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We investigate the blend morphology and performance of bulk heterojunction organic photovoltaic

devices comprising the donor polymer, pDPP-TNT (poly{3,6-dithiophene-2-yl-2,5-di(2-octyldodecyl)-
pyrrolo[3,4-clpyrrole-1,4-dione-aft-naphthalene}) and the fullerene acceptor, [70]JPCBM ([6,6]-phenyl
C71-butyric acid methyl ester). The blend morphology is heavily dependent upon the solvent system
used in the fabrication of thin films. Thin films spin-coated from chloroform possess a cobblestone-like

morphology, consisting of thick, round-shaped [70]PCBM-rich mounds separated by thin polymer-rich

valleys. The size of the [70]JPCBM domains is found to depend on the overall film thickness. Thin films

spin-coated from a chloroform : dichlorobenzene mixed solvent system are smooth and consist of a
network of pDPP-TNT nanofibers embedded in a [70]PCBM-rich matrix. Rinsing the films in hexane
selectively removes [70]PCBM and allows for analysis of domain size and purity. It also provides a means

for investigating exciton dissociation efficiency through relative photoluminescence yield measurements.

Devices fabricated from chloroform solutions show much poorer performance than the devices
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fabricated from the mixed solvent system; this disparity in performance is seen to be more pronounced

with increasing film thickness. The primary cause for the improved performance of devices fabricated
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1. Introduction

Organic photovoltaics (OPV) have attracted considerable atten-
tion with the promise of large-scale, solution-based processing
and the great extent to which the materials' optical and elec-
tronic properties can be tuned through organic synthesis and
device fabrication. Reported power conversion efficiencies
continue to rise and have already surpassed 10%."

The production of photocurrent in OPV is generally
described by three processes: the absorption of light which
results in the formation of an excited state — the exciton, the
dissociation of the exciton or bound electron-hole pair into free
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from mixed solvents is attributed to the greater donor-acceptor interfacial area and resulting greater
capacity for charge carrier generation.

charge carriers, and the transport of charge carriers through the
bulk of the active medium to the electrodes.” The relatively large
exciton binding energy exhibited by organic semiconductors
requires donor (D) and acceptor (A) materials to be employed in
OPV devices, whereby the energy level offset between the D and
A overcomes the binding energy, promoting charge transfer.?
After photon absorption, the excited state exciton has to reach
the D-A interface within its limited lifetime, (typical diffusion
length of excitons are <10 nm) and to increase the likelihood of
the exciton reaching a D-A interface, the D and A materials are
often blended together within the active layer in a bulk het-
erojunction (BH]J) device architecture.* This blend should
ideally provide both a large D-A interfacial area for charge
generation as well as continuous pathways to the electrodes for
efficient charge transport and collection. Understanding and
controlling the BHJ morphology is of principle importance for
device performance and a focus of concentrated research
efforts.

The choice of solvent used during the fabrication of BHJ
films has been shown to have a dramatic effect on the perfor-
mance of devices employing a polyphenylene vinylene-based
polymer donor and fullerene acceptor. Increased solubility of
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the fullerene led to finer scale mixing, increased interaction
between polymer chains and greater photocurrent production.®
Slow drying of the BHJ active layer was shown to increase
ordering and crystallinity of the polymer in polythiophene-
based solar cells resulting in improved charge transport char-
acteristics and increased photocurrent.® The incorporation of a
high boiling point additive to the solution was also shown to
allow for improved ordering of the polymer component and
enhanced device performance. The guidelines for choosing an
effective additive include: a preferential solubility for one
component of the D-A system, and a significant difference in
boiling point between the components of the solvent system.”
Along similar lines, mixed solvent systems wherein solvents
with different boiling points and preferential solubility for one
solute have also been shown to affect morphology and improved
performance.®

Diketopyrrolopyrrole (DPP)-based materials, both polymer
and small molecule, have gained significant interest in recent
years owing to the frequently displayed high charge carrier
mobility values, around 1 em® V™' s7,° and low optical band
gap (well suited for absorption of solar radiation)' with solar
cells showing power conversion efficiencies around 7%." The
film morphology of the active layer of solar cells utilizing DPP-
based materials is often found to be influenced by the solvent
system employed during fabrication; the incorporation of an
additive or poor solvent frequently produces devices with
greater power conversion efficiency.*''® This means of
controlling the blend morphology makes DPP-based devices
particularly attractive for studies which relate blend
morphology to device performance."”

In this paper we investigate the thin film morphology of BHJ
devices employing pDPP-TNT (poly{3,6-dithiophene-2-yl-2,5-
di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-alt-naphtha-
lene})*® and [70]PCBM ([6,6]-phenyl C71-butyric acid methyl
ester) (Scheme 1). The roles of solvent choice and active layer
thickness on BHJ morphology and subsequent device perfor-
mance are investigated in detail. Device performance was
characterized with standard current-voltage response and
Incident Photon-to-collected-electron Conversion Efficiency
(IPCE) measurements. Active layer morphologies were deter-
mined using atomic force microscopy (AFM), transmission
electron microscopy (TEM), and energy filtered transmission
electron microscopy (EFTEM).

We find pDPP-TNT to be an interesting polymer to utilize in
morphology studies for two primary reasons. The first being

CagHz

Scheme 1 Molecular structure of pDPP-TNT polymer and [70]PCBM used in this
study.
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that it is particularly well-suited for mixed solvent systems,
which require a poor solvent component. pDPP-TNT is insol-
uble in many organic solvents which are commonly used in OPV
fabrication, such as toluene, chlorobenzene, and dichloroben-
zene (ESI, Fig. S17). Chloroform is the rare solvent that pDPP-
TNT is soluble in. This insolubility in most solvents is quite
different from other DPP-based polymers.™ The second reason
is that pDPP-TNT appears to be largely immiscible with the
fullerene acceptor, as will be discussed in this paper. An ideal
polymer:fullerene bulk heterojunction should generally have a
domain structure in which the domains are pure, with good
molecular packing to provide good charge transport properties.
The donor and acceptor domains should also co-exist on a small
length scale to provide a large interfacial area and efficient
exciton dissociation.

