the optimum concentration of the additives,

which was used to achieve the best photovoltaic parameters,
was found to decay exponentially with the additive’s dipole
moment (Figure 6). However, ethanol, which was also

investigated during this study, did not follow this trend, even
though it has a comparable dipole moment (5.7 C·m) with
methanol. The reasons for that have to be further investigated
and are beyond the scope of the present study.
In order to gain more insight into charge injection and

recombination, electroluminescence (EL) measurements were
performed on these solar cells. During the measurements, the
detected luminescence signal was controlled by the injection
current without any pumping light. This allows avoiding
completely potential excitation light contributions. Generally, as
electrons and holes are injected into the device, they must
recombine either radiatively or nonradiatively. The first state
that allows for recombination must be the lowest energetic
state, which for BHJs is the charge transfer (CT) state.
Consequently, EL allows directly access the CT-state within the
terpolymer:PCBM blends. Even though, there remains the
probability to excite the individual materials luminescence,
both, the higher injection probability of electrons into the
LUMO of the PCBM and an energetically favorable charge
transfer from the LUMO of the terpolymer into the PCBM
basically result in a population of the PCBM-LUMO state and
thus only the CT-state recombination is observed in case of the

Table 1. Photovoltaic Performance and Hole Mobility of the BHJ Solar Cells Composed of BTD-F-DKPP:PCBM Fabricated
with Various Processing Additives (EQE Corrected Data)

BTD-F-DKPP:PCBM
+ additive

dipole
moment

boiling
point % JSC VOC FF PCE

PCE
max RS RP μh

(C·m) (°C)
in host
solution (mA/cm2) (mV) (%) (%) (%) (Ω) (Ω) (cm2/ Vs)

chlorobenzene (host) 5.2 131 3.4 ± 0.1 541 ± 5 41.8 ± 1.0 0.77 ± 0.01 0.78 9 925 1.3 × 10−6

hexane 0.0 68 0.8 4.1 ± 0.1 558 ± 7 46.4 ± 2.0 0.92 ± 0.06 0.98 6.8 908 1.6 × 10−6

thiophene 1.6 84 0.55 4.1 ± 0.3 575 ± 7 46.6 ± 2.0 1.0 ± 0.03 1.13 8.2 947 1.4 × 10−6

methanol 5.5 65 0.2 4.7 ± 0.2 843 ± 5 50.7 ± 3.0 1.67 ± 0.04 1.73 8.9 1301 1.8 × 10−5

DMSO 13.0 189 0.09 4.8 ± 0.3 837 ± 10 42.9 ± 3.0 1.62 ± 0.08 1.70 8.5 950 2.1 × 10−5

Figure 6. Dependence of the optimum additive concentration on its
dipole moment (a decaying exponential function was used for fitting).
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blends.50 Figure 7 shows the electroluminescence (EL) spectra
of BTD-F-DKPP:PCBM solar cells and pristine BTD-F-DKPP
as well as pristine PCBM. In case of the blend neither the
polymer nor the PCBM EL excitation was observed.
Interestingly, the BTD-F-DKPP:PCBM devices with additives
displayed significantly lower CT state EL intensities compared
to the unmodified blend. This strong lowering of the radiative
CT-state recombination is not in accordance with the
reciprocity relation postulated for solar cells in general, as
improved solar cell performance should be accompanied by
improved ratio of the radiative to the nonradiative recombina-
tion.52,53 Hence, the additives do not only increase the
photocurrent but also lower the electroluminescence through
the CT state. As the currents of additives treated devices in the
forward bias were generally larger as compared to the same
devices without any additives, the recombination of devices
with additives might occur more strongly through nonradiative
pathways such as, e.g., triplet states. The origin of this deviation
from the reciprocity relation is currently unclear and may rather

be assigned to a change of injection properties than to changes
of the morphology. However, via EL we were able to confirm
the energy of the CT-state recombination that was observed
already in the PL-spectra of the blends (Figure 7b).
The surface topology of the active layers was investigated by

