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Abstract

We present a detailed study of the effects of ternary mixing on blend morphology,
charge carrier mobility and organic solar cell performance. We investigate
ternaries consisting of regio random poly(3-hexylthiophene) (P3HT), regio regular
P3HT and soluble fullerene derivative, PCBM. By means of absorption,
photoluminescence, atomic force microscopy and X-ray diffraction, we
demonstrate that the structure of ternary films consists of crystallites of regular
P3HT embedded into a random polymer matrix acting as a soft scaffolding where
PCBM can only form nanoscale aggregates but cannot grow the detrimental
micron size structures often observed in the conventional regular PS3HT:PCBM
case upon annealing. The ternary films exhibit higher degree of crystallinity than
the conventional blends, but with smaller crystallite sizes. Moreover, we show

that the addition of the random polymer chains does not prevent good charge
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carrier transport for regio random P3HT concentrations up to 50% of the total
polymer content. Finally, we prove that solar cells based on the ternary systems
have a similar short circuit current than the conventional binary, but improved
open circuit current (by ~100 mV), which leads to an overall enhancement of

power conversion efficiency.

Keywords: Polymer:fullerene solar cells, ternary systems, bulk heterojunction,

morphology, transport, Polythiophene.
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1 Introduction

The emergence of organic solar cells has been facilitated by cell design concepts
that are radically different from the inorganic planar single heterojunction solar
cells in production today [1]. The basis of these concepts is the existence of
nanosized domains resulting in a bulk-distributed interface and thus the name of
bulk heterojunction solar cells. In organic semiconductors, absorption of light
leads to room temperature bound electron-hole pairs (c.f. free carriers in their
inorganic counterparts). Excitons dissociate into free carriers mainly at the
distributed interface, thus a large interface in organic photovoltaic (OPV) devices
is needed to maximize charge generation. Upon exciton splitting, the
photogenerated carriers travel through appropriate percolating pathways until
they are collected at the contacts. The synthesis of novel materials, combined
with good control of the morphology of the active layer and optimized device
design has lead to a substantial progress in the field, with the best power
conversion efficiencies achieved in the laboratory currently being in the 5-6%

range [1-3].

For a given material system, the control of the blend structure at the nanoscale is,
in fact, one of the most effective ways to significantly enhance the organic solar
cell efficiency. In the case of the most extensively studied material systems (e.g.
poly(3-hexylthiophene) (P3HT) and soluble fullerene derivative PCBM), ten fold
increases in the power conversion efficiency have been reported when
comparing devices based on as-spun active layers, and active layers with a
controlled structure [4]. Typical protocols include slow drying of the active layer,
thermal and vapor annealing, as well as appropriate solvent (or solvent mixture)
choices [4-8]. A comprehensive review on the effect that morphology has on bulk
heterojunction solar cells has been recently published by Yang and Loos [9].
Interestingly, it has been found that for the case of PSHT:PCBM blends, all of
these fabrication protocols result in a similar optimized morphology (see Ref. [8]
and references therein). This consists of a bicontinuous blend of the electron

donor (the polymer chains) and electron acceptor (the fullerene molecules), with



crystalline domains on the nanometer length scale, and a composition gradient
normal to the device electrodes. The optimum size of the nanodomains represent
a compromise between good charge transport (large interconnected domains
that form percolating pathways) and efficient charge generation (i.e. large exciton
dissociation rate, which requires domains around twice as big as the exciton
diffusion length, ~ 10°s nm) [8, 9]. The composition gradient improves the contact

selectivity thus reducing the leakage current.

Moreover, the post-deposition treatments, and in particular thermal annealing,
have also an additional positive effect: they -in principle- increase the OPV
stability by means of the concomitant stabilization of the active layer blend
compared to the frozen non-equilibrium morphology of the as cast films [9]. This
is particular important if one takes into account that the relatively low glass
transition temperatures that most soluble conjugated polymers exhibit may cause
a morphology change as the temperature significantly rises during device
operation [9]. In the process of stabilizing the morphology, thermal annealing
does, however, also yield large scale phase separation [8, 10-12]. For instance,
annealing at 140°C for one hour a 1:1 (in weight %) regio regular P3HT:PCBM
blend film leads to micron size PCBM clusters (see Figure 1(a)) which are not
beneficial to OPV performance. The fabrication of OPVs with appropriate control
over the nanostructure is, therefore, a key challenge for which currently only a

few general rules —regarding optimum composition- have been found [11].

In this paper we investigate the possibility of using ternary mixing in order to
control the blend morphology. The rationale is that small amounts of an
amorphous polymer may form a dilute matrix which would allow the formation of
small crystallites but prevent the large scale phase separation of the components.
For devices based on blending PCBM with P3HT of two different molecular
weights [13], it was observed that the advantages of both low molecular weight
(efficient charge generation) and high molecular weight (enhanced transport)

could be combined and thus this type of ternary mixing resulted in enhanced



device performance. Here we have chosen ternary blends of PCBM with regio
regular (RR-) P3HT and regio random (RRa-) P3HT. We will show that besides a
very efficient control of the blend morphology, regio random P3HT also adds
several other functionalities, such as energy transfer to the more crystalline RR-
P3HT, enhanced charge generation and improved open circuit voltage, all with
minimum cost in terms of charge carrier mobility. The final ternary based devices,
even without optimization procedure, are some 20% more efficient than the
conventional annealed blends when excited with low intensity monochromatic
light.

2 Experimental section

2.1 Materials and thin film fabrication

Regio regular ((Aldrich #669067, regioregularity >95% head-to-tail regioregular
(HNMR), Mn = 17500) and regio random poly(3-hexylthiophene) P3HT ((Aldrich
#510823, regioregularity=1:1 (head-to-head):(head-to-tail) linkages of
regioisomers, no data available of Mn) were purchased from Aldrich and used as
received. Herein, regio regular and regio random materials will be denoted RR-
P3HT and RRa-P3HT, respectively. [6,6]-phenyl Cgq-butyric acid methyl ester
(PCBM) was obtained from Luminescence Technology and also used as

received.

Binary blends consisting of RR-P3HT and RRa-P3HT were prepared from
different solution concentrations (from 15g/l, to 50g/l) in high grade
chlorobenzene, and spin coated at varying spin speeds (2000 to 4000 rpm) so to
produce different thicknesses. The relative concentration of regular and random
(RR-P3HT:RRa-P3HT) polymers were varied in 0.25 steps: (1:0), (0.75:0.25),
(0.5:0.5), (0.25:0.75) and (0:1). The mobility on binary systems was measured in
devices containing around 150 nm thick films deposited from a total 50 mg/ml

solution.



