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ABSTRACT: Herein, we present a detailed study of the structure−
function relationship in the organic photovoltaic (OPV) blend film
composed of N,N′-bis(1-ethylpropyl)-perylene-3,4,9,10-tetracarboxylic dii-
mide (EP-PDI) and the low energy gap copolymer of poly[4,8-bis-
substituted-benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl-alt-4-substituted-
thieno[3,4-b]thiophene-2,6-diyl] (PBDTTT-E-O). The hierarchical organ-
ization in the photoactive layers and in extruded fibers of PBDTTT-E-
O:EP-PDI was studied by fluorescence optical microscopy, atomic force
microscopy, and wide-angle X-ray scattering (WAXS). WAXS revealed a
nanophase-separated structure where PBDTTT-E-O domains of 4.3 nm in
size coexist with EP-PDI domains of 20 nm size. Thermal annealing results
in an increase of the PBDTTT-E-O domains, but it does not affect the size
of the EP-PDI domains. Only the length of the EP-PDI columns in each
domain is increased by thermal treatment. The photophysical characterization of the PBDTTT-E-O:EP-PDI layers and the
electrical characterization of the corresponding OPV and unipolar carrier devices were performed. The quenching of the EP-PDI
excimer luminescence is correlated with the photocurrent generation efficiency of the OPV devices. At high annealing
temperatures the EP-PDI columnar length becomes larger than the previously reported diffusion length of the PDI excimer, and
fewer excimers dissociate at the EP-PDI/polymer interfaces, leading to reduced photocurrent generation. The charge transport
properties of the PBDTTT-E-O:EP-PDI blend film were studied as a function of the active layer microstructure that was tuned
by thermal treatment. Thermal processing increases electron mobility, but the poor connectivity of the EP-PDI domains keeps
hole mobility six times higher. In respect to the as-spun OPV device, a 3-fold increase is found in the power conversion efficiency
of the device annealed at 100 °C. The high surface roughness of the PBDTTT-E-O:EP-PDI photoactive layer impedes the
efficient extraction of charges, and a thin and smooth perylene-3,4,9,10-tetracarboxylic bisbenzimidazole overlayer is required for
increasing the device performance to a power conversion efficiency (PCE) ∼ 1.7%. The inversion in the polarity of the device
contacts resulted in an inverted device with PCE ∼ 1.9%. We provide rational guidelines for the accurate tuning of the layer
microstructure in PDI-based photoactive layers of efficient OPV devices. Local disorder in the EP-PDI aggregates is essential (i)
for the optimum electron transport that is ensured by the efficient connectivity of the EP-PDI columns in adjacent EP-PDI
domains and (ii) for preventing the stabilization of the neutral photoexcitations in the EP-PDI domains in the form of slowly
diffusive excimers. The high photocurrent generation efficiency achieved suggests the EP-PDI excimers are formed faster than the
activation of triplet states, and photocurrent losses are minimized.

KEYWORDS: perylene diimides, excimer, organic solar cells, nonfullerene acceptors, local and global structure, charge transport,
extraction

1. INTRODUCTION

Organic photovoltaic (OPV) devices are gaining increasing
attention due to their high potential for achieving high power
conversion efficiencies at low cost. Large-area OPV fabrication
can be realized on mechanically robust and flexible substrates
by utilizing low-cost deposition techniques that rely on high-
throughput roll-to-roll production.1,2 The central concept in
OPV devices is the utilization of photoactive layers of bulk
heterojunctions.3,4 These are layers comprising polymeric

electron donors mixed with fullerene derivatives that act as
electron acceptors. Bulk heterojunction mixtures are soluble in
most common organic solvents. Hence processing from
solution gives rise to a bicontinuous network of polymer/
fullerene phases. Exciton dissociation and charge photo-
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generation at the interfaces of these networks result in the
formation of heteromolecular charge transfer states (hetero-
CTs) with the hole residing in the polymer phase and the
electron residing in the fullerene phase of the heterojunction. In
photoactive layers of OPV devices the full dissociation of the
hetero-CT states leads to the formation of charge-separated
states (CS).5 The produced mobile carriers are then available
for extraction at the device electrodes to an external circuit. For
the most optimized OPV devices today the efficient extraction
of mobile carriers has led to power conversion efficiencies
(PCEs) in the level of 10%.6,7 Nonetheless, the commercializa-
tion of OPV-based modules is still limited by the high cost of
produced watt-peak, partially due to the very high cost of the
materials that are currently utilized in the photoactive layers of
these devices.8

Despite their widespread use in OPV devices, fullerene-based
acceptors absorb only weakly in the visible region. Therefore,
they play a small role in solar light harvesting. Furthermore, the
nontrivial synthesis of fullerene derivatives and their high price
hinder widespread commercial accessibility. In this regard,
other electron-acceptor molecules could potentially become
useful in the field of OPV applications.9−13 One class of
electron-acceptor materials is the class of low-cost perylene
dimide derivatives (PDIs).14−22 PDIs are characterized by
strong absorption in the visible region and relatively high
electron mobility.23 In addition, they can be synthesized in a
scalable and economical way providing an alternative choice for
n-type OPV materials.
Inherent to the design of optimal bulk heterojunctions is the

control over the relevant donor/acceptor length scale and
overall blend morphology. In the case of PDI-based OPVs there
are three ways to adjust the morphology.18 One way is by
taking advantage of the inherent nanophase separation of block
copolymers. The length scale of nanophases can be controlled
at the synthesis level by suitable selection of the block
molecular weights. Laju Bu and co-workers reported a PCE up
to 1.50% under 1 Sun (AM1.5G) by means of synthesizing a
monodisperse co-oligomer of PDI with electron donors.24

Second, the molecular architecture of PDIs can be tuned. S.
Rajaram and co-workers demonstrated that a nonplanar
perylene, in combination with a hole-transporting polymer,
can result in an average PCE value of 2.77% under 1.2 Sun
(AM1.5G).25 A third way is to vary the processing conditions
and add suitable polymers or small molecules that exhibit
compatibility with PDIs at a given length scale.16,20 The latter
methodology relies on a trial-and-error approach, and hitherto
no rational guidelines have been established for gaining control
over the PDI crystallization in OPV blend films.
PDIs are disk-shaped molecules that can form columnar

aggregates.26−28 When blended with polymeric matrices they
have a tendency to crystallize, and this is one of the main
reasons for the very low efficiencies obtained from PDI-based
solar cells to date. Photocurrent losses result from the
inefficient charge separation29 of the electron−hole pairs that
are produced after exciton dissociation at the PDI/polymer
interface. Even when the production of mobile charges is
efficient, electron transport is limited by structural defects and
poor connectivity of the PDI domains.30 Despite the
detrimental role in the production of mobile carriers, the
formation of PDI aggregates is expected to be essential for the
macroscopic charge transport properties of organic photo-
voltaic layers.

Another important loss channel is the trapping of the initially
photogenerated PDI excitons and the activation of homo-
molecular charge transfer states (homo-CTs) in the columnar
PDI aggregate.31,32 Homo-CTs are intermolecular excitations of
PDIs, and they are formed by charge transfer reactions between
a photoexcited PDI molecule and an adjacent ground-state PDI
molecule.27,33 A straightforward spectroscopic signature of the
homo-CT state of PDI is the observation of the characteristic
excimer-type PDI luminescence.27,34,35 A broad photolumines-
cence (PL) band is detected at lower photon energy than the
PL of the exciton state with a PL quantum yield (PLQY) lower
than the PLQY of the exciton state and a prolonged lifetime.36

Additionally, in respect to the exciton state, the homo-CT state
of PDI has a shorter diffusion length.37

It seems unavoidable to achieve efficient PDI-based solar
cells with photoactive layers free of homo-CT states that do not
end up to emissive excimers at the expense of free charge
photogeneration. A promising way of exploiting the absorbed
photon energy without losing the appropriate PDI-based charge
transport network is the utilization of the omnipresent PDI
excimers in the production of photocurrent. The participation
of the homo-CT states in the generation of hetero-CT states
has been also suggested by recent experimental and theoretical
studies in copper phthalocyanine/fullerene bilayers.38

