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ABSTRACT: We have investigated the effects of thin-film morphology on the
photovolatic performance for a series of donor−acceptor copolymers based on
benzodithiophene donor and benzothiadiazole acceptor units. Photovoltaic devices
incorporating polymer:fullerene blends show highest efficiencies (up to 6%) for those
polymers exhibiting the least degree of crystallinity in X-ray diffraction patterns and a
corresponding lowest surface roughness in thin films. We find that the existence of such
crystalline domains in thin polymer films correlates well with spectral signatures of
polymer chain aggregates already present in solution prior to casting of the film.
Polymer solubility and casting conditions therefore appear to be crucial factors for
enhancing efficiencies of photovoltaic devices based on such donor−acceptor
copolymers. To examine why the presence of crystallite domains lowers device
efficiencies, we measured exciton diffusion lengths by modeling the time-dependent
photoluminescence from thin polymer films deposited on an exciton quencher layer of
TiO2. We find that exciton diffusion lengths in these materials are substantial (4−7.5 nm) and show some variation with polymer
crystallinity. However, ultrafast (1 ps) quenching of the polymer emission from polymer:PCBM blends indicates that the vast
majority of excitons rapidly reach the charge-dissociating interface, and hence exciton diffusion does not represent a limiting
factor. We therefore conclude that the subsequent charge extraction and lifetimes must be adversely affected by the presence of
crystalline domains. We suggest that the formed crystallites are too small to offer significant enhancements in long-range charge
carrier mobility but instead introduce domain boundaries which impede charge extraction. For this class of materials, polymer
designs are therefore required that target high solubility and chain entropy, leading to amorphous film formation.

1. INTRODUCTION

Organic photovoltaic devices have high potential as a low-cost,
renewable energy source1,2 and have attracted widespread
research interest in recent years, as they are lightweight and
flexible and can be processed from solution. Devices typically
incorporate mixtures between electron-accepting and -donating
materials in order to induce the separation of the initially
generated charge-neutral state (molecular exciton) at the
interface between the two materials.3 Since this model was
reported, a large number of OPV devices incorporating such
type II heterojunction systems have been produced,3,4 and
rapid advances in power conversion efficiencies have been
achieved. Devices based on thin films processed directly from
solution mixtures (so-called bulk heterojunction films5) of π-
conjugated polymers and fullerene derivatives now reach power
conversion efficiencies of up to 10%.6 In these polymer:-
fullerene systems, high device efficiencies are only obtained
after extensive optimization of fabrication conditions, which
strongly affect the morphology of the BHJ films.7 On the one
hand, intimate mixing of donor and acceptor materials

promotes efficient exciton diffusion to the donor−acceptor
interface at which charge transfer can occur. On the other hand,
extended crystalline networks are beneficial for efficient charge
dissociation8 and collection.9 Forming an ideal BHJ requires
careful balancing of these processes, and hence small variations
in molecular structure, molecular weight, polydispersity, and
processing conditions can have significant effects on the overall
efficiency.7,10−12 Such effects have been particularly well
documented for the benchmark system of poly(3-hexylthio-
phene) (P3HT) blended with the fullerene derivative phenyl-
C61-butyric-acid-methyl-ester (PCBM), for which high power
conversion efficiencies (PCE) of 6%13,14 have been reached in
photovoltaic devices. However, P3HT in many ways represents
a highly special case as in its regioregular form it has the strong
tendency to form extended crystalline structures of π-stacked
polymer chains.15−17 Such crystalline domains result in a high
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PCE immediately after device fabrication, but extended thermal
annealing and/or illumination under full solar conditions
(AM1.5) results in phase segregation of the polymer and
fullerene components.18,19 This process can be minimized
somewhat by using P3HT with lower regioregularity, which has
a lower tendency to crystallize.20 Likewise, the formation of
crystalline PCBM needles on extended thermal annealing
causes similar drops in device efficiency which can be mitigated
by using modified fullerenes with bulkier substituents than
PCBM.21

In the quest for higher photovoltaic device efficiencies,
donor−acceptor (D−A) copolymers have increasingly been
employed as hole transporters.22−27 Here, the conjugated
coupling of electron-donating and -accepting units on the same
chain allows a lowering of the band gap energy and therefore an
increase in light absorption and photocurrent.28−30 Several of
the recently developed D−A copolymers show that the lessons
learnt from the case of P3HT are not necessarily applicable to
all polymer:fullerene solar cells. For example, blends of
PCDTBT (carbazole/dithienobenzothiadiazole copolymer)
and PCBM result in devices with maximum PCE immediatedly
after deposition, without any further processing. Any thermal
annealing of these devices results in a decrease in chain
ordering and a reduction in PCE.31 Another study demon-
strated that in a series of thiophene/quinoxaline copolymers
the highest fill factors and PCEs were associated with polymers
with the most disordered and twisted backbone that showed
the lowest tendency to crystallize.32 In addition, a fluorinated
polymer PBnDT−FTAZ (benzodithiophene/5,6-difluoro-2,1,3-
benzothiadiazole copolymer) with low crystallinity was found
to yield photovoltaic devices in which the short-circuit current
(JSC) and fill factor were insensitive to a doubling of the
polymer and fullerene domain sizes.33 The discrepancy in the
trend between device efficiency and crystallinity between P3HT
and the more recently developed D−A copolymer materials
may be partly understood given that P3HT allows the
formation of particularly extended ordered domains or pure
polymer when blended with PCBM,15−17 along with regions of
pure PCBM and regions of mixed polymer:PCBM. While large
crystallite formation may aid charge mobility in some polymer
systems relative to the amorphous polymer phase, the
formation of many small ordered regions may prove
detrimental because the increasing surface area of the domain
boundaries between crystalline and amorphous polymer regions
can act as a barrier to charge transfer and promote charge
trapping and recombination.34 Whether device efficiencies
increase or decrease with overall film crystallinity should
therefore depend on whether the in-domain charge-extraction
enhancement or trapping at the domain boundaries is
dominant, which in turn is influenced by the crystallite
surface-area to volume ratio.
In this study, we examine the interplay between crystallite