For ternary blends, total 60mg/ml solutions in chlorobenzene were prepared,
from which 30mg were PCBM, and the other 30mg split between RR-P3HT and
RRa-P3HT, so to finally produce constant (1:1) fullerene:(polymer)
concentrations. The relative content of regular and random was varied leading to
the following PCBM:RR-P3HT:RRa-P3HT concentrations (1:1:0), (1:0.9:0.1),
(1:0.75:0.25), (1:0.5:0.5), (1:0.25:0.75) and (1:0:1). Herein, we denote
conventional blend the films comprising the (1:1:0) ratio, i.e. (1:1) PCBM:RR-
P3HT, and it will be used as reference. Moreover, a different set of devices was
fabricated from solutions made by adding RRa-P3HT to a 1:1 PCBM:RR-P3HT
(60mg/ml) solutions, ending up in the following relative concentrations: (1:1:0.1)
and (1:1:0.25). For the devices, a two step process was identified during spin
speed optimization: 1000 rpm for 3 s in order to produce a homogeneous
distribution of the solution throughout the substrate, followed by 90 s at 2000 rpm.
This protocol typically resulted in active layers with thickness in the 85-105 nm

range.

The solutions were spin coated on cleaned quartz substrates or ITO covered
glass (150 nm thick ITO layer with a sheet resistance of 10 Q/sq, SLR grade,
Sanyo Vacuum Industries Co. Ltd). For the solar cells, PEDOT:PSS (Baytron P
VP Al 4083 (H.C. Starck)) was spin coated (3000 rpm for 90 s) onto the ITO
coated glass and annealed at 200°C for 20 min. The ternary systems were

thermally annealed at 140°C for 1h inside a nitrogen-filled Glovebox (O2 and HZO

levels less than 2 ppm).

2.2 Thin film characterization

Film thicknesses were measured using a Dektak 3030 profilometer (and double
checked with the thicknesses deduced from the absorption data using the optical
constants from Ref. [8]). Scanning laser microscopy images were taken using a
Keyence VK-9700 microscope. At least 10 images were employed for each
sample in order to obtain average values of the density of large scale (micron

size) aggregates of PCBM. Atomic Force Microscopy (AFM) was carried out with



a SPA 400 system by Seiko Instruments, Inc. Typically, at least three AFM
images were taken for each sample and their surface roughness was analyzed
using the Spisel 32 piece of software. X-ray diffraction (XRD) experiments were
conducted using a Material Analysis and Characterization SRA system, model
M18XHF, which employs a CuKa2 source (40KV, 60mA) with wavelength
0.1544390 nm. Upon background removal, the data were fitted with a Gaussian
function in order to obtain the peak intensity, width and angular position at the
maximum. These data were then used to deduce the average interplane distance
within the crystallites (from Bragg’s law), estimate crystallite size (from Scherrer’'s
relationship), and overall degree of crystallinity (integrating the area underneath
the XRD peak).

The thin film absorption spectra were measured using a Perkin Elmer
Lambda750 UV/Vis spectrometer from 300 nm to 800 nm. Photoluminescence
(PL) data were collected using a Perkin EImer LS55 Fluorescence Spectrometer.
Unless otherwise stated, the PL excitation wavelength was set to 450 nm

(around the absorption maximum for RRa-P3HT).

Pristine polymer films deposited onto pre-cleaned ITO/glass substrates were
used to measure the HOMO levels of the polymers by means of a Riken Keiki
AC-2 ultraviolet photoelectron spectrometer. The experimental set up is similar to
that of conventional UPS but it does not require vacuum. On the other hand, the
precision of our apparatus is smaller than that of a conventional UPS in vacuum,
with uncertainty values ~ 0.03 eV. Using ultraviolet photoelectron spectroscopy
we obtained a HOMO value of 4.61 + 0.03 eV for regio regular P3HT, whilst that
of regio random P3HT was found to be 4.73 + 0.03 eV. The slightly smaller
values obtained here for RR-P3HT (often around 5 eV) might be related to
possible effects of the ITO surface on the measurement. We note that two
samples with different thicknesses were measured for each polymer, and each
sample was measured twice. The deviation between measurements and

samples are smaller than the 0.03 eV uncertainty values.



2.3 Device fabrication and characterization

Single carrier devices were fabricated and the dark current-voltage
characteristics measured and analyzed in the space charge limited (SCL) regime
following the references [4] and [14]. Hole only devices consisted on the active
material (binary or ternary system) spin coated onto Glass/ITO substrates, and
capped with a 5 nm evaporated MoO3; layer followed by a 100 nm thick Al contact.
The evaporation mask defined 4 pixels in each sample with a 4 mm? area for
each pixel. For the electron only devices, the structure was
Glass/ITO/Al/blend/Ba/Al, where both, Ba and Al were evaporated. High-purity
MoOs3 (6N grade, Mitsuwa Chemicals Co., Ltd), Ba (Aldrich), and Al (AL-011480,
Nilaco Co.) source materials were employed as delivered. The standard
deviation of the fit to the SCL equations for the electron only devices was slightly
higher than that for the hole only devices, indicating a larger error on the
extracted electron mobilities. The reported mobility data are average values over

the four pixels of each sample at a given film composition.

For the solar cells, the active blend was spin coated on top of PEDOT:PSS
coated Glass/ITO substrates in a clean room, and then transferred into an
interconnected Glovebox where the Al electrode was thermally evaporated.
Thermal annealing of the devices was done inside the Glovebox before the
deposition of the contacts. All of the devices were encapsulated with a glass cap
using an ultraviolet curing epoxy resin. The 15 min exposure to the UV radiation
was performed from the Al metal side to avoid photodegradation of the organic
layers across the active region.