The binding energy of the PDI excimer39 can be overcome if
appropriate PDI/polymer heterojunctions are formed that
provide the necessary driving force for excimer dissociation. In
a polymer/PDI blend, a large interfacial area between the PDI
and polymer is a prerequisite for the efficient production of the
hetero-CT states, and consequently the low diffusion length of
the homo-CT state will limit their dissociation at the PDI/
polymer interface. In this context a direct study of the PDI self-
assembling properties as a function of the processing conditions
of the OPV blend and the concomitant electrical performance
of the corresponding device is still missing.
An understanding on the exact conditions that allow the

formation of PDI networks without sacrificing the interfacial
area between PDI and polymer is of paramount importance for
the development of the next generation of PDI-based OPV
devices. The identification of the structural motifs in the PDI-
based OPV composites that result in high photocurrent
generation efficiency is expected to be valuable feedback for
the future synthesis of new PDI derivatives that could lead to
the realization of efficient excimeric OPV devices. Recently, A.
Sharenko et al. demonstrated an impressive PCE value of 3%
under 1 Sun (AM1.5G), after the use of the diiodooctane
(DIO) solvent additive in OPV blend films of the ethylpropyl-
substituted perylene diimide derivative mixed with the low
energy gap small molecular donor 7,7′-(4,4-bis(2-ethylhexyl)-
4H-silolo[3,2-b:4,5-b′]dithiophene-2,6-diyl)bis(6-fluoro-4-(5′-
hexyl-[2,2′-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole).20
PCE values of 4.04% were achieved with a polymer:PDI system
after combining the approach of S. Rajaram et al.25 and of A.
Sharenko et al.40 Despite the rapid improvement in the
performance of the PDI-based OPV devices, the exact role of
the blend film microstructure in the processes of charge
generation, transport, and collection remains unclear.
Herein we carefully study the correlation between the

structural properties and the electrical performance of the
efficient PDI-based composite of poly[4,8-bis-substituted-
benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl-alt-4-substituted-
thieno[3,4b]thiophene-2,6-diyl] (PBDTTT-E-O) and the
N,N′-bis(1-ethylpropyl)-perylene-3,4,9,10-tetracarboxylic dii-
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mide (EP-PDI). Instead of directly focusing our efforts on
receiving a high PCE value, we aim to unveil the
physicochemical factors that can maximize the PCE of the
PDI-based solar cell devices. The structural features of the
PBDTTT-E-O:EP-PDI blend films are studied in the
mesoscopic scale by atomic force microscopy (AFM) imaging.
Further information on the structural properties of the polymer
and EP-PDI components at the nanoscopic length scales is
obtained by wide-angle X-ray diffraction on macroscopically
oriented (extruded) fibers as a function of temperature. The
detection of excimer-type EP-PDI luminescence in the time-
integrated PL spectra of the blend films confirms the presence
of emissive homo-CT states in the EP-PDI columns of the
annealed films. The quenching of the EP-PDI excimer
luminescence is correlated with the photocurrent generation
efficiency of the OPV devices. The homo-CT state of EP-PDI is
dominant in the thermally annealed photoactive layer, and its
diffusion-limited arrival at the PDI/polymer interfaces prevents
the efficient quenching of EP-PDI excimer luminescence. For
the electrical characterization, a set of PBDTTT-E-O:EP-PDI
solar cell devices with as-spun and thermally annealed
photoactive layers are studied by means of external quantum
efficiency spectra, J−V photocurrent characteristics under
simulated solar illumination, and photoexcitation-dependent
photocurrent and charge transport measurements in unipolar
devices. The power conversion efficiency (PCE) for the device
annealed at 100 °C is ∼1.4%. At higher annealing temperatures
the intracolumnar length of EP-PDI becomes larger than the
previously reported diffusion length of the homo-CT state.37

We discuss the importance that the structural order has for the
excimer dissociation efficiency and for the charge transport
properties of the PBDTTT-E-O:EP-PDI devices. The effect of
surface roughness on the electron extraction efficiency at the
contact between the electron-collecting electrode and the
photoactive layer is addressed. Lastly, a PCE value of 1.9% is
obtained when the PBDTTT-E-O:EP-PDI is incorporated in an
inverted OPV device geometry.

2. MATERIALS AND METHODS
Materials. The chemical structures of PBDTTT-E-O and EP-PDI

(both purchased from Solarmer Energy, Inc.) that were used in this
study are shown in Figure 1. PBDTTT-E-O is a low bandgap
polymeric donor, and the OPV devices based on its blends with a
fullerene derivative exhibit PCEs greater than 5%.41 EP-PDI is an

electron acceptor that has been extensively studied in polymer-based
photovoltaic and photodetector devices.35,42

Solar Cell Device Fabrication and Characterization. Non-
inverted and inverted device geometries were prepared of the type
glass/ITO/PEDOT:PSS/PBDTTT-E-O:EP-PDI/Ca/Al and glass/
ITO/ZnO/PBDTTT-E-O:EP-PDI/V2O5/Ag, respectively. The glass/
ITO substrates were precleaned with acetone, isopropanol, and a
special detergent and dried under a flow of dry nitrogen. Before the
deposition of the organic layers the ITO substrates were cleaned in O2
plasma for 10 min. A PEDOT:PSS (Baytron P VP AI 4083, H.C.
Stark) solution was then spin-coated at 6000 rpm onto the cleaned
ITO substrates resulting in a thickness of approximately 30 nm. The
PEDOT:PSS layer was annealed for 30 min at 140 °C in air. After that
the devices were transferred into the glovebox. For preparation of the
active layer PBDTTT-E-O was dissolved in chloroform at a
concentration of 20 mg mL−1 and stirred overnight. Prior to
deposition of the active layer the solution of PBDTTT-E-O:EP-PDI
was filtered through a PTFE syringe filter. UV−vis spectroscopy
confirmed that the filtering process did not affect the polymer:EP-PDI
ratio in the deposited layers. The active layer was then spin-coated on
top of the PEDOT:PSS film at 6000 rpm resulting in a film thickness
of ∼105 nm. In all cases the film thickness of the organic layers was
determined by a Dektak profilometer. Finally, calcium and aluminum
electron-collecting electrodes were evaporated through a shadow mask
on top of the active layer with a thickness of ∼10 and 100 nm. The
films were post annealed at 100 °C for 15 min on a hot plate in the
glovebox. Inverted OPV cells were prepared with the spin-coating
deposition of an electron-selective ZnO layer43 on the plasma-etched
glass/ITO substrates. Following the deposition of the PBDTTT-E-
O:EP-PDI photoactive layer, subsequent depositions of 2 nm thick
V2O5 and 70 nm thick Ag layers were performed in vacuum (2 × 10−6

m bar) by thermal evaporation. For all devices, the active area of the
pixels as defined by the overlap of anode and cathode area was 0.0525
cm2. The photovoltaic performance was determined under simulated
sunlight using an Oriel Sol3A Class AAA solar simulator. Mobility
measurements were performed based on single carrier devices with
photoactive layers prepared in an identical fashion to the OPV devices.
The charge carrier mobility for each device was determined based on
the space charge limited current method. Electron-only devices were
prepared with electrodes of glass/ITO/ZnO and Ca/Al, whereas hole-
only devices were prepared with electrodes of glass/ITO/PEDOT:PSS
and Au. The electrical characterization of the fabricated solar cells was
performed by means of external quantum efficiency (EQE) and by
determining the basic photovoltaic parameters under simulated
(AM1.5G) solar illumination. For preparing annealed devices the
annealing step was performed with the use of a hot plate in a
temperature between 40 and 200 °C after the deposition of the metal
cathode for 15 min in the N2-filled glovebox. The samples were then
transferred onto a metallic cold surface for immediate cooling.

Wide-Angle X-ray Scattering (WAXS). A Rigaku RA-Micro 7
Desktop Rotating Anode X-ray generator was used with a maximum
power of 800 W and brightness of 18 kW/mm2 (operated at a tube
voltage of 40 kV and a current of 10 mA) utilizing a Cu target. Osmic
confocal optics were used for a monochromatic X-ray beam with 3
pinhole point collimation. The detection system was a MAR345 Image
Plate Area Detector. The sample to detector distance was 31 cm.
Samples were prepared as macroscopically oriented filaments with a
diameter of 0.5 mm from a miniextruder at 75 °C. The WAXS
measurements were made within the temperature range from 303 to
473 K on heating and on subsequent cooling in steps of 10 K. The
recorded 2-D scattered intensities were investigated over the azimuthal
angle and are presented as a function of the scattering wave vector q (q
= (4π/λ)sin(2θ/2), where 2θ is the scattering angle).