The above mentioned characteristics of low solubility and
immiscibility in fullerene make it possible to systematically
alter the blend morphology. This enables us to investigate the
correlation between the physical structure of the film and the
photophysical and optoelectronic properties.

2. Experimental
2.1. Materials

pDPP-TNT was synthesized in-house as described in previous
work.'® [70]PCBM was purchased from American Dye Source.
Indium Tin Oxide (ITO)-coated glass was purchased from Kintec
Company. PEDOT:PSS (Clevios P VP Al 4083) was purchased
from Heraeus. Anhydrous chloroform (99.5% pure) and
dichlorobenzene (99.0% pure) were purchased from Sigma
Aldrich and Alfa Aesar, respectively.

2.2. Sample fabrication

Solutions were prepared by dissolving and stirring pDPP-TNT
and [70]PCBM (weight ratios of 1 : 1, 1 : 2, and 1 : 3) in chloro-
form at 60 °C for several hours. The solution was split into two
batches and ortho-dichlorobenzene (DCB) was added to one
batch to constitute a ratio of 4 : 1 chloroform : DCB (additional
chloroform was added to the other batch so as to maintain the
same solute concentration); the solutions continued to stir at
60 °C for several more hours (typically overnight). Additionally,
for the 1:2 blend ratio, the relative concentration of DCB in
chloroform was varied (5%, 10%, 20%, 30%, 50%). The ITO
coated glass (or glass in the case of AFM samples) was cleaned
in subsequent ultrasonic baths of detergent, deionized water,
acetone, methanol, and isopropanol for 10 minutes each and
dried in an oven at 80 °C before being cleaned by UV-ozone for
10 minutes. PEDOT:PSS was spin-coated and the films were
placed on a hot plate inside a nitrogen-filled glovebox at 140 °C
for 10 minutes. The substrates and solutions were allowed to
cool to room temperature before spin-coating inside the glove-
box. Al cathodes were deposited on top of the active layer via
thermal evaporation under vacuum, at a pressure less than 10>
mbar through a shadow mask, defining device areas of 3 mm x
3 mm.
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TEM samples were prepared by floating the active layer of the
device off of the substrate in deionized water. The floating flakes
of BH] film were then lifted onto lacy carbon grids. This resulted
in the flakes being suspended over holes in the lacy carbon;
TEM characterization was performed at these locations with
free-hanging film.

Samples for UV-vis measurements were fabricated on glass
microscope slides in a similar way as devices.

Samples for variable angle spectroscopic ellipsometry were
made by spin-coating solutions as described above on silicon
wafers with a native oxide layer.

For the selective rinsing out of [70]PCBM from the BH]J films,
samples were placed in a Petri dish and 4 mL of hexane was
added, submerging the films. The solution was gently stirred, and
after 10 minutes, the sample was removed and the solution was
removed from the Petri dish and saved for UV-vis measurements.
The rinsing was done inside a nitrogen-filled glovebox.

For photoluminescence (PL) measurements films of
different thickness were spin-coated on glass substrates and
encapsulated using soda-lime glass encapsulation caps and UV-
curable epoxy, DELO-KATIOBOND LP655, inside the glove box.
For each film thickness, two samples were spin-coated; one was
then rinsed in hexane.

2.3. Sample characterization

OPV devices were characterized using IPCE and current density—
voltage (J-V) response measurements, as previously described.®
UV-vis absorption spectra were recorded using a UV-vis spec-
trophotometer (Shimadzu UV-2501PC). TEM imaging and
elemental mapping was done with an FEI Titan TEM with a
Schottky electron source, operated at 80 kvV. A Gatan HR Tri-
diem EELS (electron energy loss spectroscopy) detector was
used for EELS and energy-filtered imaging. The sulfur maps
were obtained with the three-window method, where electrons
from 20 eV energy windows were used to form an image of a
~2 x 2 pm area at three slightly different energies: 138, 151 and
177 eV. The signal in each pixel of first two windows was
extrapolated using a power-law fit, which was then subtracted
from the EELS counts in the 177 eV window. The remaining
background-subtracted signal from the 177 eV window shows
the spatial distribution of sulfur, which has a core-loss signal
(arising from the sulfur L,; edge) around this energy. Each
filtered image was acquired for 60 s, and spatial drift was cor-
rected before processing the background signal.

AFM measurements were carried out using a Bruker
Dimension Icon equipped with a NanoScope V controller.
Silicon cantilevers from Nanosensors were used for intermittent
contact (tapping) mode operation. AFM images were analyzed
using a WSxM 5.0 develop 6.3 software (Nanotec
Electronica S.L.).

Film thicknesses of devices and AFM-measured films were
determined by scratching the films and measuring with a
surface profilometer (KLA Tencor P-10).

Variable angle spectroscopic ellipsometry measurements
were carried out using Woolam (WVASE-32) ellipsometer in the
spectral range 300-1200 nm using three different angles of
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incidence: 65°, 70°, 75°. At first, measurements were performed
in the spectral region, where the sample does not absorb
(850-1200 nm). Film thickness was determined by fitting the
data in this spectral region using the Cauchy model. The
thickness value was fixed for point to point fitting of the
experimental data for other wavelengths using only n and & as
fitting parameters.*

For PL measurements the samples were positioned in the
center of the integrating sphere (6 inch diameter, Labsphere)
equipped with an Ocean Optics USB4000 CCD array spectrometer
as a detector. PL was excited at 660 nm using a 60 mW cw diode
laser (Coherent, Cube 660-100C). A 715 nm long pass filter was
placed in front of the spectrometer entrance to suppress the
signal from the excitation light. PL spectra and the absorptance of
the laser radiation were measured using the procedure described
by deMello et al.*® To determine the relative PL yields, PL spectra
of all films were normalized to their absorptance of the excitation
laser radiation and the ratio of such normalized PL spectra of
non-rinsed to corresponding rinsed films was calculated. Only
the PL signal at wavelengths longer than 800 nm was taken into
account because at shorter wavelengths the PL signal was strongly
affected by self-absorption.

PL spectra of rinsed films spin-coated from chloroform as
well as from the mixed solvent system normalized to their cor-
responding absorptance at the excitation wavelength are shown
in ESI Fig. S2.7 Similarly normalized PL spectrum of the neat
pDPP-TNT film is shown as well.