domain formation and performance in photovoltaic BHJ thin-
film devices for a series of donor−acceptor copolymers based
on benzodithiophene (BDT) donor and benzothiadiazole (BT)
acceptor groups. We examine thin-film morphology and
interchain interactions using wide-angle X-ray scattering,
atomic force microscopy, and absorption/emission spectrosco-
py. We find that increased crystallinity of the neat polymer film
is associated with lower photovoltaic device efficiencies in BHJ
films with PC60BM, in agreement with the notion that domain
boundaries are impeding performance in this system. We
determine the exciton diffusion length in neat films of the

polymers by modeling the measured diffusive quenching of
excitons at an interface with a compact TiO2 layer that acts as
an electron acceptor. We find that the polymer exhibiting the
highest incorporation of crystalline domains exhibits large
diffusion lengths of 7.4 nm, while for a polymer film with low
crystallinity, a value of only 4.0 nm is extracted. However,
measurements of the photoluminescence quenching in
polymer:PCBM films indicate that the majority of excitons
reach a charge-dissociating interface within about 1 ps after
light absorption for all polymers examined. Therefore, exciton
diffusion to and dissociation at the BHJ interface does not
appear to be a limiting factor in these systems, suggesting that
the observed differences in crystallinity predominantly derive
from the subsequent steps of charge transport and recombi-
nation. We show that for the polymers exhibiting thin films
with high crystallinity, chain aggregation is already evident prior
to casting, for solution at temperatures below ∼60 °C. For D−
A copolymers with moderate to low solubility, casting
conditions from solution and the subsequent crystallite
formation are hence likely to have a substantial impact on
photovoltaic device performance.

2. EXPERIMENTAL METHODS
UV−vis absorbance spectra of polymer films and solutions were
measured with a PerkinElmer Lambda 9 UV−vis spectropho-
tometer. Wide-angle X-ray scattering (WAXS) patterns were
taken using a Panalytical X’Pert Pro, with Cu anode (Kα =
0.154 nm). Atomic force microscopy (AFM) images were used
to assess the surface topography and surface roughness of the
polymer films. All measurements were performed with a Veeco
Dimension Icon AFM in tapping mode. Photoluminescence
(PL) spectroscopy was carried out both in time-resolved and
time-integrated (TI) mode. Samples were excited by the
frequency-doubled output of a Ti:sapphire oscillator with 80
MHz repetition rate and 100 fs pulse duration. For measure-
ments with subpicosecond (∼350 fs) time resolution, the PL
up-conversion (PLUC) method was employed, while time-
correlated single photon counting (TCSPC) was used for
higher sensitivity, lower resolution measurements. In all
experiments, the emitted photoluminescence was collected by
a pair of off-axis parabolic mirrors and, in the case of the PLUC
experiment, focused onto a β-barium borate (BBO) crystal
mounted on a rotation stage to allow tuning of the phase-
matching angle. An intense vertically polarized gate beam
arriving at the BBO crystal at adjustable time delays was used to
up-convert the PL at given times after excitation. The resulting
sum-frequency photons were collected, dispersed in a
monochromator, and detected by a liquid-nitrogen-cooled
CCD. In the TCSPC and TIPL experiments, the BBO crystal
was replaced by a Glan-Thompson polarizer to define the
detected polarization. For TIPL spectral measurements,
photons were detected with a liquid nitrogen cooled CCD
and for TCSPC, either by a large-area Hamamatsu PMC-100-
20 photomultiplier tube (230 ps instrument response) or a
small-area silicon avalanche photodiode (Micro Photon Devices
SPD-050-CTE, 35 ps instrument response). For temperature-
dependent solution measurements, polymer solutions were
held in a quartz cuvette on a home-built temperature controlled
stage. For thin-film measurements, samples were held in a
dynamic vacuum below 10−5 mbar to avoid photodegradation.
Excitation pulse fluences of 3, 0.3, and 0.03 μJ cm−2 were used
for the solid state PLUC, solid state TCSPC, and solution
phase TCSPC measurements, respectively. Polymer synthesis
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was as follows: The electron-donating 4,8-dialkyl-benzodithio-
phene monomers were prepared by the addition of an alkyl
Grignard reagent to 4,8-dialkyl-benzodithiophene-4,8-dione in
the case where R1 = 2-ethylhexyl (i.e., branched alkyl) and in an
analogous manner to that reported by Pan et al.35 in the cases
where R1 = octyl, decyl, dodecyl (i.e., linear alkyl). The
electron-accepting 5,6-bis(octyloxy)benzothiadiazole monomer
was prepared in an analogous manner to that reported by
Bouffard et al.36 All polymers were prepared by a Stille cross-
coupling method in an analgous manner to that reported by
Tierney et al.37 and purified by Soxhlet extractions before
reprecipitation to obtain the polymer material.