The current-voltage characteristics of the encapsulated devices were measured
outside the Glovebox, using a semiconductor characterization system (SCS4200,
Keithley Instruments Inc.) at room temperature. For light J-V and EQE
measurements, the above instrument was coupled to a JASCO CT-25C grating

monochromator which selects the wavelength coming from a USHIO Optical



Modulex light source. The intensity of the monochromatic light was fixed at 20uW
after calibration against a standard Coherent Fieldmaster photodiode with
circular detecting area of 8mm in diameter (resulting in a illumination density of
400 mW/m?). In order to explore the light intensity dependence of the solar cell
parameters, the light intensity was varied using optical density filters between 0.3
uW and 45 uW. The encapsulated devices were kept in air and darkness for 10
months, when some of them were measured again to check the variation in

performance with time.

3 Results and discussion

3.1. Characterization of binary and ternary systems

Figure 1 (a) shows a representative laser microscopy image of a conventional
PCBM:RR-P3HT (1:1) blend film annealed at 140°C for 1h. To start with,
annealing leads to the appearance of large size aggregates as clearly seen in the
image. These aggregates, which are not present in the as spun films, are rich in
PCBM molecules [8, 11] and are surrounded by a polymer rich region, seen here
as a halo like structure. It has been shown that PCBM nucleates into these
aggregates upon annealing [8], or, in other words, once they are large enough to
be seen using a microscope, they grow bigger in size, but their number remains
constant. The average diameter of the region containing one PCBM aggregate
and the associated P3HT halo is around 13 microns (see Fig. 1(b)), in good

agreement with previous reports [8].
[Figure 1]

Such a large phase separation is, in principle, detrimental for solar cell
performance since it is several orders of magnitude larger than the exciton
diffusion length (~ tenths of nm’s), and thus charge generation is strongly
inhibited on those regions. By averaging over ten microscope images across the
sample, we estimate the density of PCBM micron size domains to be around 700

aggregates per square mm. If we consider the average size of the aggregates,



this means that around 9% of the area is covered with these structures, and thus,
9% of the film is not acting positively as light-to-electricity converter. The
introduction of the regio random polymer into the blend has a marked effect on
the structure of the film. Substituting the 25% of the RR-P3HT by RRa-P3HT
(1:0.75:0.25 sample, Fig. 1 (c)) already decreases in more than two orders of
magnitude the density of these large aggregates, down to just 3 aggregates/mm?.
This represents less than 0.04% of the total film area. The density is further
reduced for larger amounts of the RRa-P3HT polymer in the ternary system. The
samples with compositions 1:0.5:0.5 and 1:0.25:0.75 have 1 aggregate/mm? and
0.15 aggregates/mm?, respectively (not shown). It is clear that this approach is

extremely efficient at controlling the microscopic morphology of the blend films.

An important question that needs to be answered is whether the introduction of
the RRa-P3HT chains yields an overall amorphous structure, not only at the
micron level, but also down to the nanoscale. If the resulting morphology was
totally amorphous, the mobility would likely fall and the absorption would be blue
shifted, and as a consequence, the overall solar cell performance would be poor.
As we will see below, the RR-P3HT chains can still crystallize in the ternary
blends and, in addition, the extent of the phase separation is now greatly
controlled with microscopic scale phase separation being almost totally
suppressed. We will come back to this point below. The eventual appearance of
micron sized aggregates also in ternary systems containing RRa-P3HT (<3
aggregates/mm?) is, in most cases, associated with film defects, such as edges
of the substrate, in which inhomogeneities in film composition might be present.
An optimization of the film fabrication conditions may, therefore, lead to an even

smaller number of large size aggregates in films based on ternary blends.

The advantages of controlling the large scale phase separation by using RRa-
P3HT rather than other amorphous conventional polymers, such as polystyrene
or polymethylmetacrylate, is two fold. First, we expect high chemical affinity

amongst the blended materials due to the common backbone between RRa- and

10



RR-P3HT polymers. Other glassy polymers could promote an even larger phase
separation if the interaction between chains overcomes the entropy increase
granted by mixing (following Flory’s theory of mixing). Optical and atomic force
microscopy images show no evidence of large scale phase separation in RR-
P3HT:RRa-P3HT binaries or in ternary blends (see details below). Second, a
perhaps even more importantly, RRa-P3HT can act as an active matrix, helping
the proper functioning of the devices and even adding functionality. In the
following, we demonstrate several examples of this added functionality of the

multicomponent system.

[Figure 2]

Figure 2 shows the normalized absorption (solid lines) and photoluminescence
emission (dashed lines) of RRa-P3HT (blue) and RR-P3HT (red). The red shift
spectra of the regular polymer compared to the random is associated to different
molecular packing morphologies. Regio regularity enables a better ordering of
chains into lamella crystallites where the polymer adopts a planar conformation
with longer conjugation lengths and fewer defects, such as twists and radicals on
the chains [15, 16]. Regio random chains form, on the other hand, glassy films
whose optoelectronic properties are governed by individual chain processes [15,
16]. The crystallization of P3HT results in the appearance of pronounced
structures in the absorption and PL spectra —phonon replica- not present in the
data for RRa-P3HT films. Interestingly, the long wavelength shoulder observed in
the absorption of RR-P3HT has been assigned to 2 dimensional excitations [17,
18], and hence is a direct consequence of the good interchain interactions within
the crystallites. The intensity of this shoulder has, in fact, been found to be
directly proportional to the X-ray deduced overall degree of P3HT crystallinity in
P3HT:PCBM blend films subjected to various annealing treatments [19]. Another
indication of the degree of chain interaction is given by the PL quantum efficiency,
n. Jiang et al showed that RRa-P3HT has a much larger n (~8%) compared to
RR-P3HT (~0.5%) [15] due to the isolation of chains in the random case. Here,

11



we also found that RRa- films exhibit more than one order of magnitude higher
PL than RR-P3HT films with comparable thicknesses (see Fig.3 (b)). It is thus
apparent that regio-regularity strongly determines the degree of interchain

interaction [16].

From the electronic point of view, one important effect of the aforementioned
interactions is that the band gap of RR-P3HT is some 0.3eV smaller than that of
RRa-P3HT, as estimated by extrapolating the absorption edge. This implies that
RR-P3HT will be more appropriate for harvesting light in the red and infrared
parts of the sun spectrum. Charge mobility will also depend on the interaction
between neighboring chains [17] and, in fact, hole mobility in RRa- is several
orders of magnitude lower than for RR-P3HT (we will come back to this point
below). Therefore, in order to ensure good charge generation (and short circuit
current) in OPVs based on ternary systems, the amount of RRa-P3HT should, in

principle, be small compared to that of RR-P3HT.