means of tapping mode atomic force microscopy (AFM) in
order to further elucidate possible changes upon application of
additives. Figure 8 summarizes the results obtained on films
spin coated from the pure BTD-F-DKPP terpolymer (Figure
8a), BTD-F-DKPP:PCBM without additives (Figure 8b), and
with the solvent additives hexane (8c), thiophene (8d),
methanol (8e), and DMSO (8f). The pristine BTD-F-DKPP
copolymer films (a) are continuous and relatively featureless. In
contrast, terpolymer:fullerene films (b) exhibited some larger
structures indicating phase separation with PCBM. The surface
topography of the blend films processed with the additives
thiophene (d) and methanol (e) did not show significant
changes as compared to the pristine blend (b). Interestingly the
blends modified with hexane (c) exhibited a somewhat smaller

Figure 7. (a) EL spectra of the pristine components and of the blends, which show a dominant CT-state recombination without (black) and with
different additives (measured with constant current 50 mA). (b) Comparison of the EL and PL spectra to confirm observation of the CT.

Figure 8. AFM images of films cast from pristine BTD-F-DKPP (a) and blend films cast from BTD-F-DKPP:PCBM without (b) and with hexane
(c), thiophene (d), methanol (e), and DMSO (f) additives.
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phase separation. However, the AFM images of the blend films
processed with DMSO (f) exhibited a considerable decrease in
the phase separation, reminiscent to the topography of the pure
terpolymer film, indicating a polymer wetting layer on top of
the films. This wetting layer is in good agreement with the
observation of a considerably lower fill factor of corresponding
solar cells as well as the additional terpolymer PL feature found
for these blends (compare with Figure 4b).
The possible bulk morphology modifications upon additives

treatment were further investigated by SEM measurements.
Figure 9 summarizes the results obtained on films spin coated
from BTD-F-DKPP:PCBM without additives (Figure 9a) and
with the solvent additives hexane (Figure 9b), thiophene
(Figure 9c), methanol (Figure 9d), and DMSO (Figure 9e) on
top of ITO/PEDOT:PSS layers. The SEM images revealed no
difference in bulk morphology for films without (Figure 9a) any
additives as well as for thiophene(Figure 9c) and methanol
(Figure 9d) treatments, which is in agreement with AFM
measurements. Upon treatment by hexane (Figure 9b), the
scale of phase separation is somewhat smaller compared to the
untreated film. Furthermore, the SEM images of the blend films
processed with DMSO (e) exhibited small variations in film
morphology, which can be correlated with revealed by AFM
changes. Thereby, according to SEM and AFM measurements
the morphological changes−if any−upon active layer mod-

ification by additives cannot cause significant changes in the
device performance.
As neither the optical characterization nor the AFM and

SEM measurements revealed significant changes between the
films without and with additivesexcept for DMSOthe
improved device performance might be attributed dominantly
to another effect than morphological changes in general. One
remaining possibility is a modification of the lower interface of
the photoactive layer with PEDOT:PSS. In order to verify this
hypothesis, we selectively treated the PEDOT:PSS layer using
these four solvent additives. Therefore, hexane, thiophene,
methanol and DMSO were spin-cast on top of the previously
annealed PEDOT:PSS layer. The results for the corresponding
solar cell performance including device-to-device variation
collected from ∼150 devices per parameter are summarized
in Table 2.
Introduction of the chosen additive solvents, by spin coating

on top of the PEDOT:PSS layer, significantly improved the
solar cell performance, but not to the extent that was observed
in the case of using additives. A considerable increase was
determined for both, the photocurrent and the open circuit
voltage which resulted in increased solar cells efficiencies. The
performance improvement was found to be linearly dependent
on the additives dipole moments. While the obtained
photocurrents were even higher than for the devices with
additives, the open circuit voltage increase was lower and no

Figure 9. SEM cross-sectional view of BTD-F-DKPP:PCBM without (a) and with hexane (b), thiophene (c), methanol (d), and DMSO (e)
additives spin-cast on top of ITO/PEDOT:PSS layers.