Time-Integrated Spectroscopic Characterization. Thin films
of as-spun and annealed PBDTTT-E-O:EP-PDI were prepared in an
identical fashion like for the case of the active layers of the solar cell
devices. UV−vis absorption and photoluminescence spectra of the
produced films were recorded with a UV-2700 Shimadzu spectropho-
tometer and a Horiba Jobin Yvon NanoLog spectrofluorimeter,
respectively.

Figure 1. Chemical structures (left) of the materials used in this study
and the energetic alignment (right) of their frontier orbitals with
respect to the device electrodes PEDOT:PSS (hole collection) and Ca
(electron collection).
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Light Intensity Dependent Short-Circuit Photocurrent. A
diode pumped solid-state laser (DPGL2010F, Lambda Photometrics)
was used for photoexciting the device at 532 nm, and the short-circuit
device photocurrent was recorded with a Keithley electrometer
(Source Meter Unit 2401). The laser output (10 mW, 1 mm diameter
spot size) was attenuated with the use of neutral density filters of
known transmittance values at the photoexcitation wavelength. For
each device pixel several measurements were repeated for ensuring the
stable response of the device photocurrent. All measurements were
performed in ambient, and excellent reproducibility of the measured
photocurrent was found. All measured devices were properly
encapsulated with epoxy and glass.
Atomic Force Microscopy Imaging. Surface topography of all

blend films was studied by atomic force microscopy (AFM) using an
Agilent 5500 in tapping mode under ambient conditions. Topography
and phase images were recorded simultaneously.
Fluorescence Optical Microscope Imaging (FOM). Reflected

fluorescence optical microscopy images were obtained with a CCD
camera (XC10) attached onto an Olympus polarizing optical
microscope (BX51) operating in the reflection mode, after using a
superwide band filter (U-MSWG2, 480−550 nm) for selectively using
the spectral output of a Mercury lamp (U-LH100, 100 W) and
integrating for 300 ms.

3. RESULTS
Figure 2a shows the UV−vis absorption spectrum of a
PBDTTT-E-O:EP-PDI 30:70 (wt %) blend film. For

comparison the UV−vis spectra of a pure PBDTTT-E-O film
and a poly(styrene) (PS):EP-PDI 30:70 film are also shown.
The solid-state UV−vis spectrum of EP-PDI peaks at 495

nm, and it exhibits the typical features of a cofacial (H-type)
aggregate of planar molecules in which molecular vibration is
strongly coupled with the electronic transitions and a
distribution of rotational displacements among the transition

dipoles is found.27 The main absorption band of PBDTTT-E-O
is centered at lower photon energies with maximum absorption
intensity at 680 nm. Since the absorption spectrum of
PBDTTT-E-O is complementary to the absorption spectrum
of EP-PDI, the UV−vis absorption spectrum of the blend spans
from 420 to 800 nm; the PBDTTT-E-O:EP-PDI blend is an
appropriate candidate system for the fabrication of the OPV
layer with broad absorption in the visible range. In addition, the
energy level matching between the frontier orbitals of the
PBDTTT-E-O:EP-PDI bulk heterojunction confirms the
suitability of this composite for charge photogeneration.
According to Figure 1 the existing band offset is sufficient for
driving an electron transfer from the polymer to PDI and a hole
transfer in the reverse direction. For PBDTTT-E-O and EP-
PDI the energy of the highest occupied molecular orbitals
(HOMO) is −5.01 and −6.1 eV, respectively, whereas the
energies of the lowest occupied molecular orbitals (LUMO) are
−3.24 eV for PBDTTT-E-O and −3.8 eV for EP-PDI.41,44

Thermal annealing did not affect significantly the absorption
properties of the PBDTTT-E-O:EP-PDI composite film. As
shown in Figure 2b, thermal treatment results in a
redistribution in the oscillator strength of the vibronics of the
EP-PDI absorption band due to the changes in the contribution
of the excitonic and homo-CT electronic components that
dictate the EP-PDI absorption spectrum.45,46

Morphology and Surface Topography. Figure 3
presents a set of FOM images for PBDTTT-E-O:EP-PDI
30:70 blends after illumination with light in the wavelength
range of 480−550 nm. For the case of the as-spun film no
fluorescence could be detected indicating the intimate mixing
of EP-PDI and PBDTTT-E-O that leads to complete

Figure 2. (a) Normalized UV−vis absorption spectra of a PBDTTT-E-
O film (open squares) and of a PBDTTT-E-O:EP-PDI 30:70 blend
film (open circles). For reference purposes the UV−vis spectrum of a
control PS:EP-PDI film is also shown (filled circles). PL spectrum of a
PBDTTT-E-O film on quartz substrate after photoexcitation at 620
nm (red line). (b) Normalized UV−vis absorption spectra of
PBDTTT-E-O:EP-PDI blend films annealed at different temperatures:
as-spun (squares) and annealed at 80 °C (circles), 100 °C (up
triangles), 120 °C (down triangles), and 160 °C (diamonds).

Figure 3. Fluorescence optical microscopy images of PBDTTT-E-
O:EP-PDI 30:70 blends spun from chloroform on glass/ITO/
PEDOT:PSS substrates and thermally annealed at different temper-
atures. The horizontal length of each micrograph image corresponds to
115 μm.
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quenching of the EP-PDI excitations at the EP-PDI/PBDTTT-
E-O interfaces. A similar effect was observed for the PBDTTT-
E-O:EP-PDI film annealed at 40 °C (FOM images not shown),
confirming that no phase separation between the polymer and
EP-PDI components takes place on the micrometer length
scale, prior to annealing at high temperatures. In contrast, the
annealed films exhibit micrometer-sized features indicating
phase-separated domains.
AFM imaging characterization of the PBDTTT-E-O:EP-PDI

70 wt % system was performed for a set of as-spun and
annealed blend films. Low-resolution AFM images with scan
lengths of 5 and 10 μm found that the root-mean-square (rms)
surface roughness increases with thermal annealing; for the 5
μm scan the rms roughness increased from 20 nm for the as-
spun film to 60 nm for the film annealed at 120 °C. Large
aggregates were found to be the dominant objects in the layer
surface with a lateral size virtually invariant to thermal
treatment. Changes in the surface topography started to
become resolved in AFM images that were acquired with
scan length of 2 μm (see Figure S1 in Supporting Information).
Higher-resolution AFM images with scan length of 500 nm
were more informative (Figure 4a). The AFM images of the as-

spun PBDTTT-E-O:EP-PDI 70 wt % blend films exhibited a
relative uniform surface with a granular appearance. The
individual granules had an extension of typically 25 nm. A
similar structure was observed for blend films annealed at 40 °C
(AFM images not shown). Thermal annealing above 40 °C led
to a change in the layer morphology of the PBDTTT-E-O:EP-
PDI blend films. When annealing at 80 and 100 °C slightly
elongated features with sharp boundaries, 150 nm width and
few hundred nanometer length were observed. When annealing
at 120 °C the feature size decreased and became more rounded.
PBDTTT-E-O films were prepared in an identical fashion, and
their AFM images did not show these characteristic features
(Figure 4b). Instead, they showed a granular structure for all
annealing temperatures. The granules were larger when
annealing at 80 and 100 °C than in the as-spun films and
annealing at 120 °C. On the basis of previous studies on the
morphology of PDI films,15,35 it can be suggested that the
appearance of the elongated features in the PBDTTT-E-O:EP-
PDI blend films is related to the formation of PDI aggregates
that are formed after the thermally induced coalescence of PDI
in larger domains. The thermal treatment of the layers results in
the demixing of the EP-PDI component from the PBDTTT-E-
O matrix and in the increase of the EP-PDI cluster size. At
small length scales (500 nm) the process of demixing is
reflected on the size of the EP-PDI crystallites that is reduced in
favor of the large EP-PDI cluster formation at the higher length
scales (10 μm).