Enhancing the interchain interactions typically leads to the splitting of the HOMO
and LUMO levels (e.g. by means of Davydov splitting). Quantum chemical
calculations have shown that bringing polymer chains closer together decreases
(in absolute terms) the HOMO level [20]. The glassy morphology of the RRa-
P3HT films can be associated to an effective isolation of the polymer chains, and
thus, one may expect a larger (again in absolute terms) HOMO level [15, 20].
Using air ultraviolet photoelectron spectroscopy we found a 0.12 eV shift
comparing the two polymers, with higher HOMO for RRa-P3HT, as expected
from the argument above. On the other hand, the open circuit voltage (Vo) in
OPVs is proportional to the difference between the HOMO of the electron donor
(polymer) and the LUMO of the electron acceptor (fullerene) [21], and thus one
may expect an enhancement in the V.. values for OPVs based on ternary

systems. This is, in fact, what is experimentally observed, as we will show.

[Figure 3]
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Figures 3 (a) and (b) show the absorption and emission spectra, respectively, of
binaries consisting of a varying concentration of RR-P3HT:RRa-P3HT, as well as
the pristine materials for reference. The spin coating conditions were controlled in
order to have films with comparable thicknesses (~ 80 nm). The dotted lines in
Figure 3 (a) correspond to a linear addition of the absorption of the pristine
materials weighted by the composition fraction of each material. For instance, the
absorption of the 0.75:0.25 binary is simulated (with no fitting parameters) by
adding the absorption of RR-P3HT multiplied by 0.75 and the absorption of RRa-
P3HT multiplied by 0.25. The surprisingly good agreement between the
measured and simulated data suggests that, on the one hand, there is not strong
interaction between the two polymers in terms of absorption (no new steady state
species are created), and on the other side, the crystallization of RR-P3HT is not
inhibited by the presence of the random chains. The latter is very important,
especially after Chirvase and co-workers pointed out that PCBM molecules
prevent the crystallization of RR-P3HT, which is only restored upon thermal
annealing [10]. We note that the data shown in Figure 3 correspond to non

annealed binary films.

The PL spectra for binaries cannot, however, be modeled using a linear
combination of the PL spectra of the pristine materials. The addition of a small
amount of RR-P3HT (25%) reduces the PL yield by six fold, almost down to the
level of RR-P3HT (see Fig. 3(b)). Given the good spectral overlap between the
emission of RRa-P3HT films and the absorption of RR-P3HT (see Fig. 2), energy
transfer from the random to the regular chains seems a plausible explanation for
this. Comparison between the PL recorded using two different excitation
wavelengths (450 nm and 550 nm, the latter being the maximum absorption for
RR-P3HT, not shown) also points towards this explanation. Whether is a real (re-
absorption) or a virtual (energy transfer properly speaking) process of
transferring the absorbed photon energy from regio random to regio regular, or

even a combination of both, is not clear at this stage. In any case, the PL spectra

13



strongly indicates that the transfer is actually happening and thus the absorption
of light in the regio random chains is followed by a transfer of a substantial part of
that energy to regio regular material where electrons are excited and through
which the transport of carriers can be greatly facilitated. A detailed time-resolved

study on the PL dynamics could bring useful information in this respect.

The efficient charge transfer (exciton dissociation) between the polymer chains
and fullerene molecules, necessary step for charge generation, is often seen
experimentally as a strong reduction in the PL quantum yield upon blending the
polymer with the fullerene molecules. PCBM is an extremely efficient PL
quencher in both cases RR- and RRa-P3HT (contrast for instance Fig. 3(b) and
4(b)). Comparing the PL exhibited by films containing the same amount of
polymer with and without PCBM, it is possible to estimate the degree of PL
quenching. It turns out that the PL quenching is much more pronounced (~50
times more) in RRa-P3HT than in RR-P3HT. The most likely reason for this is the
finer intermixing between components achieved in PCBM:RRa-P3HT films
compared to the conventional blend, resulting from the glassy morphology of the
random polymer with very little —or even none- tendency to crystallize. It has
been shown that the crystallization of P3HT is, in fact, one of the main factors
driving the diffusion of PCBM molecules into phase separated regions [8] and
thus, a non-crystallizing polymer (such as RRa-P3HT) may accommodate more
easily the fullerene molecules within polymer chain voids. This view is supported
by the lack of micron-sized PCBM aggregates in the ternary systems: fullerene
molecules are somehow anchored in the voids left by the dilute random matrix.
AFM images of PCBM:RRa-P3HT films show no evidence of phase separation
and the corresponding surface roughness remains extremely small (<0.6 nm)
after mixing the random polymer with the fullerene molecules. Therefore, random
P3HT might, interestingly, lead to an efficient charge generation due to the
resulting morphologies of their films. Ternary systems show a gradual decrease

in the PL intensity with increasing RRa-P3HT concentration, as shown in Figure

14



4 (b), which suggests an increased capability for PL quenching, or exciton
splitting with adding RRa-P3HT.

[Figure 4]

As for the case of the conventional PCBM:RR-P3HT blends, the incorporation of
the fullerene molecules precludes the formation of P3HT crystallites in the as
spun films also in the ternary systems. Similarly, thermal annealing (at 140°C for
1 hour) enhances the crystallization also in the ternaries. Figure 4 (a) shows the
absorption spectra for annealed ternary blends. Judging by the ratio of the
intensities of the maximum and the shoulder centered at around 650 nm, one
may risk to say that ternary blends are equally, or even slightly more, crystalline

(in relative terms) than the conventional binary [22].

[Figure 5]

Surface roughness, as obtain from AFM images, have often revealed the degree
of crystallinity in the films underneath (see e.g. Ref [23]). We have taken AFM
images of the ternary systems and confirm the increase in roughness
(crystallinity) upon annealing suggested by the absorption spectra. Figure 5 (a)
and (b) compare the morphology of a film based on the conventional blend
before and after thermal annealing, respectively. The Ra surface roughness
increases from 0.6 to 0.7 nm upon annealing. All of the as-spun ternary films are
smoother than the conventional blend, but, interestingly, the surface roughness
for the ternaries increase to larger values than that of the PCBM:RR-P3HT blend
with annealing (see e.g. Figures 4(c) and 4(d) and Table I). This may again
suggest that the degree of crystallization is larger in ternary systems than in the
conventional blend. However, another possible explanation could be that the
three components are phase separating and thus producing a rougher surface.