Table 2. Photovoltaic Performance of BHJ Solar Cells Composed of Identically Processed BTD-F-DKPP:PCBM Active Layers
on Top of PEDOT:PSS Layers That Were Modified by Various Processing Additives (EQE Corrected Data)

PEDOT:PSS dipole moment boiling point Jsc Voc FF PCE PCE max Rs Rp

treatment by (C·m) (°C) (mA/cm2) (mV) (%) (%) (%) (Ω) (Ω)

none 3.3 ± 0.1 551 ± 5 41.8 ± 1.0 0.77 ± 0.01 0.78 9 925
hexane 0.0 68 4.3 ± 0.1 625 ± 7 41.2 ± 1.0 1.01 ± 0.01 1.02 6 718
thiophene 1.6 84 4.4 ± 0.1 636 ± 5 41.6 ± 3.0 1.17 ± 0.02 1.19 6.9 672
methanol 5.5 65 4.7 ± 0.1 689 ± 3 41.0 ± 1.0 1.23 ± 0.02 1.25 6.3 590
DMSO 13.0 189 4.8 ± 0.2 721 ± 10 39.1 ± 2.0 1.38 ± 0.01 1.39 6.8 550
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improvement in fill factor was found. As only the interface
between PEDOT:PSS and the blend film was modified, the
improvement in photocurrent and photovoltage has to be
assigned to a reduced charge extraction barrier for holes
accompanied by a reduction in interfacial charge recombina-
tion, otherwise limiting the obtainable open circuit voltage.51

The deviation of the device performance based on the
PEDOT:PSS top-cast treatment alone as compared to the
solvent addition to the active layer solution therefore has to be
assigned to additional beneficial changes occurring at the active
layer/metal interface, as reported by Wang et al.41 and Zhou et
al.39

As changes at the interface on top of the PEDOT:PSS layer
should be visible by topography measurements, PEDOT:PSS
films treated by solvents were characterized by tapping mode
AFM (Figure 10). No differences are visible comparing the
untreated film (Figure 10a) and the hexane (Figure 10b) and
thiophene treated films (Figure 10c). However, for the
methanol (Figure 10d) and DMSO (Figure 10e) treated
PEDOT:PSS films significant changes became obvious.
Methanol treated PEDOT:PSS exhibited small exposed grainy
structures while treatment with DMSO resulted in fibrillar
ones. In order to gain additional information about these
morphological changes at the PEDOT:PSS surface, we applied
X-ray and ultraviolet photoelectron spectroscopy (XPS, UPS)
to characterize changes in surface composition and electronic
properties.
Indeed the XPS and UPS measurements confirmed changes

of the PEDOT:PSS surface after treatment by additives. Figures
11 and 12 show the XPS and UPS spectra for treated
PEDOT:PSS films. A clear variation of the surface stoichiom-
etry was observed. The chemical states in the O 1s, C 1s and S
2p spectra, shown in Figure 11, can be assigned to different
chemical bonds within the PEDOT and PSS molecular
structures54,55 as labeled for each core level. PEDOT:PSS
treatment with hexane or thiophene resulted only in minor
changes between the ratio of PSS sulfonic and PEDOT sulfur
groups as compared to untreated PEDOT:PSS. A reduction of

the sulfonic group from PSS after thiophene (−4%), methanol
(−11%), or DMSO (−18%) treatment is visible in the S 2p
spectra, while in parallel an enhancement of the amount
PEDOT sulfur groups was found (+8% for thiophene, +19% for
methanol, and +40% for DMSO). For the hexane treatment,
only minor changes in the surface composition are observed.
Corresponding trends are also visible for related functional
groups in the C 1s and O 1s signals unveiling that especially for
treatments with methanol and DMSO, the concentration of
PEDOT is enhanced near the surface while the signal related to
PSS is decreased. The insulating PSS seems to be washed out
near the surface of the PEDOT:PSS layer, resulting in an
enrichment of the positively charged and highly conductive
PEDOT phase. Similar effects have already been observed for

Figure 10. AFM images of the PEDOT:PSS films (a) not treated, and with top-cast (b) hexane, (c) thiophene, (d) methanol, and (e) DMSO.