3. Results and discussion
3.1. OPV performance

OPV devices were fabricated as described in the Experimental
section from solutions of pDPP-TNT:[70]PCBM (various weight
ratios), in both chloroform and chloroform : DCB. In general,
devices employing a donor-acceptor ratio of 1 : 2 showed better
performance than 1 : 1 and 1 : 3 ratios (ESI, Table S17). There-
fore, in this study, we focus on devices employing a donor-
acceptor ratio of 1 : 2.

Devices with a 1 : 2 blend ratio with varying relative amounts
of DCB in chloroform were fabricated as described in the
Experimental section, and all devices showed similar improve-
ments in photocurrent generation, as compared to devices
fabricated from chloroform only (ESI, Fig. S3t). Given the
similar performance, in this study we chose to focus on a single
ratio of solvents, 4 : 1 chloroform : DCB. This is in line with
many studies which also use a 4 : 1 ratio in the fabrication of
DPP-based OPV devices.

OPV devices with a 1 : 2 weight ratio of pDPP-TNT:[70]PCBM
were fabricated. Thicknesses of the resulting active layers were
similar for both solvent systems, and around 110 nm. It was
found that the performance of these devices varies greatly with
the choice of solvent system. Fig. 1 shows IPCE spectra (top) and
J-V curves (bottom) for devices in which the active layer was
spin-coated from either chloroform or a mixed -chlor-
oform : DCB (4:1) solvent system. The key performance
parameters are summarized in Table 1. The device fabricated
from mixed solvents shows much higher performance than the
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Fig. 1 IPCE spectra (top) and J-V curves (bottom) for devices with active layers
spin-coated from chloroform only (black) and from chloroform : DCB (4 : 1) mixed
solvent system (red).

device fabricated from chloroform. DCB has been shown to be a
poor solvent for several DPP-based polymers®'* and pDPP-TNT
shows very limited solubility in DCB at temperatures used
during device processing (solutions were stirred at 60 °C for
dissolution and spin-coated at room temperature). The differ-
ence in performance can most likely be attributed to the
difference in blend morphology, with the film made from mixed
solvents having a morphology that results in greater photocur-
rent production. Therefore, a systematic study of the solvent
effect on film morphology and its relation to device perfor-
mance was carried out vide infra.

3.2. AFM analysis

Fig. 2 shows AFM scans of BHJ films spin-coated from chloro-
form (top) and from mixed solvent system (bottom). The film

Table 1 Key OPV performance parameters for the devices fabricated from
chloroform and mixed solvent system

Chloroform Mixed solvent
]scy mA Cm72 4.8 13
Voo, V 0.77 0.73
FF 52 47
PCE, % 1.9 4.5
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spin-coated from chloroform shows large features in a
“cobblestone”-like pattern with round, mound features of
greater thickness separated by thinner valleys. Dimensions of
the large features range from 200-500 nm laterally and are
around 25 nm in height. Using a combination of AFM and TEM,
such structures have been attributed to large domains of
fullerene as was observed for PPV-based devices.”* A finer
structure showing smaller, needle-like structures can be seen in
the valley regions. Typical dimensions of the needles appear to
be around 60 nm in length. AFM images of neat pDPP-TNT films
show similar characteristics (ESI, Fig. S4T) and it may be
inferred that the valleys are polymer-rich regions. It is inter-
esting to note that similar needles were observed in AFM images
of BHJ films utilizing DPP-based oligomers*** as well as other
DPP-based polymers.*>** The film spin-coated from the mixed
solvent system shows a distinctly different topography. The
surface is, in general, much smoother. Some fine feature
structure can be seen in addition to what appear to be small
cracks in the film.

Relating the AFM images with the device data suggests the
mixed solvent system may produce a greater mixing of donor
and acceptor, generating greater photocurrent, while the
morphology arising from the chloroform may consists of larger
scale donor-acceptor phase segregation and provides less
donor-acceptor interfacial area from which to generate charge
carriers. However, whereas AFM analysis provides valuable
information related to the film surface structure and can
provide insight into the film morphology and potential growth
mechanism(s), on its own it is not always well suited to specif-
ically distinguish between donor and acceptor species in the
blend. This is because it simply measures the differences in
height, hardness and friction on the blend surface and does not
give exact chemical information. Therefore, to relate specific
features observed in AFM to donor and acceptor distributions
we have complimented this AFM data with data obtained from
TEM and EFTEM.

3.3. TEM analysis

TEM was used to further investigate the morphology of the
active layer. Fig. 3 shows bright field TEM (BFTEM) images of
the blend film spin-coated from chloroform (top left) in which
we can see large dark regions separated by narrower light
regions in between. This is in good agreement with the AFM
image where the valleys can be considered to correspond to the
bright regions and the mounds correspond to the dark regions.
The BFTEM image of the blend film spin-coated form mixed
solvents (top right) shows a network of nanofibers, which were
not evident in the AFM images. This suggests these nanofibers
exist within the bulk of the film and are not simply surface
features. The individual fibers typically appear to be around
15-20 nm in width. As the BFTEM image is a projection of the
entire thickness of the film onto the image plane it is difficult to
determine the orientation or absolute length of the fibers;
observed lengths typically do not exceed 300 nm. The fibers
appear lighter in color than most of the background which
suggests that the fibers are less dense (less scattering) than the
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Fig. 2 AFM images of pDPP-TNT:[70]PCBM BHJ films spin-coated from chloro-
form only: (A-C) from chloroform : DCB (4 : 1) mixed solvent system (D-F). (A and
D) — height images, (B and E) — phase images, (C and F) — height profiles.

surrounding matrix, suggesting a difference in chemical or
structural composition.

EFTEM has been used to investigate phase segregation in
BH] films by distinguishing between the chemical composition
of D and A materials.*®*?” In the case of pDPP-TNT:[70]PCBM
blends, the spatial distribution of the polymer can be mapped
as the polymer repeat unit contains two sulfur atoms (for every
64 carbon atoms) whereas the fullerene unit contains no sulfur
(EELS spectra for neat pDPP-TNT and [70]PCBM films are
provided in ESI, Fig. S57).