Wide-Angle X-ray Scattering. The results from FOM and
AFM revealed the demixing of the blend components and the
growth of aggregated superstructures (beyond 1 μm) with
increasing annealing temperature. On the other hand, the
primary process of exciton diffusion and the microstructural
features of the polymer/PDI interface have length scales of 10
nm, i.e., much below the resolution of optical microscopy and
in the borderline of AFM imaging. To gain further insight into
the microscopic structure of the PBDTTT-E-O:EP-PDI blend
films we have employed WAXS. Figure 5 gives a schematic of
the WAXS setup employed for the fibers and the scattered
intensity from a series of images in a contour representation.
The different peaks contain reflections from the PBDTTT-E-

O backbone and from stacked EP-PDI molecules in a columnar
arrangement. The representative 2D image shown in the top
panel of Figure 5 consists of both equatorial and meridional
reflections. These reflections reveal that both the polymer
backbones and the EP-PDI columnar axes are oriented along
the fiber axis, i.e., perpendicularly to the X-ray beam. The
contour plot of the wide-angle scattering X-ray intensities
shown in the bottom panel of Figure 5 finds the first equatorial
reflection around q ∼ 3.2 nm−1. This corresponds to the (100)
reflection from the polymer backbone with backbone−
backbone correlations of about d ∼ 1.95 nm. This feature is
very broad with a correlation length of ∼4.3 nm, suggesting
weak backbone−backbone correlations at 30 °C (about three
chain segments are correlated laterally). The peaks at higher
wavevectors originate from EP-PDI. The main peak at q ∼ 3.9
nm−1 suggests columnar stacking of EP-PDI with intercolum-
nar periodicity of ∼1.88 nm and a correlation length of ∼22 nm
comprising laterally ∼12 columns. The latter gives the lateral
length of coherence of EP-PDI columns and is also the length
scale of nanophase separation. Equatorial reflections at higher q
originate from the EP-PDI unit cell, whereas the meridional
peaks reflect intracolumnar disk correlations at distances of
∼0.34 nm. Within the columns, EP-PDI disks are oriented

Figure 4. AFM phase images of (a) PBDTTT-E-O:EP-PDI 30:70 wt
% films and (b) PBDTTT-E-O films spun from chloroform on glass/
ITO/PEDOT:PSS substrates and thermally annealed at different
temperatures. In all images the AFM window has a length of 500 nm.
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perpendicularly to the columnar axis without any tilt. The
elongated shape of the cores minimizes the π−π overlap and
prevents molecules from tilting, in sharp contrast to more
symmetric cores, such as in hexa-peri-hexabenzocoronenes that

form a “herringbone” structure.47 Therefore, these results at
ambient temperature already suggest phase segregation and a
higher organization (stacking) within the EP-PDI nanophase.
The corresponding polymer and columnar periodicities as well
as the interchain, intercolumnar, and intracolumnar correlation
lengths are summarized in Table 1 at some temperatures.
Studying the scattering as a function of temperature is more

informative with respect to the structural changes that may
affect the polymer/EP-PDI interfaces and the domain size of
the two blend components. As indicated in Table 1, increasing
temperature improves backbone−backbone correlations, and
this is more pronounced at the higher temperatures. For
example, at 180 °C, the (100) reflection associated with the
stacking of polymer backbones has a correlation length of ∼8
nm; i.e., about five chain segments are correlated laterally. In
addition, the improved polymer packing and increased order
bring about a change in the EP-PDI equatorial reflections (at
around 170 °C) associated with a slightly different unit cell.
This suggests a more efficient nanophase separation between
the polymer and EP-PDI stacks at the higher temperatures.
Remarkably, the intracolumnar periodicity improves substan-
tially on heating, from a value of 12 nm at 30 °C (each PDI
column comprising about 36 disks) to about 19 nm at 180 °C
(each PDI column comprising about 56 disks). On cooling, the
high-temperature nanophase persists down to ambient temper-
ature suggesting this as the equilibrium phase.
Overall the WAXS results from the oriented fibers revealed

nanophase-separated polymer- and EP-PDI-rich domains with a
characteristic length scale of phase separation in the order of
10−20 nm. However, most importantly they indicated
improved backbone−backbone lateral correlations and much
improved intracolumnar disk correlations. Both features can
affect device performance. Improved polymer backbone
correlations are known to have a positive impact on the device
photocurrent generation.48,49 Similarly, improved intracolum-
nar order and the concomitant annihilation of defects within
the EP-PDI columns will improve the electron mobility within
the columns.
These results on the morphology of the fibers can be

representative for the morphology of the actual photoactive
layer in devices. The large layer thickness in both cases
precludes a sole preferential orientation (face-on vs edge-on
orientation). Despite the preference of polymer backbones and
EP-PDI columns to orient along the fiber axis, the molecular
organization within the fiber cannot be considered as ideal (i.e.,
as in a single crystal). Thus, results on the self-organization
measured either in thick films (∼100 nm) or in fibers are
expected to be comparable.

Photoluminescence Quenching. We have performed
photoluminescence (PL) quenching measurements for

Figure 5. Top panel: WAXS geometry employed for fiber samples.
The schematic shows the polymer chain organization within the fiber
(backbones are oriented along the fiber axis). The EP-PDI columns
(not shown) are also oriented along the fiber axis as evidenced by the
meridional reflections. The 2-D image was taken after cooling to 30 °C
following annealing at higher temperatures (∼200 °C). Bottom panel:
Contour (iso-intensity) plot of the wide-angle scattering X-ray
intensities (in a log scale) from the PBDTTT-E-O:EP-PDI blend
plotted as a function of the scattering wavevector for different
temperatures obtained on heating and subsequent cooling. The (100)
reflection corresponding to backbone−backbone correlations as well
the equatorial and meridional EP-PDI reflections are shown.

Table 1. Polymer Backbone and EP-PDI Columnar Characteristics As a Function of Temperature

temperature
(°C)

interchain
periodicity,

dbackbone (nm)
interchain correlation
length, ξbackbone (nm)

intercolumnar
periodicity,

dPDI‑inter (nm)
intercolumnar correlation
length, ξPDI‑inter (nm)

intracolumnar
periodicity,

dPDI‑intra (nm)
intracolumnar correlation
length, ξPDI‑intra (nm)

30 1.95 4.3 1.88 22 ± 1 0.334 12 ± 0.5
60 1.97 4.6 1.89 20 ± 1 0.335 13 ± 0.5
90 1.98 4.9 1.89 20 ± 1 0.337 14 ± 0.5
120 1.98 5.2 1.90 21 ± 1 0.338 15 ± 0.5
140 1.98 5.7 1.91 23 ± 1 0.339 16 ± 0.5
160 2.00 6.5 1.92 23 ± 1 0.340 17 ± 0.5
180 2.02 7.5 1.94 21 ± 2 0.342 19 ± 1
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PBDTTT-E-O:EP-EP-PDI 30:70 blend films as a function of
annealing temperature in the range from ambient to 200 °C.
For OPV composites, studying PL quenching is helpful in
estimating the upper limit of generation yield of the hetero-CT
states.49 The high EP-PDI content in the blend and the weak
absorption of the PBDTTT-E-O component in the spectral
region of 500 nm allow the quasi-selective excitation of the EP-
PDI component. Similarly, the vanishing absorption of the EP-
PDI component in the spectral region of 600 nm allows
selective excitation of the PBDTTT-E-O component. Control
samples of pure PBDTTT-E-O films and PS:EP-PDI blend
films were prepared and characterized in an identical fashion
and were employed as references. Figure 6 presents the PL

spectra of the PS:EP-PDI and the PBDTTT-E-O:EP-PDI blend
films as a function of thermal annealing following photo-
excitation of EP-PDI at 530 nm. The excimer-like luminescence
of EP-PDI is detected in the spectral region of 620 nm.
Following photoexcitation of the pure PBDTTT-E-O film at
620 nm, the PBDTTT-E-O luminescence was detected at 810
nm (Figure 2a).
For the PBDTTT-E-O:EP-PDI blend films excited at 620

nm, the PBDTTT-E-O luminescence was completely
quenched. The vanishing spectral overlap between the emission
spectrum of PBDTTT-E-O and the absorption spectrum of EP-
PDI excludes the possibility that the observed PL quenching of
the PBDTTT-E-O emission is a result of a resonant energy
transfer between photoexcited polymer and ground-state EP-
PDI. In contrast, energy transfer events cannot be neglected in

the case where the EP-PDI component is photoexcited. The
very high values of the spectral overlap between the EP-PDI
excimeric emission and the UV−vis absorption of PBDTTT-E-
O in the PBDTTT-E-O:EP-PDI 30:70 blend (see Figure S2 in
Supporting Information) suggest that EP-PDI excimers could
energy transfer to the polymer phase with a high efficiency.
On the basis of the spectra in Figure 6, we have determined

the spectrally integrated PL intensity of the EP-PDI excimer
luminescence (586−708 nm) in the two different matrices of
PS and PBDTTT-E-O. Previous studies showed that the
spectral integral of the EP-PDI emission in OPV composites is
proportional to the PLQY of the composite.35 With respect to
the corresponding spectra of the control PS:EP-PDI sample,
the quenching efficiency of the EP-PDI emission in the
PBDTTT-E-O:EP-PDI films remains higher than 90% at all
temperatures.
Thermal annealing reduces the EP-PDI PL quenching in the