Figure 11. XPS measurements of the O 1s, C 1s, and S 2p core levels
for untreated PEDOT:PSS films and identical PEDOT:PSS films with
additional spin-coating of methanol, DMSO, thiophene, or hexane
(relative intensities normalized with respect to the C 1s peak height).
The C 1s spectra of untreated, thiophene, or hexane treated
PEDOT:PSS are practically identical.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503284b | ACS Appl. Mater. Interfaces 2014, 6, 11068−1108111076



other solvent treatments.56 The film thickness measurement of
PEDOT:PSS layers before and after modification by solvent
additives indeed confirmed a reduction from initially 30 nm
(untreated) to 28 nm (hexane, thiophene), to 25 nm
(methanol), or even down to 22 nm (DMSO).
Since such compositional changes as for methanol and

DMSO are expected to modify the electronic properties of the
PEDOT:PSS film surface and such the interface with other
materials, UPS measurements for methanol and DMSO treated
PEDOT:PSS films were performed. The analysis of the low
kinetic energy onset of electron emission (Figure 12a) revealed
that the work function of the PEDOT:PSS layer was increased
upon the annealing step at 180 °C from 5.0 to 5.3 eV (not
shown). In case the samples were additionally treated by a
solvent, the work function was lowered to 5.1 eV for methanol
and 5.0 eV for DMSO, thus thwarting the annealing effect. The
enrichment of the positively charged PEDOT phase at the
surface resulted in a modification of the surface charge
distribution, thus lowering the work function.55

The measured valence band structure as shown in Figure 12b
is in excellent agreement with earlier studies of PEDOT:PSS
films.56 Interestingly, the occupied states, as referred to the
Fermi level EF in such photoemission experiments, slightly shift
to higher binding energy (BE) by 0.2−0.3 eV after solvent
treatment. A comparable change of core level BE is also
observed in the corresponding XPS spectra shown in Figure 11,
best visible in the C 1s spectra.
The parallel variation of both, work function and electronic

binding energy, upon solvent treatment indicates a shift of the
Fermi level toward the vacuum level EVac of the material. At the
same time the energy position of the occupied states and
consequently also the unoccupied states remained unaffected
when referred to EVac. It is anticipated that the partial removal
of the PSS-phase has consequences on the density of occupied
and unoccupied electronic states within the PEDOT-phase,
resulting in a slight modification of the Fermi level position
within the band of occupied states. Similar trends have also
been calculated by density function theory.57 Since no change
in the energy level of occupied states (referred to EVac) was
observed in the UPS and XPS measurements, no dipole

formation between the bulk PEDOT:PSS and PSS-enriched
surface layer upon treatment by methanol or DMSO takes
place. The open circuit voltage of the solar cells is strongly
dependent on the relative position of the active layer bulk
heterojunction Fermi level with respect to the Fermi level of
the PEDOT:PSS. The larger the difference between both, the
larger will be the expected band bending or correspondingly the
interfacial dipole upon Fermi level alignment. The band
diagram in Figure 13 may explain the simultaneously increased

short circuit current and open circuit voltage upon
PEDOT:PSS treatment. For organic semiconductors EF is
generally located within the band gaprespectively between
HOMO and LUMO levelbetween 4 and 5 eV.58 In the case
of treated PEDOT:PSS (red lines) the lowered work function
may result in a smaller band bending as compared with
untreated (annealed) PEDOT:PSS (black lines), exhibiting a
higher work function. As a result, upon solvent treatment, the
band bending (or dipolar shifts) within the photoactive layer
associated with the Fermi level equilibration are decreased,
leading straightforward to an increase of the open circuit