In a BHJ film with a 1: 2 ratio of polymer to fullerene we
might expect, as an approximation, an additional 164 carbon
atoms for every two sulfur atoms in the film (2 :228). The
sensitivity limit of EFTEM (around 0.1 atomic%) allows us to
map the sulfur distributions but limits the extent to which the
data can be quantitatively analyzed.

Fig. 3 contains the EFTEM sulfur maps of the film areas
shown in the BFTEM images. The image of the film spin-coated
from chloroform (bottom left) contains the same features as the
corresponding BFTEM image. In this case the sulfur-rich
regions (therefore polymer rich) in the EFTEM correspond to
the bright regions in the BFTEM image. By analogy the dark
regions in the BFTEM image can be assigned to fullerene-rich
regions. Since the BFTEM images contain the same features as
the AFM images we can further state that the valleys in the AFM
image are polymer-rich and the mounds are fullerene-rich. The
terms fullerene-rich and polymer-rich were deliberately chosen
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because, whereas we can state that the polymer-rich regions
clearly contain sulfur, we cannot state that the fullerene-rich
regions do not contain sulfur (and therefore polymer) with high
confidence. Likewise, we cannot say that the polymer regions do
not contain fullerene. Therefore, the domains may in fact only
be partially de-mixed in reality. We state this because of the
limitations of detection and quantification mentioned above.

The EFTEM image of the film spin-coated from the mixed
solvent system (bottom right) shows that the nanofibers, which
were seen as bright regions in the BFTEM image, are sulfur-rich
and we can therefore conclude that these bright nanofibers
contain significant amounts of polymer. It is difficult to say if
the polymer forms fibers in the valleys of the chloroform cast
film due to the lack of contrast with the background (the matrix
is so sulfur-rich that spatial features do not stand out). Liu et al.
have investigated the growth of BHJ films utilizing a DPP-based
polymer and [70]PCBM from chloroform : DCB solutions. X-ray
diffraction and X-ray scattering measurements during film
drying suggest the polymer begins to crystallize as the chloro-
form evaporates and the DPP becomes less soluble in the
remaining DCB. As the DPP continues to crystallize during film
drying a crystalline fibril network is formed.™

3.4. Nanofibers

The growth of organic semiconductor nanofibers or nanowires
has received considerable attention for a variety of optoelec-
tronic and electronic applications. There is particular interest
from the organic thin film transistor (OTFT) and OPV commu-
nities under the premise of improved charge carrier transport
due to molecular ordering within the wire and as a means for
forming beneficial charge transport pathways within a BH]J
blend. Top down methods for forming nanowires, such as
electrospinning have been well utilized for forming nano-
structures in a variety of material systems.">*® Bottom up
approaches to assembly that rely on intermolecular forces, such
as m-m interactions, have been of particular interest to the
organic semiconductor community. This is because the -
stacking can lead to increased electrical conductivity. Poor
solvent systems have been used to promote nanofiber growth in
poly(3-hexylthiophene) (P3HT) for OPV applications. The
aggregation of the polymer and the formation of the fibers was
evidenced by the appearance of low energy absorption bands in
the UV-vis absorption spectrum, indicative of -7 stacking.?**°

It has been shown that the polymer chains in P3HT nano-
fibers orient in a way such that the long axis of the chain lies
across the width of the fiber and lamellar sheets stack by -
interactions parallel to and along the length of the fiber.

The molecular weight of the pDPP-TNT used in this study
corresponds to average chain lengths having roughly 50 repeat
units. We estimate the length of an individual repeat unit to be
approximately 1.5 nm, and hence the length of a perfectly
straight and rigid chain would be around 75 nm. The nanofibers
observed in BFTEM images range in width from 5-25 nm and
are, on average, around 15 nm. Given the estimated pDPP-TNT
chain length, it is improbable that the polymer chains lie in a
straight, stretched configuration across the nanofiber width. We
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Fig. 4 Normalized absorption spectra of (top) BHJ films spin-coated from
chloroform only (black) and from chloroform : DCB (4 : 1) mixed solvent system
(red), (bottom) neat pDPP-TNT film (black) and pDPP-TNT diluted chloroform
solution (red).

therefore infer that the polymer chain may adopt a coiled
configuration or lie with the long axis largely along the length of
the fiber.

Fig. 4 (top) shows the UV-vis absorption spectra of the BH]J
films from chloroform and mixed solvents. The spectra are very
similar and no additional low energy absorption can be iden-
tified for the mixed solvent film which is known to contain
nanofibers. This suggests that either no additional 77 stack-
ing occurs in the nanofiber as compared to the chloroform thin
film or that the chloroform thin film contains nanofibers. Fig. 4
(bottom) shows the absorption spectra of pDPP-TNT in dilute
solution and thin film. The relatively small shift in the peak
position is of interest, in reference to well-studied organic
semiconductors such as P3HT and PTCDA which show peak
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shifts of around 100 nm.*' The small shift that we observe in the
case of pDPP-TNT thin films can be attributed to losses in
transmission due to high reflection in the spectral region
around the absorption maximum. This large reflection is
caused by the high absorption coefficient of the film and the
consequent change in refractive index in the vicinity of the
absorption maximum (as described by the Kramers-Kronig
relation).

Some DPP-based polymers and many DPP-based small mole-
cules exhibit a significant increase in the long wavelength region
of the absorption spectrum of thin films, relative to dilute solu-
tions, which could be attributed to - stacking.®*>* However, it
has been noted that several DPP-based polymers, even those
demonstrating high charge carrier mobility, display only modest
(less than 20 nm) red-shifts of the absorption peaks when going
from solution to solid films. The fact that these shifts were small
was attributed to the polymers already possessing a highly
coplanar rigid chain conformation in solution, which was
retained upon going to thin film as reported by Zhang et al.*”

Conversely, DPP-TNT, the repeat unit and a model
compound for pDPP-TNT, was studied by Lee et al using
density function theory calculations to investigate its backbone
planarity. These authors determined torsional angles of 15° and
28° between the DPP-thiophene groups and the thiophene-
naphthalene groups, respectively.*® This suggests that the DPP
unit is more conjugated to the thiophene unit than the naph-
thalene is to the thiophene and also raises questions regarding
the coplanarity amongst repeat units within the entire pDPP-
TNT chain. Lee et al. also carried out density function theory
studies on repeat units for two of their polymers investigated by
Zhang et al. and found them to be more planar than the DPP-
TNT repeat unit.