For comparison, it might be noted that the Ra roughness of the pristine RR- and

15



RRa-P3HT films is 6.6 nm and 0.3 nm, respectively. The AFM deduced

roughness values for the ternary films are summarized in Table I.

[Table I]

In order to get a better understanding of the aforementioned phenomena
suggested by the absorption and AFM data, we have performed X-ray diffraction
(XRD) measurements on annealed ternary films. The data for these experiments
is shown in Figure 5(e), including that of the pristine RR-P3HT film used here as
reference. The material parameters deduced from the analysis of the results are
summarized in Table |. We note that the sample containing only regio random
P3HT does not show any diffraction peak, in accordance to the expected lack of
crystallinity. Our deduced 1.72 nm interplane distance (following Bragg’s law)
agrees well with previous data for P3HT [19]. Moreover, it seems to slightly
increase from 1.72 nm to 1.76 nm with increasing RRa-P3HT concentration from
0% to 75% in the total polymer content. Although we do not have a full
explanation for this, it might be due to the fact that the regio regular crystallites
are immerged in a soft matrix of the random material, which may shrink in order
to accommodate the expanding (through annealing) regio regular crystallites;
while in the case of the conventional blend, the crystallites cannot expand
because they might be in contact with other, equally hard, crystallites. If this was
the case, it might be interesting to see the effect that a semicrystallizing matrix
that formed harder crystallites would have on the interplane distance (and even
hole mobility) of P3HT:PCBM blends. Some support for this very initial
hypothesis may come from the fact that when the effect of a rigid substrate
interface is made apparent (by decreasing film thickness), P3HT chains pack into

different type of crystallites [24].
The RR-P3HT crystallite size was estimated using Scherrer’s relationship and

the average sizes we find are larger than those reported by Zhokhavets et al [19],

as one could expect given the fact that our annealing times are much longer (1h
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in our case, and 5 mins in theirs). Importantly, as the content of regio random is
increased, the crystallite size is greatly reduced from around 16 nm for the
PCBM:RR-P3HT:RRaP3HT (1:1:0) film to ca 10 nm for the (1:0.25:0.75) sample.
This suggests that there might be an increase in polymer chain entanglement
with increasing random concentration which prevents the formation of large
crystallites. We note that we have employed only the optimum annealing
temperature for the conventional blend, and thus there is room for optimizing the
thermal annealing procedure for the ternary systems which may require longer
annealing times, or higher annealing temperatures to create crystallites of the

same size as the conventional blend.

By integrating the area of the XRD peak, one may obtain a measure of the
degree of crystallinity of the film [19]. Interestingly, this evaluation again indicates
that ternary systems are more crystalline than the conventional blend (see Table
), in agreement with the absorption and AFM data, and thus rules out the
hypothesis of the large scale phase separation of the three materials as the main
explanation of the increased roughness in annealed ternary films compared to

the conventional binary.

Therefore, all of the evidences suggest that the structure of ternary films consists
of crystallites of regular P3HT -of smaller size than those found in the
conventional blend- embedded into a random polymer matrix, and where PCBM
can only form small aggregates and not the micron size structures often
observed in the conventional case. Figure 1(d) and 1(f) schematically depict the
nanomorphology of the conventional binary and the proposed ternary systems,
respectively. The study of the ternary system phase diagram would also be
interesting to gain further insight into the phase separation capabilities of the

materials as well as optimum temperatures and compositions [11].

Summarizing the main results up to now, from a structural point of view, the

random P3HT chains define a dilute matrix, or soft scaffolding, within which
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crystallites of the regular P3HT chains and aggregates of PCBM molecules can
be formed in a controlled fashion (using the available but limited free volume),

preventing large scale phase separation of the components.

3.2 Charge carrier mobilities

In order to understand the effect of ternary mixing in the carrier mobilities,
devices have been fabricated in which the active blend film was sandwiched
between two contacts that were selected in a way so to obtain hole only or
electron only devices (see Experimental section). By varying the film thickness
we identified the range of thicknesses in which the current voltage characteristics
are governed by the space charge limited (SCL) regime. We then deduced the
zero field hole and electron mobilities by fitting the current-voltage curves
following Refs. [4] and [14]. Figure 6 (a) shows three representative cases. The
experimental points (symbols) are very well fitted with the SCL equation for over

3 to 4 orders of magnitude in the values of the current density.
[Figure 6]

Figure 6 (b) shows the SCL deduced hole (circles) and electron (squares)
mobilities for binary (solid symbols) and annealed ternary (open symbols)
systems. Each data point is the average of the mobility values extracted from
four devices. The hole mobility values obtained for the conventional blends agree
well with those reported in the literature for annealed samples [4] (~1.2+10°m?V-
's). As for the electron mobility, our values are slightly smaller than those
reported, perhaps due to a possible small partial oxidation of the evaporated Al
electrode before the spin coating of the active blend, or to a small
underestimation of the electron mobility values resulting from higher fitting
standard deviations. Regio random P3HT shows a hole mobility of almost five
orders of magnitude lower than that of regio regular. Interestingly, this value
(~5+10"*m?V's™) is not very far from the hole mobility values of ~3¢10?m?v's™

exhibited by non-annealed (or low temperature annealed) regular P3HT blended

18



with PCBM [4]. It seems clear, therefore, that the low mobility of RRa-P3HT is the
result of lack of crystallinity and the associated weak interchain interactions (c.f.
RR-P3HT).

Perhaps the most important result in this section is the finding that the carrier
mobilities are only slightly affected by the introduction of this -very low mobility-
polymer. Amazingly, substituting the 75% of the regio regular chains by regio
random chains in the ternary system only decrease the hole mobility from
~1.2410°m?/ s to ~3.5:10°m?v's™, i.e. less than one order of magnitude. For
comparison, it is worth noting that thermally annealing has a much stronger effect
on charge transport: the as spun conventional blend has almost four orders of
magnitude lower hole mobility compared to the thermally annealed (at 130 °C-
150 °C) case [4]. However, this interesting result may not be unexpected on the
light of the morphology investigations reported above: absorption,
photoluminescence, AFM and XRD data all indicate that the ternary systems are
also highly crystalline. Goffri et al have also found a similar behavior for the field
effect transistor hole mobility of P3HT blended with semicrystalline commodity
polymers [25], so perhaps this is a relatively general trait of semiconducting
polymers independent of whether mobility is measured across the film thickness
or in the perpendicular direction, and even at totally different carrier density
values. There are two possible readings for this phenomenon. First, the material
percolation threshold requires very little amount of the crystallizing component
(less than 25% in our case), probably due to the extended length of the polymeric
macromolecule. A second interpretation could be, however, that most of the film
is, in practice, not contributing (at least positively) to the transport of charges.
The second possibility opens one important question: how could one process a
film so to employ the 100% of the material to actively participate in the charge

transport? This key question has, to our knowledge, not being answered yet.