3. SAMPLE PREPARATION
As doctor-blading is impractical on the small quartz substrates
used for the PL and WAXS measurements, drop-casting was
used to prepare samples with as similar a film morphology to
the final devices as possible. The drop-cast films were prepared
of either neat polymer, by heating 10 mg mL−1 solutions, or of
polymer:PCBM blends, by heating solutions containing 10 mg
mL−1 of polymer and 20 mg mL−1 PCBM, in o-
dichlorobenzene (o-DCB) to 100 °C for 12 h to ensure full
dissolution of the polymer. The substrates used were z-cut
quartz disks, cleaned by 10 min of Ar plasma etch, followed by
three rounds of ultrasonication for 3 min each in isopropanol,
acetone, and distilled water. A small volume of the polymer-
(:PCBM) solution (30 μL) was drop-cast directly onto the
cleaned substrates, preheated to 100 °C on a hot plate, and left
to dry and anneal for 5 min. For exciton diffusion length
measurements, steady-state UV−vis absorption, and TIPL,
spin-coated neat polymer films were prepared by heating a 20
mg mL−1 solution of polymer in o-DCB to 100 °C overnight.
To prepare polymer films of different thickness, a 50 μL aliquot
of the solution was removed 20 min before the film was spun
and added to a second vial with pure o-DCB to make solutions
of 1, 2, 5, and 10 mg mL−1 concentration. A small volume of
each of these (25 μL) was dropped and spun on substrates for 5
s at 800 rpm and then 45 s at 2000 rpm, after which samples
were annealed for 2 min at 100 °C. For steady-state UV−vis
absorption and TIPL, quartz substrates were used which were
cleaned in the same manner as those used for the drop-cast
films. For exciton diffusion length measurements, substrates
with a compact TiO2 quencher layer were prepared by RF
sputtering a layer of TiO2 to 80 nm thickness, followed by an
annealing step at 451 °C for 2 min under argon. This gave thin
films with a surface roughness of approximately 2 nm as
determined by AFM (see Supporting Information for details of
sputtering conditions and AFM images). Before polymer
deposition these substrates were cleaned with compressed air
only. The film thickness of each of the polymer films on quartz
was determined by use of a Dektak surface profiler. Solutions
for temperature-dependent TCSPC and TIPL measurements
were prepared by heating 10 mg mL−1 of polymer in o-DCB to
100 °C for 12 h and diluting down to 0.05 and 5 mg mL−1

without filtering. The solutions were heated to 90 °C for 30
min to ensure dissolution of the polymer before cooling to 10
°C to begin measurement.
Photovoltaic devices with the standard glass/ITO/PE-

DOT:PSS/polymer:PCBM/Ca/Al structure were prepared as
follows: 1(1 + 1) ITO-coated glass substrates were cleaned by
ultrasonication in acetone, isopropanol, and distilled water and
layer (20 nm) of poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate) (PEDOT/PSS, Clevios VP AI 4083, H.C.

Starck) was deposited by spin-coating and then dried for 30
min at 130 °C in a nitrogen-filled glovebox.
A 40 mg mL−1 solution of either PC60BM (phenyl-C60-

butyric acid methyl ester) or PC70BM (phenyl-C70-butyric acid
methyl ester) in o-DCB and additional o-DCB (both by
volume) were added to the polymer material to make a final
solution of polymer:PC60BM (1:2) with total solid concen-
tration of 30 mg mL−1 in o-DCB. This solution was heated to
dissolve the solids and then held at 70 °C.
The active layer was deposited on top of the PEDOT:PSS-

coated substrates by doctor blading on an Erichsen Coatmaster
509MC, using the following parameters: coating temperature,
70 °C; blade speed, 40 mm s−1; screw gap, 0.03 mm; coating
volume, 40 μL. The coated films were left to anneal for 2 min
on a 70 °C hot plate. Top Ca/Al cathodes were deposited by
thermal evaporation. Current density−voltage characteristics
were taken with a Keithley 2420 digital source meter under
standard 1 sun (AM1.5G) conditions, which were checked with
a K5 filtered calibrated silicon reference diode.

4. RESULTS AND DISCUSSION
Figure 1 introduces the materials used in this study, which form
a series of related low-bandgap polymers with active donor−

acceptor units comprising 2,6-[benzodithiophene] acceptors
and 2,5-thiophene-co-4,7-[5,6-dialkoxybenzothiadiazole]-co-2,5-
thiophene (BDT) donors. The general structure of the donor
and acceptor units is shown in Figure 1a, and Figure 1b shows a
representative current density−voltage curve under solar
simulator conditions for the best performing material (P5),
for which a PCE value of 5.42% was observed. Details of the
different alkyl side chains attached to the BDT unit, along with
the number-average molecular weight, energy levels, and
bandgap energy of each of the polymers, along with average
measured PV parameters for polymer:PC60BM solar cell
fabricated as described in the Experimental Methods section,
are summarized in Table 1.
Small changes in alkyl chain length have a large effect (up to

a factor of 2) on power conversion efficiency, but the values do

Figure 1. (a) Donor and acceptor moieties of which the materials used
in this study are comprised. All polymers have the same
benzothiadiazole acceptor group (R2 = C8H17) and different alkyl
side chains (R1) on the benzodithiophene donor unit as described in
Table 1. (b) Representative current density−voltage curve obtained
from a device incorporating P5 blended with PC60BM as described in
the Experimental Methods section. Each reported value is the mean
value obtained from 10 individual photovoltaic cells on a single
substrate.
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not vary systematically with increasing alkyl chain length.
Polymers P1−P3 overall tend to exhibit lower photovoltaic
efficiencies than polymers P4 and P5, with the trend dominated
by the higher JSC of devices containing these materials. As we
show below, such differences correlate with changes in the
extent to which crystallite domains form in the films, and we
therefore proceed to discuss evidence obtained for variations in
film morphology.
Figure 2 shows steady-state absorption and emission spectra