Despite DPP-TNT being the least coplanar of the polymer
repeat units discussed above, there is no significant change in
the absorption spectrum of pDPP-TNT upon going from solu-
tion to thin film. In this respect we are in agreement with Zhang
et al.; the planarity, and therefore the effective conjugation, of
pDPP-TNT does not change upon going from solution to thin
film. The observed spectra result from the intramolecular
charge distribution and conjugation of the polymer, rather than
intermolecular interactions. With no obvious optical signature
of m-m interaction in solid samples, nor any change in the
planarity due to packing factors, the driving force for nanofiber
formation still remains unclear.

3.5. Influence of film thickness on morphology

To further investigate the mechanism of pDPP-TNT:[70]PCBM
film formation and the resulting morphology, a range of films of
different thickness were prepared by spin-coating from solu-
tions with different concentrations. AFM images of the films are
shown in Fig. 5. All of the films spin-coated from chloroform
(top row) show the characteristic cobblestone-like pattern, dis-
cussed above, with the [70]PCBM domain sizes being smaller
for thinner films. For the thinnest film, it can be seen that most
of the [70]PCBM domains are round in shape. The average [70]-
PCBM domain size increases with thickness although the
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general morphology remains similar, except for the thickest
film, for which the features are less defined. The shape of the
domains and increase of their size with the film thickness are
very similar in characteristic to previously reported blend
morphologies formed by surface directed spinodal decompo-
sition.**** In cases of surface-directed spinodal decomposition
involving a blend system, a difference in the surface energies of
the blend components at the substrate surface and at the free
surface induces a transient liquid bilayer (or multilayer) system
to form. The layer interfaces are parallel to the surface of the
substrate. This bilayer system can be destabilized by any inter-
facial instability forcing the blend components to phase sepa-
rate laterally via liquid-liquid dewetting and form the domain
structure. The size of the initially formed domains is dictated by
the instability wavelength, which depends on the overall film
thickness - the thicker the film the larger the wavelength.**

Additionally, domains can grow and coalesce until solidifi-
cation is completed.*” Surface-directed spinodal decomposition
has been observed in spin-coating thin blend films from volatile
solvents of: two immiscible or partially miscible poly-
mers,** 7394 polymer and PCBM,***' as well as small organic
dye molecules and PCBM.* The films spin-coated from mixed
solvent are much smoother than the chloroform counterparts
and there is not much change with thickness (Fig. 5 bottom
row). We assume the key factor for the mixed solvent to produce
smoother films is the good solubility of the fullerene in DCB
and concurrent poor solubility of pDPP-TNT in DCB. Addi-
tionally, DCB is much less volatile than chloroform and the film
takes longer to dry and completely solidify. Therefore, as the
chloroform evaporates and the solvent system becomes
increasingly DCB-rich the polymer aggregates and assembles
into nanofibers, while PCBM still remains in solution.
Furthermore, the pDPP-TNT nanofibers may act as a network,
trapping unincorporated polymer and the fullerene within the
matrix of the film. This type of growth is in agreement with the
description of Liu et al.**

B00nm (¢
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3.6. Influence of film thickness on device performance

To investigate the influence of BHJ film thickness and the
nanostructure feature sizes on device performance, solar cells
were fabricated using similar procedure as the films described in
Fig. 5. The J-V characteristics and IPCE spectra are shown in
Fig. 6. The key performance parameters are summarized in Table
2. Two general trends can be identified. First, for both chloroform
and mixed solvent devices (though slightly less clear in the case of
chloroform) the relative contribution to photocurrent of the
longer (>600 nm) wavelength region becomes more significant
with increasing thickness. For thinner active layers the IPCE
values below 600 nm are substantially greater than above 600 nm.
For thicker active layers the IPCE values above and below 600 nm
become comparable. We note that [70]JPCBM absorbs most
prominently below 600 nm while pDPP-TNT absorbs most
significantly above 600 nm. Second, the difference in device
performance between chloroform and mixed solvent devices is
less for thinner active layers. The difference in performance
becomes more pronounced as the device becomes thicker
(devices around 40 nm thick have very similar J,., while for ~110
nm thick the mixed solvent device shows a J;. around 3-4 times
that of the chloroform device).

We considered optical absorptance saturation to be the
primary cause for the dependence of IPCE spectral shape on
thickness. To further investigate, we calculated the total absorp-
tance (fraction of the incident light which is absorbed) of the thin
film stack using the commercial software program SETFOS from
FLUXiM. To obtain real and imaginary parts of the refractive
index (n and k) of the blend film, variable angle spectroscopic
ellipsometry was used (ESI, Fig. S61). The obtained n and k values
were used to model the absorptance of a thin film stack con-
sisting of glass/ITO (125 nm)/PEDOT:PSS(40 nm)/BHJ (varied
thickness)/Al (150 nm). The default values from the software were
used for optical parameters of all materials other than the BH]
active layer. The roughness of the film surface from chloroform
was not accounted for. The simulated absorptance spectra for the

Fig. 5 AFM phase images for pDPP-TNT:[70]PCBM BHJ films with different thicknesses spin-coated from solutions with different concentrations. (A-D) Films spin-
coated from chloroform only, (E-H) films spin-coated from chloroform : DCB (4 : 1) mixed solvent system. Initial solution concentrations and resulting film approximate
thicknesses accordingly: (A) 2.5 mg mL™", 15 nm; (B) 4.5 mg mL™", 35 nm; (C) 9 mg mL~", 50 nm; (D) 15 mg mL~", 120 nm; (E) 4.5 mg mL~", 20 nm; (F) 6 mg mL~",

40 nm; (G) 9 mg mL~", 50 nm, (H) 15 mg mL~", 130 nm.

This journal is © The Royal Society of Chemistry 2013

RSC Adv., 2013, 3, 20113-20124 | 20119



Published on 29 August 2013. Downloaded by University of Virginia on 29/10/2013 12:28:48.