The slight mobility decrease might be related to smaller crystallite sizes. We find

a linear relationship between charge mobility and crystallite size, with the holes
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having a stronger dependence (in terms of the slope of the fitted straight line). On
the other hand, the mobility values do not seem to be so clearly related to the
overall degree of P3HT crystallinity, i.e. when plotted together, the experimental
points scatter through the graph with no distinguishable trend. This apparent
contradiction was also observed in pristine P3HT films with different molecular
weights: lower molecular weight P3HT is much more crystalline but, nonetheless,
its mobility is lower compared to that of higher molecular weight P3HT [26, 27].
This can be explained in terms of poorer connectivity and more insulating grain
boundaries for the more crystalline polymer [26]. This explanation could be
perfectly applied here, since smaller crystallites (even at a constant total
crystallinity) would exhibit many more grain boundaries than larger crystallites. It
is important to emphasize that, compared to the almost four orders of magnitude
changes in field effect mobility [26] (or 15 times in the SCL mobilities [27])
observed when increasing the number average molecular weight from 3.2 to ca
40 kDa, in our case the effect is very mild, with a decrease in zero field mobility
of less than one order of magnitude when substituting the 75% of the RR-P3HT
by RRa-P3HT.

It is important to note that binary and ternary systems have very similar hole
mobilities for RRa-P3HT concentrations smaller than 50% with respect to the
concentration of RR-P3HT. However, it seems that the percolation threshold for
the binary happens at higher random concentration than in the ternary system.
The thermal annealing (only applied here to the ternaries) may help to enhance
hole mobility in the ternary systems containing 75% of regio random, when
compared to the values for non-annealed binary RR-P3HT:RRa-P3HT blends
with also 75% or RRa-P3HT, even when the crystallinity of the binaries is
expected to be high according to their absorption spectra (Figure 3(a)).
Alternatively, this difference between binary and ternary blends may support the
report by Tuladhar and co-workers [28], which were able to demonstrate that
PCBM not only helps to enhance the hole mobility of the polymer by a possible

modification of the polymer chain packing, but they also found that the hole and
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electron mobilities deduced using the Time of Flight technique for a system
consisting of PCBM embedded into an insulating polystyrene matrix have a
similar value, independently of the film thickness. This strongly indicates that
PCBM actively contributes to the hole mobility (polystyrene is an insulator). In
other words, comparison between the mobility values deduced for
regular:random binaries and the ternary systems may indicate that PCBM is also

actively enhancing the hole mobility in our case.

3.3. Solar cells based on ternary systems

Figure 7 shows the performance of solar cells based on ternary blend films with
different RR- to RRa- composition ratios, and keeping the overall polymer to
fullerene weight ratio constant (1:(X:Y)) with X+Y=1. The current density vs.
voltage curves measured at monochromatic light (550 nm, 20uW) show two clear
trends with increasing regio random composition in the ternary: i) decrease in the

Jsc; and ii) increase in the V.. Table | summarizes these values.

[Figure 7]

The case of the V,; can be understood in terms of the increase in the relative
importance of the regio random chains in the charge generation. As we
discussed above, the non-interacting chains of RRa-P3HT yield a higher HOMO
compared to the crystalline P3HT [15, 20]. Since the V.. is proportional to the
difference between the energy levels of the donor HOMO and acceptor LUMO
[21], an increase in the polymer HOMO may be responsible for the observed
increase in V. This conclusion is supported by a recent study made with
polythiophenes with different alkyl chain lengths (P3AT). It was found that the V.
of annealed devices made with different P3ATs increases from 500 mV to 600
mV with increasing alky length -and thus reducing interchain interactions- from
butyl to dodecyl [29]. A very recent report [30] on solar cells based on the
addition of higher-HOMO level MDMO-PPV chains to the conventional
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PCBM:P3HT blends, also shows improved V.., and thus again supports our
hypothesis.

It is important to note that the increase in V. is not linearly proportional to the
amount of RRa-P3HT, but, instead, it has a strong effect already for low random
concentrations and then saturates at about 50%. This can be understood in
terms of the resulting ternary blend morphology, since the PCBM molecules
might accommodate themselves more easily in the polymer voids left by the
amorphous RRa-P3HT matrix than to be embedded into the RR-P3HT
crystallites. This interpretation is supported by the PL quenching data showed in
Figure 4(b). The measured superlinear behavior in the enhancement of V¢ with
increasing RRa-P3HT content relaxes the apparent compromise between the

observed opposite trends of Jsc and V..

With respect to the decrease in the Jg, it may be associated to the combination
of two main factors: 1) a decrease in the absorption of the ternary active layer at
550 nm; and 2) a decrease in carrier mobility with increasing RRa- content. To
evaluate the relative importance of these two factors, we have plotted in Figure 7
(b) the J-V characteristics normalized by the absorption of the films at 550 nm.
From this graph, it seems that there are two distinct regimes: up to
concentrations containing 50% of RRa-, the effect of reduced mobility is only
small, however, for larger amounts of the regio random polymer the polymer
percolation threshold for good device operation is overpass and then the Jg
drastically falls.

We have recently demonstrated a similar compromise between Jsc and V. in
organic solar cells using another approach but with a similar argument in terms of
the energy levels of the active materials [31]. By inserting an ultrathin metal-
phthalocyanine layer (CuPc or ZnPc, HOMO ~ 5.1 eV) at the bilayer interface
between pentacene (HOMO ~ 5.0 eV) and fullerene, a higher V,. was observed.

The Vo increased with increasing CuPc or ZnPc layer thickness as a result of the
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higher HOMO level, however, the Js; decreased due to the lower mobility of the
phthalocyanine compared to that of pentacene [31]. A compromise in
phthalocyanine thickness was found between enhanced V,; and reduced Js. so
to finally obtain higher device efficiencies. Similarly, in the ternary blends case,
increasing in excess the concentration of the low mobility random chains can
lead to surpassing the threshold composition for percolation of the highly
conductive regio regular P3HT chains and thus the photocurrent drops. However,
the compromise between device parameters in the ternary blends is much more

relaxed, as we will show below.