of the five polymers in dilute solution (a) and thin film (b). The

absorption onset shows a red-shift, broadening, and increase in
vibronic structure on thin film formation, indicating increased
interchain interactions,38 with this effect being most pro-
nounced in P1 and least in P4 and P5. Time-integrated PL of
the solutions shows a strong red-shift in the emission spectrum
of P1 compared to that of the other polymers, indicating that
for this polymer aggregation and interchain interactions are
present even in dilute solutions. As with the absorption, a red-
shift and increase in vibrational structure are observed in the PL
following thin film formation, with the exception of polymer
P1, in which the peak emission is unchanged between solution

and thin film. This observation confirms that polymer P1 forms
extended aggregate domains comparable to those in thin film,
even when in dilute solutions at room temperature.
In order to investigate the nature of aggregate domains in the

polymer solid, wide-angle X-ray scattering measurements were
performed on drop-cast polymer films. The deposition method
used to prepare polymer thin films can affect the resulting
morphology, with large differences observed between films
prepared by spin-casting, in which solvent evaporates rapidly
from the solution during spinning, and those prepared by
doctor-blading, in which solvent evaporation occurs on a longer
time scale.39 In order to allow films to form with slower solvent
evaporation, yet avoid difficulties associated with doctor-blading
on small substrates, drop-casting was used to prepare the
samples for WAXS and direct PL quenching measurements in
polymer:fullerene blends. In Figure 3, the measured WAXS
patterns show large differences between polymers P1−P3 and
P4−P5, with the former exhibiting a far higher degree of
crystallinity while the latter two are almost entirely amorphous.
Polymer P1 is found to display the highest degree of
crystallinity, in agreement with the above analysis of its UV−
vis absorption and PL spectra. The three more crystalline
materials exhibit a peak with a d-spacing of 2.11 nm in P1 and
1.78 nm in P2 and P3, which has been assigned to the (100)
interlamellar spacing in similar materials.15,40 The absence of a
discernible peak corresponding to a (010) plane π-stacking
distance implies the more crystalline polymers forming π-
stacked crystallites parallel to the substrate surface.41 The
higher intensity of the (100) peak in P1 indicates a higher
density of these crystalline domains in films of this material,
with a lower degree of crystallization shown by P2 and P3 and
mostly amorphous morphology for P4 and P5. The inset to
Figure 3a displays the effect of adding PCBM to the polymer
with one example shown for each of the two types of polymer:
the most crystalline P1 and the mostly amorphous P5. The
WAXS patterns of polymer:PCBM films show little difference
to those of the corresponding neat polymer films; i.e., blending
with PCMB seems to have little effect on the degree or size of
polymer crystallites formed. The additional broad peak at 2θ =
20° (d = 3 Å) is attributed to the formation of PCBM
crystallites in the film.42,43

The trends observed in WAXS patterns have a clear
correspondence with surface topology of thin spin-cast films
of the neat polymers. Figure 3b shows atomic force microscopy

Table 1. Physical (Columns 2−4), Electrochemical (Columns 5−7), and Photovoltaic (Columns 8−11) Characteristics of the
Five Polymers Used in This Studya

polymer type R1 group Mn [kDa] HOMO [eV] LUMO [eV] Eg [eV] VOC [mV] JSC [mA cm−2] FF PCE [%]

P1 LE C12H25 21.6 −5.15 −3.33 1.82 667 5.33 55.7 1.98
P2 LE C8H17 22.6 −5.30 −3.53 1.77 680 9.58 65.8 4.28
P3 LE C10H21 15.3 697 5.34 33.1 1.23
P4 HE CH2CH(C2H5)C4H9 29.7 −5.33 −3.56 1.77 867 12.04 43.9 4.58

(840) (12.30) (52.7) (5.44)
P5 HE C12H25 28.4 −5.34 −3.58 1.76 810 9.25 72.4 5.42

(785) (10.97) (69.7) (6.00)
aThe polymer type refers to the two different approaches used in the chemical synthesis; the first approach yielding a system with LOW chain
entropy (P1 to P3) while the second resulted in systems with HIGH chain entropy (P4 and P5). The number average molecular mass (Mn) along
with the highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and band gap (Eg) energies as determined
from cyclic voltammetry measurements on thin film are also given. The photovoltaic properties are the open circuit voltage, VOC; short circuit
current, JSC; fill factor, FF; and power conversion efficiency, PCE. Devices were prepared as described in the Sample Preparation section, with
PC60BM as the electron acceptor. Values in parentheses were recorded when PC70BM was used instead. Devices were tested with 10−11 cells on a
single substrate (cell area 4.5 mm2 each), showing a typical standard deviation of ±0.25% to ±0.5% about the mean PCE values reported in the table.