E
T  E T TOR (5]
60 mixed solvents — ;o mixed | | smamt / 5 %
50 T Umami | | solvents ‘fﬁ""";“L =
& : . | ot =
S~ 40 1 03
i 30 2
O 20 5z
a 10 £
T 1103

%5 a5 = e 5 [ e 0
0/ chloroform —mamt | |chloroform — amamt 5 “g
— tzmgimL '° &
— tbmgmt | | -
s—0 =
——— ———— %
IS = L . i 5 E
gﬂo 400 500 600 700 800 -0.5 0.0 05 1.0 ‘;:'f
Wavelength, nm Voltage, V 3

Fig. 6 [IPCE spectra and J-V curves for devices of different thicknesses fabricated
from chloroform only (bottom) and from chloroform : DCB (4 : 1) mixed solvent
system (top). Device thickness was varied by changing the initial solution
concentration. See Table 1 for performance parameters.

thin films stacks with BH]J layer thicknesses of: 40 nm, 60 nm, 80
nm, 100 nm and 120 nm can be seen in Fig. 7. The absorptance in
the long wavelength region of the spectrum increases with
increasing thickness, in qualitative agreement with the increased
contribution to photocurrent in the long wavelength region of the
experimental IPCE spectra.

For thicknesses greater than 60 nm, it can be seen that, the
absorptance is nearly completely saturated throughout the
spectrum.

3.7. The relationships between film thickness, domain size,
interfacial area and exciton quenching

By rinsing BHJ films in hexane it was possible to selectively
remove [70]PCBM from the blend, because the fullerene is soluble
in the solvent and pDPP-TNT is not. BH]J films of varying thickness
were rinsed which enabled us to more clearly define the spatial
distribution of the polymer domains. Additionally it allowed us to
evaluate the purity of the domains. Furthermore, by comparison
of the photoluminescence (PL) of rinsed and unrinsed films, it
was possible to evaluate the extent of fluorescence quenching and
hence exciton quenching, in the blend films.

To evaluate the purity of the domains, the UV-vis spectra of
both the hexane solutions used in rinsing and the rinsed thin
films spin-coated from chloroform were measured. Typical
spectra of the films after rinsing are shown in ESI Fig. S7.7 The
spectra of the rinsed films do not show any spectral character-
istics of the [70]PCBM, suggesting it had all been rinsed away.
Similarly, the spectra of the hexane rinse solutions (ESI,
Fig. S8t) do not show any characteristics of pDPP-TNT absorp-
tion, indicating that no measureable amount of colloidal pDPP-
TNT had been rinsed out of the film. From this, we ascertain
that the domains contain pure components.

Similar to the case of chloroform films, the UV-vis spectra of
the rinsed mixed solvent films had no features of fullerene
absorption, and the hexane solutions used in rinsing do not
show any features associated with pDPP-TNT absorption (ESI,
Fig. S7 and S87). Once again, this indicates that the domains
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contain pure components. The fact that no colloidal pDPP-TNT
was found in the rinse suggests that the nanofibers seen in the
TEM image are not isolated and rather exist in an inter-
connected network. Additionally, if the nanofibers had been
isolated an observable decreases in the strength of the absor-
bance in the UV-vis spectrum of the film would be expected as
such fibers would be washed out with the fullerene.

AFM images of the rinsed blend films spin-coated from
chloroform and mixed solvents are shown in Fig. 8. The films
spin-coated from chloroform have a well defined morphology
with many holes where the [70]JPCBM had been rinsed away,
creating a continuous network of pDPP-TNT ridges. The area
percentage (footprint) of the holes and the total perimeter of the
holes were determined using image analysis software, and the
resultant average hole radius, assuming circularly shaped holes
was calculated. These parameters are summarized in Table 3.
The average hole radius increases with film thickness from
about 50 nm for 3 mg mL™" film to about 140 nm for 15 mg

' film, and the area percent of the hole ([70]PCBM) is
around 50% for all thicknesses. Furthermore, using this area
percent of the ([70]JPCBM), we calculate a complimentary area
percentage of pDPP-TNT and a volume fraction of the pDPP-
TNT that is within 10 nm (Table 3) (a rule-of-thumb exciton
diffusion length) of the domain interface, by multiplying the
perimeter value by 10 nm.

The AFM images of rinsed mixed solvent films appear
similar to the unrinsed films except that they are rougher.

OPV devices of different thickness showed different perfor-
mance. The performance is the combined result of the effi-
ciencies of absorption, exciton dissociation and charge
transport and collection. To further complete our under-
standing of charge generation, PL studies were employed to
gauge the efficiency of exciton dissociation for different film
thicknesses and morphologies.

The efficiency of quenching excitons that were generated in
pDPP-TNT was determined by measuring the absorptance and
PL spectra of the films before and after rinsing using an exci-
tation wavelength of 660 nm at which the [70]PCBM absorption
is expected to be small and hence its contribution to PL signal
was neglected. The relative PL yields of films fabricated from
chloroform and mixed solvents are shown in Fig. 9, bottom.
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Fig. 7 Absorptance spectra for the thin film stacks corresponding to the device
structure with different thickness of active layer simulated using SETFOS software.
Real and imaginary parts of refractive index, n and k, were obtained using
ellipsometry (see ESI, Fig. S4+1).
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The relative PL yield was calculated as a ratio of PL signals
before and after rinsing, scaled to the corresponding film
absorptance at the excitation wavelength.

It can be seen in Fig. 9, top (PL yield of rinsed film relative to
neat pDPP-TNT film), that all rinsed films had a PL yield similar
to that of a neat film of pDPP-TNT, which further confirms that
there is not a significant amount of [70]JPCBM remaining in the
rinsed films. For all film thicknesses, the blends spin-coated
from mixed solvent show a lower relative PL yield than chloro-
form films, suggesting a roughly twofold enhancement in
exciton dissociation efficiency.

This implies that enhanced exciton dissociation plays a
significant role in generating the larger photocurrents displayed
by mixed solvent devices. This enhanced dissociation can be
attributed to the smaller domain sizes of pDPP-TNT nanofibers
in mixed solvent films as compared to the domain sizes in the
chloroform films.

Given the observed purity of the domains, all exciton
quenching and dissociation must occur at the interface between
the donor and acceptor domains. It is therefore of interest to
estimate the interfacial area and from this, the volume fraction
of the domains which lie within an exciton diffusion length of
the interface in the different films. This can then be compared
with measured PL yields.