It is worth noticing that there could be an alternative explanation for the observed
trends in photocurrent and open circuit voltage. This interpretation is based on
the idea that the addition of the random chains may result in a different
recombination constant. Assuming that the theory of Langevin recombination is
valid in the ternary systems, a reduction of the mobility could cause a reduction
of the recombination constant and therefore a lower photocurrent and a higher
open circuit voltage, as it is sometimes observed in OPV systems based on
polymers with low charge carrier mobilities [32]. As we will see, the fact that we
can decouple the effect in Jsc and V. for low RRa-P3HT concentrations may
suggest that this effect is significant only for large RRa-P3HT relative

concentrations.

The different absorption spectra for varying compositions (Fig. 3 (a)) are also
reflected in the External Quantum Efficiency (EQE), as shown in Figure 7 (c). It is
even possible to distinguish the RRa-P3HT absorption peak centered at around
450 nm in the EQE of the devices based on the 1:0.25:0.75 composition (top
curve in bottom panel). This further indicates the active role that the random
P3HT is playing in the solar cell. We note that the relatively large inhomogeneity
of the light intensity through the beam spot lead to EQE uncertainties of the order
of 5% in the deduced EQE values reported here.
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[Figure 8]

Our results suggest that if the lower absorption is compensated for, small
concentrations of RRa-P3HT could lead to overall better device performance by
increasing V. while keeping Jgs; constant. A straight forward way of doing this
without the need for systematic optimization is to fabricate solar cells based on
blends which keep constant the PCBM:RR-P3HT ratio (1:1), and then adding
small amounts of the RRa-P3HT into the solution. Figure 8 shows the J-V
characteristics under the same illumination conditions as above for devices
based on ternary films with PCBM:RR-P3HT:RRa-P3HT compositions 1:1:0.1
and 1:1:0.25, as well as the 1:1:0 conventional blend for reference. As we have
predicted, once the absorption of light at 550 nm is kept constant, the Js; shows
an almost constant value within the experimental uncertainty. In fact, the EQE
spectra at OV for these three devices are almost identical (not shown). On the
other hand, the V. for solar cells based on ternary systems is clearly enhanced
by more than 100 mV with respect to the reference conventional blend, as shown
in Figure 8. This is fully consistent with the 0.12 eV increase in HOMO level for
RRa-P3HT compared to RR-P3HT, as deduced here using ultraviolet
photoelectron spectroscopy. Moreover, the fill factor also slightly improves by
ternary mixing. Overall, there is a 20% increase in the maximum power obtained
at 550 nm, Vmax*Jmax comparing the reference (1:1:0) and the sample with 25%
added random polymer chains (1:1:0.25), which may indicate a 20%

enhancement in efficiency in the current illumination conditions.

In order to check the evolution of device performance and morphology with time,
these three samples (with four devices per sample) were measured again after a
period of 10 months, through which they were kept on air and in darkness. These
solar cells still work perfectly fine after this time span, which suggests that the
glass encapsulation and darkness ambient conditions have prevented chemical
oxidation of the active layers and interfaces. Nonetheless, there are some

changes on the current/voltage curves after this time, which we, preliminary
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assign to morphologic relaxation of the films over time. These changes over time
are much larger than the pin to pin differences amongst the four pins in a given
sample. The percentage change of the J-V curves (see Figure 9) when
comparing the samples as fabricated and after 10 months is much more
pronounced (~75% more) for the conventional binary than for the ternary based
samples. These data suggest that the natural entanglement of the glassy
amorphous RRa-P3HT chains helps to stabilize the film morphology and thus,
positively contributes to increase the effective lifetime of the cells. These
preliminary results are currently being systematically investigated in order to

further test the hypothesis of improved morphological stability.

Figure 9

The OPV performance under varying light intensities shows that the V. of the
conventional binary based cells increases with light intensity towards the V. of
the ternary system cells (see Figure 9). This may suggest that the regular chains
that do not form part of the crystallites, and thus are found in a more amorphous
state, begin to participate on the photovoltaic action for higher light intensities,
perhaps after the expected charge traps are filled. Our proposed ternary system
based devices exhibit a less strong intensity dependence of performance (and
always higher V. regardless of the light intensity), as deduced from the slopes of
the linear fits in Figure 9. This may be originated, as we have mentioned, by a
reduced recombination constant arising from slightly lower mobilities in the
ternary systems compared to the conventional blend [32]. This weaker
dependence in light intensity could mean a significant advantage when this type
of device is used in low light intensity applications such as highly sensitive
photodiodes and solar cells placed indoors or at particular outdoor conditions

(e.g. cloudy days or early and late hours of the day).

Figure 10
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Although there clearly are a large number of parameters that could be further
optimized, such as polymer molecular weights [26, 27], ternary composition [11,
25], thermal annealing treatment [4, 33] or film thickness [34, 35], it is patent that
the presented strategy results in a more controlled blend structure and enhanced
solar cell performance. The device optimization might be facilitated by the
measurement of the phase diagram of the ternary system, which will aid to
predict the optimum composition ratio and thermal annealing treatment [11].
Moreover, the natural entanglement of the glassy chains may also help to
provide long term morphological stability, as suggested by our preliminary results,
which would help to keep a constant performance of the devices under operation
at elevated temperatures. Some of these investigations are currently being

carried out and will be published elsewhere.

Finally, we believe that the ternary mixing approach is very general, and could be
used to control the morphology at the micro- and nano- scales for a large variety
of semicrystalline polymers with poor capability for quality film formation when
blended with fullerenes and otherwise good optoelectronic properties. Examples
of this include polythiophenes with different alkyl side chains, such as poly(3-
butylthiophene) (P3BT) [29, 36], Selene substituted regio regular poly(3-
hexyl)selenophene (P3HS) [37], or very low band gap regular poly(3-
decyloxythiophene-2,5-diyl) (P3DOT) [38], to name but a few. Furthermore, other
dilute polymer matrices might be used to add different functionalities, such as
simultaneous optimization of charge generation and transport [13, 30] or
chemical and mechanical stability [25], which could permit an overall more
efficient and stable organic solar cell and thus bring closer the market uptake turn

point of this technology.