Figure 2. Steady-state absorbance and time-integrated photo-
luminescence spectra for all five polymers (a) in dilute (0.05 mg
mL−1) solution and (b) for thin (spin-cast) films at room temperature.
For the PL spectra, samples were excited at 450 nm.
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images obtained for thin films of the five polymers, with a
typical height variation contour shown below each image. The
mean-square surface roughness of the most crystalline polymer
P1 was determined to be 1.2 nm, which is followed by a value
of ∼0.6 nm for the less crystalline P2 and P3, and a roughness
of 0.3 nm for the mostly amorphous polymers P4 and P5.
Enhanced surface roughness has in the past been associated
with the presence of chain aggregates in the polymer film, as
such domains may extend and protrude beyond the surface.44

The clear correlation between crystallinity observed in WAXS
patterns and surface roughness seen in AFM suggests that the
formation of nanosized crystallites is also a prominent factor for
these materials. We note that the polymer with the highest
prevalence for crystallite domain formation (P1) shows poorest
performance in photovoltaic devices, while the polymer that is
most amorphous and displays least surface roughness (P5) has
the highest photovoltaic power conversion efficiency in the
series.
To unravel the reasons for the correlation between

photovoltaic device performance and polymer film morphol-
ogy, we proceed to examine the processes of exciton diffusion
and interfacial dissociation in this material system. The
presence of crystalline domains may affect the diffusion of
excitons through the polymer, which may either be enhanced
through the high order within a domain or impeded by the
energetic barriers presented by additional interfaces at domain
boundaries. The transfer of photogenerated excitation to the
polymer−fullerene interface is a vital step in BHJ devices and
radiative recombination of excitons before they reach an
interface and dissociate can potentially be a large source of loss.
In order to minimize this, the average distance over which
excitons migrate before recombining should be equal to or
greater than the polymer domain size.45,46

Various methods have been developed to determine the
mean exciton diffusion length.45,47,48 We used a time-resolved
PL quenching method to investigate the influence of film
crystallinity on the value of this parameter.49,50 Thin films of
varying thickness are excited, generating an excitation profile
decaying exponentially from the excited film surface according
to Beer’s law (see Figure 4c). Polymer films are deposited on a
flat TiO2 layer, forming an interface at which electron transfer
from the lowest unoccupied molecular orbital of the polymer to
the conduction band of TiO2 can occur. In sufficiently thin
films, a large fraction of generated excitons can reach the
polymer−TiO2 interface, decreasing the observed PL lifetime as
shown schematically in Figure 4c.51 The PL emission dynamics
for polymer films in the presence and absence of the electron
acceptor are thus compared and modeled to obtain the exciton
diffusion constant. A sputtered TiO2 film thickness of 80 nm
was used to minimize reflection of the 450 nm pump pulse used
in the experiment and the initial distribution of excitons was
assumed to follow a simple exponential depth profile according
to the absorption at the excitation wavelength. A one-
dimensional diffusion equation

τ
∂

∂
= ∂

∂
−n x t

t
D

n x t
x

n x t( , ) ( , ) ( , )2

2 (1)

is used to model the distribution of excitons in the film, n(x,t),
at position x and time t after excitation, where D is the diffusion
coefficient and τ is the photoluminescence lifetime determined
by a monoexponential fit of the PL in the absence of any
quencher material. If (i) the initial distribution of excitons,

Figure 3. (a) Wide-angle X-ray diffraction spectra for drop-cast neat
polymer films with curves offset from one another for clarity. The
polymers P1, P2, and P3 show a far higher degree of crystallinity than
the relatively amorphous P4 and P5, with P1 being the most
crystalline of all the materials studied. The strong peak at 2θ = 4°
corresponding to a repeat unit distance of approximately 2 nm is
assigned to the distance between parallel polymer chains in the (100)
plane,64 with the small peak at 2θ = 8° assigned to the second-order
diffraction from the same plane. The inset shows WAXS patterns of
P1:PCBM and P5:PCBM blend films prepared as described in the
Experimental Methods section. (b) Topography images obtained by
atomic force microscopy for neat films of all polymers. The black solid
lines below each image show a typical height variation across the film
from which the surface roughness Rq was determined for each film as
shown on the respective AFM images.
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n(x,t0), and film thickness, d, are known; (ii) any excitons that
reach the TiO2 interface are assumed to quench with unit
efficiency; and (iii) any nonradiative (including surface
quenching) effects are included in the overall decay lifetime
τ, then D becomes the sole unknown and can be varied to fit
the model to the measured decay curves.
Observation of the charge transfer step and free charge yields

across organic semiconductor−TiOx interfaces have been
reported and range from relatively efficient (95% CT, 45%
exciton to free charge conversion rate with terthiophene52) to
highly inefficient (<1% free charge yield with P3PBT53). The
values we observe therefore are a minimum possible diffusion
length, as in systems with less than perfect charge transfer at the

interface a longer diffusion length would be required to produce
the same rate of PL quenching.
Figure 4 shows PL decay transients measured for thin films

of polymer P5 deposited on quartz substrates with and without
the TiO2 quencher for film thicknesses of approximately 6 and
15 nm. Corresponding measurements for polymers P1 are
given in the Supporting Information. The solid light-blue line in
Figure 4 is the solution of the diffusion equation (eq 1),
integrated over the film thickness and convoluted with the
instrument response function (IRF). Here, solely the diffusion
constant was varied in order to obtain best fits to the observed
PL transients in the presence of the TiO2 quencher. The
procedure was carried out for both film thicknesses, which
yielded good agreement, and values extracted for the diffusion
coefficient and diffusion length, LD = (τD)1/2, are given in Table
2 together with the PL decay lifetime. The more crystalline P1

exhibits an exciton diffusion coefficient that is approximately 3
times higher than that of the more amorphous P5. When taking
into account the differing exciton lifetimes, the exciton diffusion
length in P1 is found to be about 85% higher than that in thin
films of P5. We note that these discrepancies may in part be
accounted for by the enhanced overlap between P1 absorption
and emission spectra (see Figure 2) which arise from the strong
aggregation feature near the band edge of P1. According to
Förster theory,54,55 such spectral overlap will enhance exciton
transfer between chromophores of the polymer, leading to
faster exciton diffusion. We note that the observed trends in
exciton diffusion lengths cannot automatically be assumed to
also hold for charge carriers, as the mechanisms for charge
transport may differ.
Differences in exciton diffusion lengths may have a strong