PBDTTT-E-O:EP-PDI 30:70 blend, and in the annealed films
the recovery of the characteristic EP-PDI excimer luminescence
at 620 nm is observed. In light of the structural changes within
the EP-PDI columns as determined by WAXS, the observed
reduction in the EP-PDI PL quenching efficiency can be
assigned to the nanophase separation of the EP-PDI and
PBDTTT-E-O domains. The overall quenching of the EP-PDI
luminescence is a result of all deactivating excited-state
pathways that can quench the EP-PDI excimer emission. The
increased length of the EP-PDI columnar aggregates prevents
the diffusion of the EP-PDI excimers at the EP-PDI/polymer
interfaces, and it reduces the number of excimers that can
charge transfer. In addition, the formation of larger size EP-PDI
clusters after annealing negatively affects the efficiency of
energy transfer from the EP-PDI excimer to the polymer phase
due to the increased distance between EP-PDI and PBDTTT-
E-O.

Solar Cell Characterization. We have characterized a set
of photovoltaic devices based on the PBDTTT-E-O:EP-PDI
blend films which were annealed at different temperatures.
Devices of glass/ITO/PEDOT:PSS (30 nm)/PBDTTT-E-O:
EP-PDI (105 nm)/Ca (10 nm)/Al (100 nm) were fabricated
with photoactive layers unannealed and annealed between 40
and 200 °C. The device external quantum efficiency (EQE) was
determined under monochromatic illumination, and their
photocurrent density−voltage (J−V) characteristics were
recorded under simulated solar light (0.93 Sun, AM1.5G).
Figure 7a presents the EQE curves, and Figure 7b presents

the J−V curves of the devices annealed at different temper-
atures. The effect of thermal treatment positively affects device
performance. The EQE spectra reveal that both PBDTTT-E-O
and EP-PDI components contribute to an increase in the
photocurrent for thermal annealing temperatures up to 100 °C.
On the basis of the EQE spectra of the devices annealed at
temperatures above 100 °C it is found that photon absorption
by the EP-PDI phase (435−550 nm) delivers constant current,
whereas photon absorption by the PBDTTT-E-O phase (590−
800 nm) results in reduced photocurrent with respect to the
device annealed at 100 °C (see also Figure S3 in the Supporting
Information). As a net result the maximum photocurrent is
obtained for the device with the PBDTTT-E-O:EP-PDI layer
annealed at 100 °C. Similarly, the maximum PCE value under
simulated solar light illumination is obtained at 100 °C, and it is
three times higher than the PCE of the device with the as-spun
photoactive layer. The positive effect of thermal annealing at
100 °C reflects the efficient separation of charges after the

Figure 6. Photoluminescence spectra of as-spun and annealed (a)
PS:EP-PDI films (open symbols) and (b) PBDTTT-E-O:EP-PDI
(filled symbols). All films were deposited on quartz substrates and
photoexcited at 530 nm: as-spun (squares), 40 °C (circles), 80 °C (up
triangles), 90 °C (down triangles), 100 °C (right-tilt triangles), 120 °C
(left-tilt triangles), 160 °C (diamonds.).
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dissociation of EP-PDI and PBDTTT-E-O excited states at the
PBDTTT-E-O/EP-PDI interfaces. This is in agreement with
the improved structural order48,49 of both components at this
annealing temperature. Since the EP-PDI component has the
strongest absorption in the blend, it also has the dominant
contribution in the generation of photocurrent. Table 2
summarizes the averaged and best values of the short-circuit
photocurrent density (Jsc), open-circuit voltage (Voc), fill factor
(FF), and PCE parameters for these devices when measured
under 0.93 Sun (AM1.5G). No improvement was found in the
device metrics of the PBDTTT-E-O:EP-PDI system after the
use of the DIO solvent additive in a set of devices with
increased additive content, as previous studies have demon-
strated for other PDI-based composites.25,40

Device Engineering. Next, we explored the effect on the
PCE after depositing a thin and smooth PTCBI interlayer50 on
top of the as-spun PBDTTT-E-O:EP-PDI photoactive layer.

The complete bilayer device was annealed at 100 °C. A range of
overlayer thicknesses were tested (between 5 and 20 nm)
deposited by thermal evaporation with a growth rate of 0.4 Å/s.
The optimum device performance was obtained for the PTCBI
layer of 7.5 nm; the PCE improved further to the value of
1.68% ± 0.06%.
Figure 8 presents the effect of the overlayer in the main

device metrics of PBDTTT-E-O:EP-PDI. The differences in the
open-circuit, ΔVoc = Voc(PTCBI) − Voc, and short-circuit
photocurrent density, ΔJsc = Jsc(PTCBI) − Jsc, fill factor, ΔFF =
FF(PTCBI) − FF, and power conversion efficiency, ΔPCE =
PCE(PTCBI) − PCE, are plotted as a function of PCTBI
overlayer thickness. Here Voc(PTCBI), Jsc(PTCBI), FF-
(PTCBI), and PCE(PTCBI) correspond to the Voc, Jsc, FF,
and PCE of the PBDTTT-E-O:EP-PDI/PTCBI bilayer devices.
Both single-layer and bilayer devices were characterized under
0.93 Sun (AM1.5G).
Comparison of the device metrics of the optimized devices

made by PBDTTT-E-O:EP-PDI/PTCBI and PBDTTT-E-
O:EP-PDI suggests the improvement of the FF parameter in
the device with the PTCBI overlayer as the main factor that
leads to the enhancement of PCE. The extraction of electrons
at the interface of the photoactive layer and the electron-
collecting electrode is one of the factors that limits the
performance of the PBDTTT-E-O:EP-PDI devices. Up to a 10
nm thick PTCBI layer, charge extraction and collection are
optimized. For thicker PTCBI layers the FF and Voc were
reduced indicating a poor electron transport. The surface
topography of the PBDTTT-E:EP-PDI and PBDTTT-E:EP-
PDI/PTCBI layers is shown in the Supporting Information
(Figure S4).
We have studied the effect of the inverted OPV (i-OPV)

device geometry on the performance of the PBDTTT-E-O:EP-
PDI system. The structure of the i-OPV device was glass/ITO/
ZnO/PBDTTT-E-O:EP-PDI/V2O5 (2 nm)/Ag. Figure 9
presents the device EQE under monochromatic illumination
(Figure 9a) and the corresponding J−V curve under simulated
solar light (Figure 9b, 0.83 Sun, AM1.5G) whereas the main
device metrics are presented in Table 2. The PCE of the i-OPV
device further increased to 1.9%. The Voc parameter is
increased, and slightly higher Jsc is obtained without a
significant improvement in the FF value. In Figure 9c, the
short-circuit photocurrent, Isc, of the inverted PBDTTT-E-
O:EP-PDI device is plotted as a function of continuous
photoexcitation intensity, Iexc, at the wavelength of 532 nm. The
dependence is of the form: Isc ∝ (Iexc)

α with a slope α = 0.93.
For comparison, noninverted PBDTTT-E-O:EP-PDI devices,

Figure 7. (a) Average external quantum efficiency curves (% EQE) of
PBDTTT-E-O:EP-PDI devices annealed at different temperatures
(filled symbols) and (b) photocurrent density versus voltage (J−V)
curves of the best devices annealed at different temperatures (open
symbols): as-spun (squares), 80 °C (circles), 100 °C (up triangles),
120 °C (down triangles), and 160 °C (diamonds).