4 Conclusions
To summarize, in this contribution we have investigated ternary systems
consisting on adding regio random P3HT into the conventional regular

P3HT:PCBM blends. The rationale for this was to be able control the formation of
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microscale phase separation through the natural entanglement of random
polymer chains, while allowing the formation of crystallites at the nanoscale in the
voids left by the diluted polymer matrix. We successfully demonstrate that ternary
mixing helps to control the morphology by reducing the area covered with
unwanted micron size aggregates from 9% in the conventional blend, down to
less than 0.04% for the ternaries. Moreover, the addition of random polymer
chains does not prevent the crystallization of their regular counterparts and we
found, in fact, that the overall degree of film crystallization is enhanced in the
ternary blends, at the expenses of smaller crystallite sizes. This results in the fact
that concentrations of up to 50% of the random polymer in the total polymer
content have a very small effect on charge carrier mobilities, compared, for
instance to the effects due to thermal annealing or molecular weight. Finally, we
fabricated solar cells based on ternary systems and show that they exhibit a
similar short circuit current but a ca 100mV positively shifted open circuit voltage
which results in enhanced device efficiency. The origin of this shift is associated
to a higher polymer HOMO arising from the isolated —non-interacting- nature of

the random chains.
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Figure captions

Figure 1. (Colour online) Comparison of the microscale morphology of the
conventional blend and the ternary systems. (a)-(c) UV Laser microscope images
of annealed ternaries with PCBM:regularP3HT:randomP3HT concentrations of
(a) 1:1:0; (b) 1:1:0 (zoom-in detail); and (c) 4:3:1; (d)-(f) schematics of (d) a
conventional PCBM:Regular P3HT blend; (e) dilute random matrix; and (f)
ternary system comprising a dilute random P3HT matrix filled with crystallites of
PCBM and regular P3HT.

Figure 2. (Colour online) Optical properties of the pristine polymer. Normalised
absorption (solid line) and emission (dashed line) for Regio Random P3HT (blue)
and Regio Regular P3HT (red)

Figure 3. (Colour online) Optical properties of binary systems. (a) absorption and

(b) emission of Regular:Random P3HT binary films.

Figure 4. (Colour online) Optical properties of ternary systems. (a) absorption
and (b) emission of ternary films with constant solution concentration (60mg/mil),
and constant PCBM:polymer concentration (1:1), with varying relative

concentrations of Regular and Random P3HT.

Figure 5. (Colour online) Investigation on the crystallinity of ternary systems.
3x3micron AFM images for 1:(1:0) (a) Non annealed, (b) annealed; and for
4:(3:1) (c) non annealed and (d) annealed. (f) XRD intensity for ternary systems

and reference pristine regular P3HT.

Figure 6. (Colour online) Study of the carrier mobility in binary and ternary
systems. (a) Typical current density versus voltage curves for a conventional
blend (open squares), a ternary blend with composition 1:0.5:0.5 (open triangles)

and regio random P3HT (open diamonds). The solid lines are the fits to the SCL
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equations; (b) Hole (circles) and electron (squares) mobilities deduced for single
carrier devices based on Regular:Random binaries (solid symbols) and ternary

(open symbols) systems.

Figure 7. (Colour online) Solar cell characteristics for devices based on the
ternary systems. J-V curves (a), J-V curves normalised by the absorption at 550
nm (b) and EQE (c) for devices based on ternaries with constant solution
concentration (60mg/ml), and constant PCBM:polymer concentration (1:1), with

varying relative concentrations of Regular and Random P3HT.

Figure 8. (Colour online) Solar cell characteristics for devices based on the
ternary systems with equivalent short circuit current. J-V curves for devices
based on ternaries with constant PCBM:Regular P3HT concentration (1:1), with
added Regio Random P3HT 1:1:0 (open squares), 1:1:0.1 (filled triangles) and
1:1:0.25 (open down triangles).

Figure 9. J-V curves in logarithmic scale for PCBM:Regular P3HT concentration
(1:1:0), (open squares, left panel) and with added Regio Random P3HT 1:1:0.1
(filled triangles, right panel) as prepared (solid lines) and after 10 months

(dashed lines).

Figure 10. (Colour online) Solar cell characteristics as a function of the incident
light intensity. Light intensity dependence of the open circuit voltage (top panel)
and short circuit current (bottom panel) for a conventional blend (squares) and a

1:1:0.25 ternary blend (circles).
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Table I. Summary of morphologic, photophysical and device parameters for

ternary systems.

1:1:0 [1:0.75:0.25]1:0.5:0.5]1:0.25:0.75] 1:0:1
Interplane distance [nm] 1.72 1.73 1.75 1.76 NA
Crystallite size [nm] 16.2 13.7 10. 1 9.8 0
Crystallinity [arb.units] 657 755 774 728 0
Absorption (550nm) 0.418 0.346 0.275 0.198 0.123
lambda max Abs [nm] 546 548 512 479 473
Ra roughness [nm] 0.7 1 1.2 0.9 1
RMS roughness [nm] 0.9 1.3 2 1.3 0.6
Hole mobility [m?/Vs] 2.20E-08| 9.12E-09 |2.76E-09| 3.48E-09 -
Electron mobility [m*/Vs] |2.38E-09| 8.41E-10 [3.35E-10] 1.77E-10 -
Js [mA/cm?] (550 nm) 0.0119 | 0.0090 | 0.0064 | 0.0020 0.0001
Jso/Abs(550nm) 0.0285 | 0.0259 | 0.0233 | 0.0102 0.0007
100"Jma“Vimax/AbS 0534 | 0577 | 0518 | 0204 | 0.003
(550nm)
Voc [mMV] (650 nm) 331 384 390 391 147
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Interplane distance [nm] | 1.72 .73 1.75 1.76 NA
Crystalite sze [nm] | 16.2 13.7 10. 1 9.8 0
Crystallinity [arb.units] | 657 755 774 | 728 0
|Absorption (550nm) 0.418 0.346 0.275 0.198 0.123
fambda max Abs [nm] 546 548 512 479 473
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Hole mobility [m?/Vs]  |2.20E-08] 9.12E-09 [2.76E-09] 3.48E-09 -
[Electron mobility [m*/V s] |2.38E-09] 8.41E-10 |3.35E-10] 1.77E-10 -
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