impact on photovoltaic device efficiencies because they can,
depending on the degree of phase segregation, affect the
fraction of excitons reaching an interface in BHJ films. We
therefore proceed to examine directly56 the rates at which
excitons are quenched in spin-coated BHJ films containing
blends of polymer and PCBM in a 1:2 weight ratio. As a
reference measurement, Figure 5a shows the measured PL
transients for all five polymers in neat films (no PCBM).
Interestingly, a clear difference between the mainly amorphous
(P4, P5) and more crystalline (P1−P3) polymers can be seen,
with the former displaying lifetimes of around 450 ps and the
latter 350 ps. These differences do not depend on the
wavelength at which the films are excited: the inset to Figure
5a shows the PL lifetime, τ, obtained from convoluted
monoexponential fits to the PL transients obtained for thin
films of polymers P1 (crystalline) and P4 (amorphous)
following excitation at wavelengths between 370 and 650 nm.

Figure 4. Photoluminscence decay transients measured for P5
polymer films deposited on quartz substrates with (blue circles) and
without (dark gray dots) an 80 nm thick coating of sputtered TiO2.
Data were taken with the TCSPC technique using a small-area silicon
avalanche photodiode; the dashed line is the instrument response
function (IRF) showing 35 ps fwhm. The solid light-blue line is a one-
dimensional exciton diffusion model fit to the data by iterative
reconvolution with the IRF, as described in the text and in the
Supporting Information. The sole fitting parameter was D, the
diffusion coefficient. Curves are shown for two different polymer film
thicknesses: (a) 5 nm and (b) 15 nm. In each case, samples were
excited from the front with pulses of 100 fs duration and 450 nm
wavelength. The PL detection wavelength was 690 nm. The
parameters extracted from fits to the curves are summarized in
Table 2. Part c shows a schematic diagram of the diffusion length
measurement. Following the initial excitation pulse, a distribution of
excitons is created in the film. These excitons then diffuse until they
recombine through intrinsic processes or reach the TiO2:polymer
interface where they are quenched.

Table 2. Parameters Extracted from Fits to the PL Emission
Transients Shown in Figure 4 and in the Supporting
Informationa

polymer τ [ps] D [10−3 cm2 s−1] LD [nm]

P1 350 ± 10 1.0 ± 0.3 7.4 ± 2.5
P5 450 ± 10 0.31 ± 0.15 4.0 ± 1.0

aLifetimes determined from monoexponential fits to the PL transients
in the absence of the quencher layer; exciton diffusion constant D
extracted from modelling PL transients in the presence of a TiO2
compact quencher layer; exciton diffusion length LD = (τD)1/2. The
main source of the ∼30% error in the values for D is caused by
inherent difficulties in determining the polymer film thickness.
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The difference between the lifetimes measured for the two
polymers is maintained across this range, and the lifetime
appears to be largely independent of pump energy. For strongly
aggregated polymer chains, a lengthening of the PL emission
lifetimes would normally be expected, as the electronic coupling
between molecules in H-aggregate conformation is known to
reduce the oscillator strength of the coupled system.57

However, in thin polymer films, excitons will rapidly diffuse
to the most strongly aggregated regions because these have the
lowest associated potential energy. As excitons reach such sites,
their emissivity is gradually reduced, which appears as a rapid
PL quenching that is mostly representative of the exciton
diffusion rate to weakly emissive sites.
To assess the exciton quenching rate in polymer:PCBM BHJ

films, PL transients were measured with high (350 fs) time
resolution, as shown in Figure 5b. For all five polymers, the
initial PL decay is predominantly very rapid, with lifetimes of
the order of 1 ps. To examine the possible presence of residual
slower decay components, lower resolution (230 ps), longer
time PL decay curves were acquired using TCSPC, as shown in
the inset of Figure 5b. There is a small amount of residual PL in
blend films containing polymers P1 and P4 at longer times;

however, the PL transients from the other films, P2, P3 and P5,
follow the instrument response, indicating that all PL is
quenched within ∼200 ps after excitation. There is no clear
correlation between the presence of such residuals and
performance of the polymer in photovoltaics devices (see
Table 1). This is not surprising given that for all polymers the
majority (>90%) of excitons generated in BHJ films with
PCBM reach an interface and are quenched within 5 ps after
excitation. Such rapid quenching also means that the differences
in exciton diffusion lengths observed for neat polymer films
(Table 2) cannot have any significant influence on the
efficiency of charge generation in the polymer blend with
PCBM. Our measurements therefore suggest that these DA-
copolymer:PCMB blends must exhibit a large volume fraction
(>90%), for which the length scale of phase segregation falls
significantly below the measured diffusion lengths (4−7.5 nm).
The tendency of the polymer to form crystalline domains hence
appears to have little effect on the initial exciton dissociation
and must rather influence the remaining subsequent charge
recombination and extraction steps.
Finally, we examine the extent to which the existence of

aggregate domains in thin polymer films may be precipitated by
agglomerations already present in solution prior to casting.
There have been previous reports of polymer chain aggregates
forming in solution which then persist into the cast film.58 For
such systems, the final film morphology may be particularly
sensitive to solution temperature and casting conditions. In
order to investigate such effects, we have measured the
evolution of the emission spectra and transients of the five
polymers in solution as the temperature is varied between 10
and 90 °C. For clarity and brevity, we present in Figures 6 and
7 only data for the polymers displaying the strongest (P1) and
weakest (P5) crystallinity effects in thin films. Corresponding
data for all other polymers are provided in the Supporting
Information.
Figure 6 shows the time-resolved PL decay for P1 and P5,