Table 2. Main Solar Cell Parameters of Noninverted Devices with Photoactive Layers Annealed at Different Annealing
Temperatures and of the Inverted Device (i-OPV) with Photoactive Layer Annealed at 100 °Ca

device Voc (V) Jsc (mA cm−2) FF (%) best PCE (%) averaged PCE (%)

as spun 0.490 ± 0.008 2.80 ± 0.11 31.9 ± 0.7 0.50 0.47 ± 0.02
40 °C 0.540 ± 0.014 3.12 ± 0.08 34.6 ± 0.3 0.63 0.67 ± 0.04
80 °C 0.530 ± 0.010 3.29 ± 0.05 34.5 ± 1.2 0.69 0.65 ± 0.04
100 °C 0.600 ± 0.005 4.49 ± 0.13 47.2 ± 0.9 1.43 1.37 ± 0.06
120 °C 0.590 ± 0.004 4.32 ± 0.16 48.7 ± 0.7 1.38 1.34 ± 0.04
160 °C 0.630 ± 0.004 4.19 ± 0.05 44.8 ± 1.0 1.31 1.28 ± 0.03
200 °C 0.620 ± 0.011 3.62 ± 0.10 41.2 ± 0.6 1.03 0.99 ± 0.03
i-OPV, 100 °C 0.670 ± 0.004 4.80 ± 0.06 46.1 ± 1.1 1.90 1.81 ± 0.09

aThe noninverted devices were characterized under 0.93 Sun (AM1.5G), whereas the inverted devices (i-OPV) where characterized under 0.83 Sun
(AM1.5G).
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annealed at 100 °C after the deposition of Al electron-collecting
electrodes, exhibited slopes of α = 0.9 and α = 0.48, for light
intensity values between 0.1−15 mW/cm2 and 15−1200 mW/
cm2, respectively. The replacement of Al with Ca/Al exhibited
slopes of α = 1 and α = 0.74, for light intensity values between
0.1−15 mW/cm2 and 15−1200 mW/cm2, respectively (see
Figure S5 in the Supporting Information).

Charge Transport Properties. We evaluated the impact of
structural order on the charge transport properties of
PBDTTT-E-O:EP-PDI films. We have performed charge
transport measurements in unipolar PBDTTT-E-O:EP-PDI
devices (Supporting Information Figure S6). We have deduced
the zero-field electron and hole mobilities for a range of thermal
annealing temperatures based on the Mott−Gurney equation,
by taking into account the Poole−Frenkel effect.51 Hole
mobilities were determined for devices where the PBDTTT-E-
O:EP-PDI photoactive layer was sandwiched between glass/
ITO/PEDOTT:PSS and Au electrodes (build-in voltage, Vbi =
0 V), whereas electron mobilities were determined for devices
with glass/ITO/ZnO and Ca/Al electrodes (Vbi = 1.5 V).
Earlier transport studies utilizing the space charge limited
current model on a polymer similar to PBDTTT-E-O have
reported a hole mobility value of 4 × 10−4 cm2/V s.41 The
electron mobility for EP-PDI has been reported to be 3−8 ×
10−4 cm2/V s based on OFET devices.52 For our systems, the
extracted hole and electron mobility values are reported in
Table 3 as a function of thermal annealing temperature.

Figure 8. Observed difference in the main device metrics between solar cells of PBDTTT-E-O:EP-PDI devices with and without a thin PTCBI
overlayer of variable overlayer thickness: (a) difference in the open-circuit voltage ΔVoc = Voc(PTCBI) − Voc, (b) difference in the short-circuit
current ΔJsc = Jsc(PTCBI) − Jsc, (c) difference in the fill factor ΔFF = FF(PTCBI) − FF, and (d) difference in the power conversion efficiency
ΔPCE = PCE(PTCBI) − PCE (see text).

Figure 9. (a) External quantum efficiency (% EQE), (b) J−V curves,
and (c) light intensity dependence of the device photocurrent (steady
state photoexcitation at 532 nm) of an inverted OPV device with a
photoactive layer of PBDTTT-E-O:EP-PDI 30:70 wt %, annealed at
100 °C after metal anode deposition. The device geometry was glass/
ITO/ZnO/PBDTTT-E-O:EP-PDI/V2O5/Ag. Both EQE and J−V
data are obtained as the average of five devices.

Table 3. Room-Temperature Hole and Electron Zero-Field
Mobility Values as a Function of Thermal Annealing
Temperature for the PBDTTT-E-O:EP-PDI Photoactive
Layer

temperature
(°C) μh (cm

2/V s) μe (cm
2/V s)

as spun 3.8 × 10−6 ± 3.5 × 10−6 0.1 × 10−6 ± 0.1 × 10−6

40 6.3 × 10−6 ± 3.7 × 10−6 0.2 × 10−6 ± 0.1 × 10−6

80 39.4 × 10−6 ± 8.3 × 10−6 0.6 × 10−6 ± 0.1 × 10−6

100 48.3 × 10−6 ± 11.7 × 10−6 7.5 × 10−6 ± 0.7 × 10−6

120 33.5 × 10−6 ± 3.5 × 10−6 3.2 × 10−6 ± 1.4 × 10−6

160 52.5 × 10−6 ± 4.8 × 10−6 1.8 × 10−6 ± 0.2 × 10−6

200 55.9 × 10−6 ± 17.7 × 10−6 1.1 × 10−6 ± 0.1 × 10−6
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Despite the high EP-PDI content in the PBDTTT-E-O:EP-
PDI blend films, hole mobility is found to be higher than
electron mobility at all studied annealing temperatures. The
hole/electron mobility ratio reaches a value of six at the
annealing temperature of 100 °C. We note that for the case of
the electron-only devices the employed Mott−Gurney model
was applicable only for the high voltage regime of the J−V
curves. Previous studies of electron transport in organic
materials have also shown that the accurate reproduction of
the dark J−V curves is achieved only after considering a
distribution of trap-level energies in the density of states where
charge transport takes place.53 The presence of traps in the
PDI-based blend films most likely is related with the structural
defects present in the multicrystalline PDI phase. The
determination of the total density of traps and of the energy
that characterizes the trap distribution in the EP-PDI domains
is beyond the scope of this work.

4. DISCUSSION
On the basis of the energetics of the PBDTTT-E-O:EP-PDI
blend both processes of photoinduced electron and hole
transfer have a high driving force with values: ΔELUMO = 0.56
eV and ΔEHOMO = 1.11 eV, for electron transfer and hole
transfer, respectively. We have verified that the PL emission of
PBDTTT-E-O in the blend was completely quenched at all
thermal annealing temperatures studied, after selectively
photoexciting the polymer. On the basis of the WAXS results,
PBDTTT-E-O backbones form relatively small ordered stacks
in the range 4.3−7.5 nm. This should correspond to the
diffusion length of the PBDTTT-E-O excitons.
In the PBDTTT-E-O:EP-PDI blend film, the EP-PDI

component exhibits a hierarchical self-assembly; EP-PDI
monomers self-organize via π−π stacking into columns, the
length of which is limited by defects. The EP-PDI columns are
then positioned in a lattice with lateral correlation length that
defines the size of the smallest ordered EP-PDI domains.
Thermal annealing is strongly affecting the intracolumnar order
by increasing intracolumnar correlations between EP-PDI disks.
In contrast, EP-PDI intercolumnar order is not significantly
affected by thermal treatment. The WAXS results further
revealed the absence of tilting of disks within the columns. It is
also found that the majority of the EP-PDI component is very
well organized even in the as-spun film. According to WAXS,
ordered EP-PDI columns with intracolumnar length of 12 nm
are already present in the as-spun PBDTTT-E-O:EP-PDI
domains that can become as long as 19 nm following annealing
at 180 °C. In combination with the spectral data of the UV−vis
absorption and time-integrated PL we can suggest that the
larger portion of the EP-PDI excitons converts efficiently to
homo-CT states within the H-aggregates of the EP-PDI
columns and results in the excimer-type PL of EP-PDI. The
residue of the EP-PDI exciton population can diffuse in the
defected areas of the EP-PDI columns that will be composed
from weakly associated EP-PDI monomers. At this stage we
cannot quantify the fraction of the exciton population that
converts to homo-CT population. However, the high
organization of the EP-PDI columns that is suggested by
WAXS increases the probability for the dominance of the
homo-CT states, especially after thermal annealing where
improved intracolumnar correlation lengths are obtained. No
PL signal of the EP-PDI exciton was detected in the PL spectra
of the PBDTTT-E-O:EP-PDI blend films. Recent studies on
aggregates of a similar PDI derivative in solution suggest that

self-trapping of the EP-PDI exciton takes place in the
femtosecond time scale.46

The energy transfer from EP-PDI excimer to the polymer is
likely to operate based on a beyond-Forster mechanism.54