Figure 12. Ultraviolet photoelectron spectra of PEDOT:PSS without and with additional treatment with methanol or DMSO. (a) Measurement of
the onset of electron emission, equivalent to the vacuum level position, for determination of the work function Φ = EVac − EF. An external sample
bias of −2 V was applied to measure the true secondary electron onset. (b) He II spectra of the valence electron region (occupied states below EF).

Figure 13. Schematic energy band diagram of the interface between
PEDOT:PSS and the active layer, before (black lines) and after solvent
treatment (red lines) of the PEDOT:PSS film. A smaller shift between
the HOMO of the active layer and the PEDOT:PSS work function
as obtained upon solvent treatmentwill result in reduced energy
losses and consequently lead to an increase of the open circuit voltage.
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voltage. Notably, in case of accounting only the holes extracting
electrode work function, this would be rather unexpected.
However, the experimental results showed that energy level
adaptation at the active layer/PEDOT:PSS interface plays a
major role here.
Various studies have confirmed that different solvent

treatments of PEDOT:PSS result in a rearrangement of the
conductive PEDOT network within the insulating PSS host.
This includes reorientation of the PEDOT:PSS chains,59

enhancing the conduction of charge carriers due to the
formation of 3D PEDOT:PSS networks,60 aggregation of
PEDOT,61,62 inducing screening effects between PEDOT and
PSS by high boiling point solvents,63 removal of PSS between
the conductive PEDOT grains,57,64 and rearrangement from
aggregated to linear or expanded-aggregated polymer chains
with the addition of DMSO or ethylene glycol.65,66 Our study
confirms the partial removal of PSS from the surface inducing a
change in the morphology of the PEDOT accompanied by
modified electronic properties.
We conclude that this reduction of the insulating PSS surface

causes a decrease of the energy barrier for hole extraction from
the active layer, which in consequence could be related to the
photocurrent increase. Additionally, the energy level alignment
at the interface between PEDOT:PSS and the active layer
resulted in smaller energy losses upon PEDOT:PSS mod-
ification, which consequently increased the open circuit voltage
and thus might be one reason for the improvement of the solar
cell performance. This effect seems to be fully valid for spinning
the additive directly onto the PEDOT:PSS layer and partially
for incorporating the polar additive into the active layer
solution.
To confirm the beneficial effect of solvent additive

treatments and to prove its applicability to other material
systems, we investigated another low-bandgap polymer poly[N-
900-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-
20,10,30-benzothiadiazole)] (PCDTBT) in similarly processed
solar cells. Incorporation of the additives into the active layer
solution indeed demonstrated increase of the solar cells
efficiency based on PCDTBT:PC70BM. The experimental
data, respectively photovoltaic parameters are shown in Table
3. Indeed, especially methanol, which positive influence on high
performing solar cells was recently shown,39 and DMSO
resulted in the largest improvements of the overall performance
by 15−18%, which was reflected in each photovoltaic
parameters increase, of otherwise identically processed active
layers. BTD-F-DKPP-based devices generally revealed a higher
level of performance improvement comparing with PCDTBT-
based solar cells. This might be attributed to an additional
positive effect of additives on BTD-F-DKPP terpolymer as
washing out impurities, which could remain after polymer-
ization process.

In this study, an increase of the device performance can be
partly assigned to a change of the PEDOT:PSS-active layer
interface. However, we have observed a lower increase of the
open circuit voltage and no increase in the fill factor in case of
devices with selectively treated by polar solvents PEDOT:PSS
electrode as compared to additives approach. Therefore, we
assume that another part of the observed improvement in the
solar cell performance for active layers processed with polar
solvent additives can be assigned to a modification of the
organic/metal interface which was observed earlier by Liu et
al.,40 Zhou et al.,39 and Wang et al.,41 resulting in a passivation
of surface traps and in a decrease of the surface recombination
rate. In conclusion, our study complements and extends beyond
the formerly reported investigations on the effect of polar
solvent treatments and ultimately enables to draw a more
complete picture.