recorded for emission wavelengths ranging from 600 to 850
nm, at low (10 °C) and high (90 °C, inset) solution
temperature. The low-temperature (10 °C) dynamics are
markedly different for the two polymers: P1 displays a
monoexponential PL decay at short wavelength, but exhibits
a second, short-lived (τ1 = 408 ps) contribution at longer
wavelengths. The relative contributions of the two terms are
extracted through monoexponential fitting and are plotted in
Figure 6c as a function of emission wavelength. It appears that
for P1 in o-DCB solution two types of emitting species are
present. Once the solution has been heated to 90 °C (inset to
Figure 6a), however, only monoexponential decay dynamics are
observed at all detection wavelengths. We therefore assign the
short-lived component to the emission from chain aggregate
clusters in solution, noting that their emission lifetime (408 ps)
is only slightly longer than that for the thin film of the same
polymer (340 ps); see Table 3. These observations imply that
some of the crystalline domains found in P1 films begin to form
early during the casting process and are caused by an increased
propensity of P1 to aggregate in solution. All of the other
polymers instead exhibit very different behavior, with an
example given for P5 in Figure 6b and for P2, P3, and P4 in the
Supporting Information. Monoexponential PL decays are
observed at all solution temperatures with lifetimes τ2 ranging
between 1.45 and 1.75 ns (see Table 3). The observed
additional slow PL rise at longer emission wavelengths is
attributed to exciton relaxation to lower energy sites, possibly

Figure 5. (a) Time-resolved photoluminescence transients on spin-
cast films of neat polymer measured by TCPSC with excitation
wavelength of 450 nm and detection wavelength set to 690 nm. The
dashed line is the instrument response function (IRF) of the
photomultiplier tube used for detection, showing 230 ps fwhm. The
thin films of more crystalline (P1−P3) exhibit characteristic PL decay
times of approximately 350 ps, whereas the amorphous polymers (P4,
P5) show longer lifetimes of approximately 450 ps. The inset shows
the PL lifetime extracted from response-convoluted monoexponential
fits to the PL transients for P4 and P1 polymer films, as a function of
the excitation wavelength. (b) Time-resolved PL transients of thin
BHJ films of polymer:PCBM blends in a 1:2 ratio measured by PLUC
with 350 fs time resolution (main figure) and TCSPC with 230 ps
resolution (inset). The bold gray curve is a monoexponential decay
with 1 ps lifetime included as a guide to the eye. As can be seen from
the inset figure, there is some residual, longer-lived PL in the blend
films with P1 and P4 at longer times, whereas decay curves for P2, P3,
and P5 all follow the instrument response.
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within chain clusters that do not exhibit the strong interchain
electronic coupling exhibited by polymer P1. At high
temperatures (inset), all polymers are completely dissolved,
and there is no migration to aggregate or lower energy sites in
the ensemble.
To examine the effects upon polymer dissolution with

increasing solvent temperature, we measured the time-
integrated PL spectra for dilute (main figure) and high
(inset) polymer concentrations at temperatures ranging from
10 to 90 °C (Figure 7 for P1 and P5 and Supporting
Information for all other polymers). On increasing temperature,
there is an overall broadening and loss in vibronic structure,
along with a blue-shift of the peak emission. Such features may
be related to a variety of effects, such as temperature-dependent
changes in the dielectric constant, population of vibrational
modes, and solvation effects. In addition, those materials
forming more crystalline polymer films, in particular P1 (Figure
7a) and to a lesser extent P2 and P3 (see Supporting
Information), exhibit a decrease in the relative intensity of the
high-energy shoulder (620 nm) with decreasing solution
temperature. Such deviations from spectra that can be modeled
as standard Franck−Condon vibrations progressions are
indicative of H-aggregate formation.59,60 These effects are
absent in solutions of P4 and P5, in agreement with the

amorphous nature of thin films as evidenced by WAXS and
AFM measurements.
Our examinations show that the way in which emission

transients and spectra of polymer solutions evolve with
temperature is an accurate predictor of the resulting
morphology in the cast thin films. Thin films with high surface
roughness and a large degree of crystallinity are cast for
polymers such as P1 that already in solution exhibit emission
features and dynamics associated with chain aggregate
formation. For polymers that form near-amorphous films (P4
and P5) such features are entirely absent in solution. Polymers
P2 and P3 are found to be intermediate cases, showing
enhanced crystallinity and surface roughness in thin films and
some non-Condon progressions in solution spectra. These
findings suggest that for this type of polymer film morphology
(and the related efficiency of photovoltaic devices) are

Figure 6. Photoluminescence decay transients for (a) P1 and (b) P5
solutions (0.05 mg mL−1) in o-DCB at 10 °C (main figure) and 90 °C
(inset). In each case, the excitation wavelength was held constant at
450 nm, and the time-resolved PL intensity measured at emission
wavelengths ranging from 600 nm (green) to 850 nm (purple) in 10
nm steps. (c) Relative contribution to the overall PL arising from
species emitting with lifetime τ1 and those emitting with τ2, shown for
the case of P1 at 10 °C. The values were extracted by fitting the sum of
two monoexponentials with flexible amplitude fitting parameters A1
and A2 and two lifetimes as global fitting parameters.