Following the transfer it is expected that the activated
PBDTTT-E-O excitons will efficiently charge transfer at the
polymer/EP-PDI interfaces. The fraction of the EP-PDI
excimers that will not energy transfer to PBDTTT-E-O can
contribute to the generation photocurrent only if they
dissociate at the EP-PDI/polymer interface. Therefore, the
size of the EP-PDI domain will dictate the dissociation
efficiency of the EP-PDI excimer. The diffusion length of the
PDI homo-CT state is LhomoCT = 10 ± 5 nm,37 that is,
comparable to the intracolumnar correlation length found in
the unannealed and annealed PBDTTT-E-O:EP-PDI films up
to 120 °C. Indeed the quenching of the EP-PDI excimer
luminescence is close to unity for the case where the
intracolumnar correlation length is comparable to the homo-
CT diffusion length. This confirms that EP-PDI homo-CT
states can diffuse toward the EP-PDI/polymer interface and
contribute to the generation of photocurrent. The reduced
quenching of the EP-PDI excimer luminescence at 620 nm
observed with increasing annealing temperature is attributed to
the diffusion-limited arrival at the homo-CT states at EP-PDI/
polymer interface. It is found that with annealing the EP-PDI
PL quenching efficiency reduces by 15% (Table S2 in
Supporting Information) when the EP-PDI intracolumnar
correlation length increases by 40% (Table 1).
Apart from matching the size of the EP-PDI column length

with the diffusion length of the EP-PDI homo-CT state, the
dissociation of the excimer states requires favorable energetics
that will provide the necessary driving force for passing the
energetic barrier of excimer binding energy. The energy of the
unbound charge-separated (CS) state for the PBDTTT-E-
O:EP-PDI system corresponds to ECS = |HOMOpolymer| − |
LUMOPDI| = 1.21 eV. This is a difference of ΔEton‑CS = 1.12 eV
lower than the EP-PDI singlet exciton energy, Eton (PL
maximum at 2.33 eV35), and ΔEmer‑CS = 0.79 eV lower than the
PDI excimer energy, Emer (PL maximum at 2.00 eV). In respect
to the exciton state, the PDI excimer is stabilized by 0.33 eV, as
evidenced by the spectral red-shift in the excimer lumines-
cence.30 In a simplified picture, the excimer binding energy,
Eb,mer, can be considered as the sum of excimer stabilization
energy, Estab, and the EP-PDI exciton binding energy Eb,ton.
Therefore, excimer dissociation can take place at the EP-PDI/
polymer interface when the difference between the energy of
the PDI homo-CT state and the CS state is greater than or
equal to the sum of the PDI exciton binding energy and PDI
excimer stabilization energy; that is, Eb,ton + Estab ≤ Emer − ECS.
We note that the triplet energy level of PDI is at ET = 1.2

eV,55,56 i.e., comparable to the energy of the CS state of the
PBDTTT-E-O:EP-PDI blend system. The relatively high
photocurrent generation efficiency of the system suggests that
in their majority the homo-CT states of EP-PDI do not convert
to triplet states.57 Instead they can energy transfer to the
polymer phase or they can reach the EP-PDI/polymer
heterojunction where they can dissociate. Hence, the activation
of the excimer state of PDI is useful in preventing the funneling
of singlet PDI excitons to the triplet PDI manifolds. The upper
limit for the formation time of the homo-CT state of PDI is 100
ps,31,46 and therefore the intersystem crossing rate kISC must be
lower than kISC < 1010 s−1. Figure 10 illustrates the energetics of
the PDI excited states and visualizes the photophysical
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processes involved in charge photogeneration by adapting a
particle-in-a-box picture. The description of excimer dissocia-
tion with the use of molecular orbitals could be enabled in light
of computational data such as nonadiabatic quantum
mechanics/molecular mechanics simulations.38

We now discuss the relationship between the charge mobility
and the microstructure of the PDI network in the blend films.
With respect to photocurrent generation another (larger)
length scale plays also a role. Larger bicontinuous networks
(aggregates) can serve as percolation pathways for the transport
of the mobile charges to the device electrodes. FOM and AFM
images clearly show that elongated features with sharp
boundaries, 150 nm width and few hundred nanometer length,
start to appear following thermal annealing above 40 °C. The
structural motifs of the blend components in the nanoscopic
length scale are directly affecting the process of charge
transport. According to the WAXS results, order in the
majority component of the blend, i.e., within the EP-PDI
columns, is greatly improving with thermal annealing. Thermal
treatment has no influence on the intercolumnar coherence
length of the EP-PDI domains, but it helps in the formation of
mesoscopic EP-PDI crystalline aggregates. For the minor
component of the blend, i.e., the PBDTTT-E-O, the improve-
ment in the structural order is not as pronounced as for EP-
PDI. The deduced carrier mobility for electrons and holes
further confirms that charge transport improves with thermal
annealing. However, thermal annealing has a quantitatively
different effect on hole and electron transport. In comparison to
the as-spun case, hole transport in the layer annealed at 100 °C
increases by an order of magnitude, but electron transport
improves by almost 2 orders of magnitude. More importantly,
electron mobility is reduced for annealing temperatures higher

than 100 °C, but hole mobility is not greatly affected. The
observed increase in hole mobility is attributed to the increased
number of well-organized polymer backbones in the polymer
domain that is induced by the heating treatment. Despite the
stronger dependence of electron mobility on thermal annealing,
hole mobility remains six times higher than electron mobility,
for the optimum annealing temperature of 100 °C.
Generally in polymers electron mobility is known to be

inferior to hole mobility due to the presence of charge traps
within the material energy bandgap.58 For the case of the
PBDTTT-E-O:EP-PDI blend the main reason for low electron
mobility is related to the improper connectivity of the EP-PDI
domains. Electron transport takes place mainly within the EP-
PDI columns of adjacent EP-PDI domains that are not always
aligned suitably for achieving an efficient electronic coupling.
The connectivity of these domains is therefore achieved by the
small fraction of the weakly associated EP-PDI monomers that
are present between the adjacent ordered EP-PDI domains.
The macroscopic electron mobility of the blend is dictated by
the effective connectivity of the EP-PDI columns in the
photoactive layer. Thermal annealing at temperatures higher
than 100 °C results in the formation of well-ordered EP-PDI
columns that can conduct charge efficiently within the EP-PDI
domain, but they are disconnected from the adjacent domains.
This is the result of the increased order in the EP-PDI phase
that has a negative effect on the macroscopic electron transport.
The reduction in electron mobility for annealing at temper-
atures higher than 100 °C confirms the positive role of the
weakly associated EP-PDI monomers in electron transport. The
reduction in the fraction of disordered EP-PDI is responsible
for the poor connectivity of the ordered EP-PDI domains.
Previous results on EP-PDI blend with poly(fluorene)
copolymers suggested the requirement for balanced features
of order and disorder in EP-PDI phases made of EP-PDI
aggregates. The efficient macroscopic transport of the photo-
generated electrons was shown to take place along layers of EP-
PDI aggregates that were horizontally placed in respect to the
device substrate and that were vertically interconnected by
disordered displacements of the EP-PDI aggregates in each
layer.35 Other studies on films of PDI-based organosilane
uniaxially aligned columnar aggregates have also reported that
the electrical conductivity along adjacent PDI columnar
aggregates can be enhanced if a partial overlap between PDI
disks of the adjacent columns is achieved. Nonimpeded
electron hopping along the columns leads to conductivity
values as high as 2.2 × 10−2 S/cm in the direction vertical to the
long axis of the disordered PDI columnar aggregates.59