For the chloroform films, we consider the morphology to be
approximated by isolated cylindrical pillars of [70]PCBM sur-
rounded by continuous phase of pDPP-TNT as can be seen in
Fig. 5 and 8.

For simplicity, we consider, a simple model consisting of just
a single cylinder of [70]JPCBM with a radius of r, surrounded by a
cylindrical shell of pDPP-TNT with outer radius R, the areas of
the inner cylinder and outer shell being equal. Given a 50% area
coverage of the fullerene cylinders, and since.

A =1,

R =/2r.
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s
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We further consider, as an upper limit, that all excitons
created within 10 nm of donor-acceptor interface will be
quenched. Thus, the volume fraction of pDPP-TNT that will be
quenched as a function of r can be expressed as,

h(me(r + 10 nm)* — mwr)/hm(R? — 1),

for R — r> 10 nm, where # is the height of the interface between
the inner cylinder and outer shell. This expression is plotted as
a function of r in Fig. 10. For radii larger than 75 nm, there is no
significant change in the percent of quenched polymer (30% at
70 nm to 15% at 150 nm), and only below a radius of 45 nm, is
the polymer substantially (>50%) quenched.

Fig. 10 also shows the estimated quenched volume fraction
of pDPP-TNT for the different film thicknesses and domain
sizes of films studied here. It may be expected that thinner
films, and smaller domains (r ~ 50 nm), would show relatively
greater quenching efficiency (35% volume fraction quenched)
than thicker films with larger domains (r ~ 150 nm, 15%
volume fraction quenched).

However, all the domain sizes studied here are in a regime
where r > 50 nm and the extent of exciton quenching is not
expected to vary greatly.

For mixed solvent films, the film morphology can again be
approximated as a series of cylinders within a matrix, however the
cylinders are made up of pDPP-TNT (the observed nanofibers)
and the matrix is fullerene. The cylinders are substantially longer
than the film thickness and have a radius of ~7 nm. We did not
observe a significant change in the nanofiber diameter for films
of different thickness (ESI, Fig. S9t). According to the simple
model, a cylinder with radius less than 10 nm should allow for
complete exciton quenching.

From these quenched volume fraction estimations, the PL
yield for chloroform films is expected to vary from 0.65 to 0.85 for
the fabricated films, from thinnest to thickest. Measured relative
PL yields for these films are about 0.7 for thinner films, which is
in good agreement with the estimations, but about 0.4 for the
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Fig. 8 AFM height images of films rinsed in hexane. (A-D) Rinsed films spin-coated from chloroform only, (E-H) rinsed films spin-coated from chloroform : DCB (4 : 1)
mixed solvent system. Initial solution concentrations: (A) 3mgmL™"; (B) 6 mgmL™"; (Q) 9mgmL™"; (D) 15mgmL™"; (E)3mg mL™"; (F) 6 mg mL™"; (G) 9 mg mL™"; (H)

15 mg mL~".
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Table 2 Key performance parameters of the devices fabricated from chloroform and mixed solvents with different thickness of active layer

6 mg mL 9 mg mL " 12 mg mL 15 mg mL " 6 mg mL ! 9 mg mL 12 mg mL "’ 15 mg mL~*
chloroform chloroform chloroform chloroform mix solvent mix solvent mix solvent mix solvent
Thickness, nm 40 50 90 120 40 50 90 130
Jsey MA cm ™2 1.53 3.02 2.7 2.51 1.65 5.01 7.96 9.55
Voey V 0.77 0.78 0.81 0.76 0.69 0.73 0.68 0.72
FF 43 52 57 52 47 56 53 53
PCE 0.51 1.2 1.2 1 0.54 2.1 2.9 3.6

Table 3 Total hole footprint area fraction and total hole perimeter calculated for 5 um x 5 um AFM images of rinsed chloroform films using WSxM software, hole
average radius, estimated as 2 x area/perimeter, as well as the footprint area of pDPP-TNT, estimated as 100% — hole area, and volume fraction of pDPP-TNT within 10

nm of D-A interface estimated as perimeter x 10 nm/area (pDPP-TNT)

Area % of
holes ([70]PCBM)

Solution concentration used
to fabricate film, [mg mL ]

Total perimeter
of holes, [um]

Average hole
radius, [nm]

Area % of pDPP-TNT
(100-area of holes)

Volume fraction of pDPP-TNT
within 10 nm of domain interface

15 50 180 140 50 0.14
12 52 190 130 48 0.16
9 55 230 110 45 0.20
6 50 270 90 50 0.22
4.5 45 320 70 55 0.23
3 47 450 50 53 0.34

thickest film, which is significantly lower than expected from the
above estimations. This discrepancy will be addressed later. For
mixed solvent films, from the nanofiber diameter, the PL yield is
expected to be 0%, while the measured PL yield is around
30-40%. This is significantly more than expected for such small
domains and means that not all of the excitons generated in the
nanofiber could be quenched. This could be because the real
diffusion length is less than the diameter of the nanofiber. It may
also be because excitons can travel along the long axis of the
nanofiber and not encounter a donor-acceptor interface within
their lifetime. We note that there may be a slight decrease in PL
yield for thicker films, but in general, the PL yields are similar for
all thicknesses, unlike the case for blends spin-coated from
chloroform. This anomaly will be addressed next.
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Fig. 9 Bottom: PL yields of blend films spin-coated from chloroform (blue
squares) and mixed solvent system (red circles) relative to corresponding rinsed
films. Top: PL yield of corresponding rinsed films relative to a neat pDPP-TNT film.