Figure 7. Time-integrated photoluminescence spectra for (a) P1 and
(b) P5 polymers in 0.05 mg mL−1 solutions and 5 mg mL−1 (inset) of
o-DCB at temperatures varying from 10 °C (blue) to 90 °C (red) in
10 ± 2 °C steps. The solutions were excited at a wavelength of 450
nm. The suppressed shoulder at ∼620 nm, which increases in intensity
on increasing temperature (complete dissolution of the polymer), is
indicative of H-aggregate formation of P1 at low solution temperature.
No such behavior is evident in solutions of the P4 and P5, which form
largely amorphous polymer films.

Table 3. PL Lifetimes Extracted from Monoexponential
Fitting to PL Transients Recorded for Polymers P1−P5 in
Solution (0.05 mg mL−1) at 10 °C and for Drop-Cast
Polymer Filmsa

solution thin film

polymer τ1 [ps] τ2 [ps] τfilm [ps]

P1 408 1648 340
P2 1757 321
P3 1765 299
P4 1474 502
P5 1456 443

aFor solutions, P1 is the only polymer to show contributions from two
subspecies, exhibiting an additional short decay component τ1 that is
similar to τfilm.
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intimately linked with clustering in solution prior to casting.
Attaining control over polymer solubility is therefore an
important goal to achieve for this class of polymer.

5. SUMMARY
In summary, we have investigated the effects of thin-film
morphology on factors affecting photovoltaic performance for a
series of donor−acceptor copolymers comprising benzodithio-
phene and benzothiadiazole units. We find that the highest
performing polymers in photovoltaic devices based on
polymer:PC60BM blends are those showing the least degree
of crystallinity in X-ray diffraction patterns and a corresponding
lowest surface roughness in thin films. We find that the
existence of such crystalline domains in thin polymer films
correlates well with polymer chain aggregates being present
already in solution prior to casting of the film. Polymer
solubility and casting conditions therefore appear to be crucial
factors for the development of photovoltaic devices with
enhanced efficiencies. To examine why the presence of
crystallite domains appears to hamper photovoltaic perform-
ance, we measured exciton diffusion lengths by modeling the
observed migration of excitons through a thin polymer film
deposited on a PL quencher layer of TiO2. We find that
diffusion lengths in these materials are substantial (4−7.5 nm)
and show some variation between different polymer materials.
However, ultrafast (1 ps) quenching of the PL from
polymer:PCBM blends indicates that the vast majority of
excitons created in polymer domains is not prevented from
reaching an interface with PCBM, and hence exciton diffusion
does not represent a limiting factor. These observations suggest
that the subsequent charge extraction and lifetimes must be
adversely affected by the presence of crystalline domains. We
note that although extended crystalline polymer networks
promote high hole mobilities within such domains,61,62 the
interfacial regions between well-ordered and amorphous
polymer domains may act as energy barriers to charge transfer,
forming sites at which charge trapping and recombination may
occur with higher frequency.34 The effect of the total polymer
film crystallinity on the overall charge mobility is therefore a
trade-off between these two factors. In materials such as
P3HT15 and some similar low-bandgap polymers63 in which
the polymer forms extended crystalline networks, the effect of
in-domain charge mobility improvement will dominate and an
increase in total crystallinity will enhance device efficiency.
However, for polymers prone to the formation of small
crystallites, an increase in total film crystallinity will increase the
concentration of domain boundaries and hence lead to a
reduction in overall charge mobility. The donor−acceptor
polymers studied here clearly fall into the latter category, and as
a result, polymers in this series appear to be the better suited
for use in photovoltaic devices the more amorphous they are in
the solid films. Our results have important implications for the
design of such donor−acceptor copolymers for photovoltaics,
suggesting that synthesis efforts may focus on creating polymers
which exhibit sufficiently high inherent entropy.
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Schilinsky, P.; Waldauf, C.; Brabec, C. J. Correlation Between
Structural and Optical Properties of Composite Polymer/Fullerene
Films for Organic Solar Cells. Adv. Funct. Mater. 2005, 15, 1193−1196.
(42) Mens, R.; Chambon, S.; Bertho, S.; Reggers, G.; Ruttens, B.;
D’Haen, J.; Manca, J.; Carleer, R.; Vanderzande, D.; Adriaensens, P.
Description of the Nanostructured Morphology of [6,6]-Phenyl-C61-
butyric Acid Methyl Ester (PCBM) by XRD, DSC and Solid-State
NMR. Magn. Reson. Chem. 2011, 49, 242−247.
(43) Colle, R.; Grosso, G.; Ronzani, A.; Gazzano, M.; Palermo, V.
Anisotropic Molecular Packing of Soluble C60 Fullerenes in
Hexagonal Nanocrystals Obtained by Solvent Vapor Annealing.
Carbon 2012, 50, 1332−1337.
(44) Blatchford, J. W.; Gustafson, T. L.; Epstein, A. J.; Vanden Bout,
D. A.; Kerimo, J.; Higgins, D. A.; Barbara, P. F.; Fu, D. K.; Swager, T.
M.; MacDiarmid, A. G. Spatially and Temporally Resolved Emission
from Aggregates in Conjugated Polymers. Phys. Rev. B 1996, 54,
R3683−R3686.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp504010x | J. Phys. Chem. C 2014, 118, 17351−1736117360



(45) Mikhnenko, O. V.; Azimi, H.; Scharber, M.; Morana, M.; Blom,
P. W. M.; Loi, M. A. Exciton Diffusion Length in Narrow Bandgap
Polymers. Energy Environ. Sci. 2012, 5, 6960−6965.
(46) Scully, S. R.; Armstrong, P. B.; Edder, C.; Frećhet, J. M. J.;
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