4. SUMMARY AND CONCLUSION
We demonstrated the successful application of different polar
solvent additives to BTD-F-DKPP:PCBM bulk heterojunction
solar cells resulting in an improvement of the overall solar cell
performance. Whereas earlier works demonstrated performance
improvements of various material systems upon methanol top-
cast treatments, we have specifically introduced a more
processing-friendly variant by adding the methanol into the
active layer solution, resulting in similar or even larger
performance improvements. Furthermore, by variation of the
additive solvents dipole moment, we observed a correlation
between the magnitude of the dipole moment of additives and
their optimum concentration within the photoactive layer
solution: generally a larger dipole moment of the additive
required less concentration to yield optimum performance.
Detailed investigation of optical properties and surface
topography and morphology of the polymer:fullerene films
did not show any change upon additives treatmentexcept for
DMSO and (less pronounced) hexane.
Surface analysis by UPS and XPS measurements demon-

strated that the direct top-cast treatment of annealed
PEDOT:PSS layers by the same additive solvents results in
changes of the surface chemical composition and consequently
its electronic properties by a partial removal of insulating PSS.
Topography measurements confirmed these conformational
changes especially for methanol and DMSO. Partial removal of
the PSS resulted in a change of the PEDOT:PSS work function
and its energy level alignment with the active layer. This
reduced potential energy losses by decreasing the energy barrier
for charge carrier extraction, resulting in improved photo-
currents and open circuit voltages. However, by treatment of
the PEDOT:PSS layer alone, only part of the device
improvement connected to additives could be realized. Hence
the difference between PEDOT:PSS solvent treatment and
additives in the active layer formulation may be assigned to

Table 3. Photovoltaic Performance of BHJ Solar Cells Composed of PCDTBT:PCBM Fabricated with Various Processing
Additives (EQE Corrected Data) Including Device-to-Device Variation

PCDTBT: PCBM + additive

dipole moment boiling point Jsc Voc FF PCE PCE max Rs Rp

(C·m) (°C) (mA/cm2) (mV) (%) (%) (%) (Ω) (Ω)

chlorobenzene (host solvent) 5.2 131 10.1 ± 0.1 832 ± 4 51.2 ± 1.0 4.52 ± 0.04 4.56 5.7 1024
hexane 0.0 68 10.2 ± 0.3 835 ± 5 51.6 ± 2.0 4.67 ± 0.05 4.72 6.5 974
thiophene 1.6 84 10.5 ± 0.2 859 ± 3 50.0 ± 1.0 4.65 ± 0.04 4.69 7.9 901
methanol 5.5 65 10.2 ± 0.2 914 ± 4 55.2 ± 2.0 5.33 ± 0.04 5.37 6.0 1107
DMSO 13.0 189 10.3 ± 0.5 901 ± 2 52.8 ± 3.0 5.20 ± 0.06 5.26 4.7 1136
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reduced recombination at the electron extracting electrode, as
reported earlier. Thus, we do provide additional to existing
earlier information about the positive effects arising from the
application of methanol, which is not only the surface effects on
the photoactive layer but also the specific changes of the
PEDOT:PSS interface. In addition, we could reproduce the
beneficial effect of these polar solvent additives for PCDTBT-
based polymer solar cells, confirming the effect to be rather
independent of the material system applied.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: olesia.synooka@tu-ilmenau.de (O.S.).
*E-mail: harald.hoppe@tu-ilmenau.de (H.H.).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

O.S. gratefully acknowledges financial support by the Federal
state of Thuringia via Landesgraduierten Förderung Thüringen
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