20122 | RSC Adv,, 2013, 3, 20113-20124

The variation of PL yields with domain size in blends spin-
coated from chloroform (Fig. 9) cannot be explained by the simple
model described above. In fact, it would be expected that the
larger domain sizes investigated should have PL yields that are
higher than for the films with smaller domain sizes. Given that the
PL yields of all the rinsed films are similar and in agreement with
neat polymer, we consider the apparently lower relative yield in the
thicker blend films to be experimentally significant. However, we
caution that this may arise from unquantifiable factors in the
assumptions of the calculation. For example, it was assumed that
the [70]PCBM absorbance in all of the films was zero. However
[70]PCBM has a long absorption tail into the red region of the
spectrum that lays beneath part of the pDPP-TNT spectrum. This
tail can become extended further into the red if the [70]PCBM
domains are more crystalline. If the [70]JPCBM absorption
increased, the calculated PL yield would decrease, even with the
same fluorescence efficiency of the pDPP-TNT, due to the over-
estimation of absorption in pDPP-TNT. For the thickest film from
chloroform, the overestimation in absorption would be ~40% of
the total absorptance at the excitation wavelength. Since thicker
films have more time to form, they can become more ordered than
their thinner counterparts and this may explain the anomaly. As
an example of such behavior a series of poly(methyl methacrylate)
(PMMA):[70]PCBM (1 : 2 by wt) films with varying thickness were
spin-coated on glass substrates. The UV-vis spectra of these films
clearly show the long wavelength tail of the [70]PCBM absorption
increases with film thickness and become significantly greater
than for that of a neat film of [70JPCBM (ESI, Fig. S1071). Other
factors could also be present; however, we conclude by saying that
the apparently lower yields are experimentally significant, but the
mechanistic interpretation of this must be taken with caution.
This, however, does not alter the conclusions for the comparison
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Fig. 10 Solid black line: quenched volume fraction of pDPP-TNT calculated using a
model described in the text. Red crosses — results of AFM analysis from Table 3
column 6. 100% quenching efficiency within 10 nm of D-A interface was assumed.

between blends made from the different solvents, since for every
thickness the reduction of PL yield for the blends made from
mixed solvents was consistently lower than that for the blends
made from chloroform.

The contribution to photocurrent from absorption in fullerene
materials in OPV blends is well documented.** In blend systems
where the absorption spectra of the donor polymer and the
fullerene acceptor overlaps, significant absorption by the
fullerene could influence device performance if certain condi-
tions are realized. If the ratio of fullerene domain size to exciton
diffusion length is larger than the ratio of domain size to exciton
diffusion length in the polymer, a relative increase in absorption
in the fullerene and corresponding decrease of absorption in the
polymer would result in less photocurrent being generated in the
device. Exciton diffusion lengths in [60[PCBM have been esti-
mated to be around 5 nm,* which is shorter than in many
polymers, for example poly(3-hexylthiophene) (P3HT), in which
diffusion lengths have been determined to be around 30 nm.*
Though we note that blends of [60]JPCBM and P3HT are under-
stood to mix on fine length scales. Additionally, if the energy level
offsets between donor and acceptor created a scenario where
exciton dissociation efficiency was more (or less) favourable after
absorption in one of the blend components, as compared to the
other,” a change in the relative amount of absorption in the
donor and acceptor species would change the extent of photo-
current generation in the device.

Returning our attention to device performance, the photo-
current generation for chloroform devices increases with a
slight increase of thickness (active layer thickness ~ 50 nm) but
then plateaus, or even drops slightly for thicker active layers.
The larger domain sizes in the thicker films are expected to
provide only a slight decrease in the relative volume fraction of
donor or acceptor material near the interface, and thus a similar
extent of exciton dissociation efficiency. Additionally, although
the increased thickness might be expected to provide greater
absorption and the potential for greater photocurrent genera-
tion, the thin film model of absorptance suggests that optical
absorption is close to saturation for a film thickness greater
than 60 nm. The lack of an increase in generated photocurrent
with increasing thickness is quite consistent with the absorp-
tance and morphology of the blends.

This journal is © The Royal Society of Chemistry 2013
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On the other hand, for devices made from mixed solvents
there is an increase in generated photocurrent with increasing
film thickness, which by analogy, should be caused by some
additional effect, other than simply an increase in absorbance.
Furthermore, the increased photocurrent should not be due
solely to increased exciton dissociation efficiency, given the
small decrease observed in the PL yield with thickness of blends
made from mixed solvent. While we note that the FFs are
similar for all the devices, changes in morphology with thick-
ness may influence the charge carrier recombination proper-
ties, wherein thicker devices undergo less recombination and
produce greater photocurrent.

4. Conclusion

We have investigated BHJ OPV devices made from pDPP-
TNT:[70]PCBM, a system that shows dramatically improved
photocurrent generation when the active layer is spin-coated from
a mixed chloroform : DCB (4 : 1) solvent system as compared to
simply chloroform. Morphology was analyzed and correlated with
device performance. Films from chloroform consist of fullerene-
rich mounds with surrounding polymer-rich valleys. Films from
mixed solvents consist of polymer nanofibers embedded
throughout a fullerene-rich matrix. The influence of film thick-
ness (ranging from ~40 to ~130 nm) on morphology and device
performance was studied. The typical fullerene domain size in
chloroform films was dependent on film thickness; the typical
domain size increased with film thickness. The performance of
chloroform devices did not substantially increase with increased
thickness. Despite the domain size increasing with film thick-
ness, the quenchable volume fraction near the donor-acceptor
interface did not significantly increase, because the domain sizes
were all much greater than the exciton diffusion length.
Furthermore, absorption saturation is expected for films thicker
than 60 nm. Significantly more photocurrent was generated from
mixed solvent devices with increasing thickness. The shape of the
absorptance spectra defined the relative shape of the IPCE
spectra. The performance of thin chloroform devices was
comparable to thin mixed solvent devices while the performance
of thick mixed solvent devices was far greater than thick chloro-
form devices. The enhanced performance upon incorporating the
mixed solvent is largely attributed to the D-A interfacial area
available in the given film morphology. Thick chloroform films,
with large fullerene domains, have a limited D-A interfacial area
from which to generate charge carriers. The extensive network of
nanofibers present in thick films made from mixed solvents
provides a large D-A interfacial area which benefits the genera-
tion of photocurrent, as validated by the PL yield measurements.

Experiments in which the [70]PCBM was selectively removed
by rinsing in hexane gave a two-fold benefit. Firstly, they allowed
us to estimate that the individual phase domains were
substantially immiscible in each other. Secondly it enabled the
evaluation of relative PL yields, whilst maintaining the pDPP-
TNT morphology. The relative PL yield measurements, along
with UV-vis measurements of thin films with varying thickness
suggest an increasing contribution to absorption from
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[70]PCBM; this could have implications on photocurrent
generation in certain BHJ systems and morphologies.
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