Additional evidence on the positive effects of disorder on the
process of charge transport and photocurrent generation in
PDI-based OPVs was provided recently with the realization of
efficient OPV devices based on disordered PDI dimers.25,40

These findings are in agreement with theoretical studies
suggesting that the intercolumnar propagation of charge
carriers in PDIs can be supported by the dynamically induced
electronic coupling of adjacent PDI columns.60

The poor connectivity of the EP-PDI columns that impedes
electron transport inevitably leads to the recombination of the
mobile charges. This is an additional factor that limits the
power conversion efficiency of the PBDTTT-E-O:EP-PDI
devices. Our measurements cannot provide direct information
on the type of recombination that takes place in the PDI-based
blend films we studied. Transient absorption spectroscopy in
blend films61 and transient optoelectronic measurements in

Figure 10. Energy level diagram of the PDI excited states that can
participate in the generation of free charges in a PDI/polymer blend
film after the photoexcitation of PDI. The singlet and triplet PDI
exciton energies correspond to S1 and T1, respectively, whereas the
energy of the free charges corresponds to the charge-separated (CS)
state. The PDI singlet exciton can be stabilized by Estab to the homo-
CT state of PDI with a conversion rate of k1. Alternatively, a singlet
exciton can undergo intersystem crossing with a rate kISC. Once the
homo-CT state of PDI is formed, it can (i) undergo intersystem
crossing to the T1 state,33 (ii) return to the ground state (S0) by
emitting a photon with an energy of Emer that corresponds to the
excimer luminescence, and (iii) dissociate at the PDI/polymer
interface for generating the CS state. The latter process is possible
when the condition Eb,ton + Estab ≤ Emer − ECS is met.
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OPV devices62 are expected to provide quantitative information
on the charge recombination loss channels that dominate in the
PBDTTT-E-O:EP-PDI system. Both types of geminate63 and
nongeminate31 charge recombination have been suggested for
different PDI-based blend films. In agreement with previously
studied PDI-based polymeric OPV systems,31 the noninverted
device geometry of the PBDTTT-E-O:EP-PDI system bearing
the Al-based electron-collecting electrode exhibited a light
intensity dependent Jsc with a power law exponent of α = 0.48.
This implies that a fraction of the photogenerated charges is
lost due to bimolecular recombination. However, the same
PBDTTT-E-O:EP-PDI device geometry exhibited a power law
exponent of α = 0.74 when the Ca-based electron-collecting
electrode was used. This value of the power exponent indicates
the build-up of space charge.64,65 In both types of noninverted
devices, the hole/electron mobility ratio remains unchanged
and lower than an order of magnitude. Therefore, it is very
likely that the dependence of Jsc of PDI-based OPV devices on
photoexcitation intensity is significantly affected by the nature
of the metal electrode that is used as the electron-collecting
contact. Previous reports have indicated that PDI derivatives
and their analogues can be reactive with metal contacts such as
Al-based electrodes.42,66 Upon inverting the device geometry,
the linearity of the short-circuit device photocurrent on
photoexcitation intensity was recovered (Figure 9c). In terms
of PCE efficiency the i-OPV device reached a PCE = 1.9%, that
is, more than 21 times higher than that previously received by
devices with photoactive layers of EP-PDI mixed with the
fluorene copolymer poly(9,9′-dioctylfluorene-co-benzothiadia-
zole).35 The improvement suggests that the PDI component of
the PBDTTT-E-O:EP-PDI blend system segregates on the
bottom section of the film, away from the layer/air interface.
The PDI enrichment of the bottom sections of the PBDTTT-
E-O:EP-PDI layer could originate by the different type of
substrate that is utilized in the i-OPV geometry, presumably
due to the different surface energy of PEDOT:PSS and ZnO
layers. The topic of vertical phase separation in PDI-based OPV
blends will be discussed in a separate communication.
Additional information on the properties of the interface

between the blend surface and the electron-collecting electrode
is provided by the devices with the PTCBI overlayer. The
electrical characterization of PBDTTT-E-O:EP-PDI solar cells
with photoactive layers annealed before (preannealed device)
and after (postannealed device) the metal cathode deposition
(Table S1 in Supporting Information) was performed. In
respect to the as-spun device we found that the Jsc of the
preannealed device dropped by five times, whereas the Jsc of the
postannealed device improved by 1.5 times. Therefore,
although the formation of mesoscopic EP-PDI aggregates
improves device photocurrent, it does not necessarily maximize
the extraction of the photogenerated free electrons due to the
rough surface of the photoactive layer caused by the EP-PDI
rods. For layers annealed at the optimum temperature of 100
°C, high-resolution AFM imaging (500 nm scan length) finds a
surface roughness of 4.80 nm. For postannealed devices the
device performance improves substantially. Most likely the
improvement is due to the elimination of defected interface
sites that are caused by voids at the layer/electrode interface
when the layer surface is rough.67 In the preannealed device,
this highly rough surface leads to poor charge collection and
low photocurrent generation. A lower concentration of defect
sites is expected in the postannealed device. High-resolution
cross-sectional scanning electron microscopy imaging could

elucidate this point. At present, in line to our suggestion is the
fact that the deposition of the smooth PTCBI overlayer reduces
the surface roughness of the bilayer down to 1.77 nm, and it
increases both parameters of FF and Jsc of the device, leading
the delivery of a power conversion efficiency of 1.68% ± 0.06%.
Since PTCBI and EP-PDI are very similar PDI derivatives we
assign the beneficial effect of the PTCBI overlayer to the
achieved surface passivation rather to an improved selectivity of
the electrode contact68−70 toward the PTCBI component.

5. CONCLUSIONS
We have studied the structure−function relationships in the
efficient OPV blend of PBDTTT-E-O:EP-PDI. The selection of
the low-energy gap PBDTTT-E-O donor extends the
absorption profile of the blend towards the lower photon
energies of the visible spectrum, and it results in high
photocurrent generation efficiency. We addressed the correla-
tion between the local (columnar) and global (aggregate)
structure of the PBDTTT-E-O:EP-PDI system with the
electrical properties of the corresponding OPV devices. The
local structure of the blend revealed a hierarchical self-assembly
of the EP-PDI mesophase in the blend as verified by WAXS.
The structural results are in agreement with the spectroscopic
data of UV−vis and PL spectra that verify the formation of H-
aggregates and the activation of homo-CT EP-PDI species that
exhibit an excimer-like luminescence.
Our results demonstrate the necessity for accurately

engineering the aggregation of EP-PDI in the OPV layer. The
presence of disordered EP-PDI aggregates is essential both for
the efficient dissociation of the EP-PDI excimers at the EP-
PDI/polymer interface and for the optimum charge transport
properties of the OPV layer. We provide rational guidelines for
optimizing the microstructure of PDI-based excimeric OPV
layers; the PDI columnar length must be kept comparable to
the diffusion length of the PDI homo-CT states. Once these
states arrive at the PDI/polymer heterojunction, excimer
dissociation can take place if the energetics of the blend can
provide a sufficient driving force that will surmount the excimer
binding energy. The stabilization energy of the PDI excimers
must be as low as possible so that the difference between
exciton and excimer binding energy is minimal. Low excimer
stabilization energy is plausible for PDI aggregates that exhibit
weak intermolecular coupling between their PDI monomers.
Some disorder within the PDI columns is, at the same time,
necessary for the efficient electronic coupling of adjacent PDI
columns that facilitates intercolumnar electron transport and
provides the percolation path for the electrons to the device
contacts. The precise molecular engineering of the PDI scaffold
is expected to maximize the efficiency of charge photo-
generation and transport processes in PDI-based excimeric
solar cells. In addition, the quality of interface between the top
carrier-collecting electrode and the photoactive layer critically
affects the efficiency of charge collection. The use of i-OPV
device geometries is recommended for the efficient perform-
ance of PDI-based OPV devices.
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