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Improving the Photoconductivity of a Fullerene-Based Oligomer with Polythiophenes
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Organic solar cells offer significant advantages over traditional inorganic solar cells, including
their lightweight nature, ease of fabrication, low cost, and low energy investment. Recent advances
have shown that oligo and poly(fullerene)s play an important role in both types of devices, either as
additives or interlayers, significantly improving stability and charge extraction. There is considerable
room for further progress in understanding the properties of these novel materials. Here, we examine
OPCBMMB, an oligo(fullerene) based on PCBM, and study its changes in photoconductivity when
combined with thiophenes. The OPCBMMB:P3HT and OPCBMMB:P30OT composites are formed
from drop casting, with optical and electronic characterizations being performed. UV characterizations
confirm a difference in macromolecular conformation of the P3HT and P30T going from solution
to film, as would be expected. More interesting is the great improvement in the films conductivities
when studied under direct current when compared to pristine OPCBMMB. Differences arise due to the
variations in thiophene alkyl chains. The combination of OPCBMMB:P3HT and OPCBMMB:P30T
also proved to be an effective combination of acceptor-donor, with a visible increase in conductivity
when exposed to light. A fact that can be correlated to the UV spectra, which shows the blends have

a strong interaction with visible light.
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1. Introduction

Among the many conjugated polymers that have emerged
over the last forty years, polythiophenes remain some of the
most successful due to their ease of synthesis, high solubility,
relatively good stability, and excellent conductivity when
doped!?. Their ability to exhibit strong aromatic n-stacking
interactions, with alkyl chains facilitating their solubility
means that from their inception and still now they remain
an important class of polymers.

The size of the side-chain is extremely important for their
performance, since this directly influences the properties
of the materials®. The length of the side chain influences
the morphology and structure of the thin-films, changing
their mechanical property from brittle to waxy as the side-
chains extend. More interestingly, the side-chains change
the orientation and spacing of the aromatic groups and as
a consequence impact on their n-stacking, which in-turn
significantly influences charge-transfer mechanisms and
electrical properties.

Fullerenes constitute another important class of materials,
and since their discovery as rapid electron absorbers from
photo-excited polymers*’, they have consistently demonstrated
their relevance in photovoltaics and organic electronics.

*e-mail: andre.simois@unesp.br

Indeed, very recent work has demonstrated that fullerenes
are still of interest in organic photovoltaic devices (OPVs),
where used in polymeric form in a tertiary mixture with non-
fullerene acceptors and donor polymers, they can provide
complementary absorption in the blue region and improve
device stability®. Furthermore, they are also known to increase
charge collection when used as interlayers in perovskite solar
cells, also simultaneously increasing stability again when
used in polymeric form’.

The incorporation of fullerenes into oligomers or polymers
resolves one of its great disadvantages. Fullerenes tend to
form aggregates in an uncontrolled manner, which means
that their properties and applications are difficult to explore,
since there is little or no control aggregation®. Fullerenes very
quickly form large crystals which can break electronic devices
by creating short-circuits, and separate out from mixtures,
decreasing its ability to attract and absorb electrons. The
incorporation of fullerene into polymeric structures results
in a better control over their aggregation, greatly improved
solubility in various organic solvents, and gives materials
that are malleable and easier to manipulate.

Among the known fullerene derivatives, a material that
has received a lot of attention is phenyl-C, -butyric acid
methyl ester (PCBM), particularly in photovoltaic cells®!
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and gas sensors'"'2. However, PCBM also presents a strong
tendency to aggregate, resulting in films with a rough surface,
with the formation of large agglomerates'>!4.

The oligomer oligo{(phenyl-C, -butyric acid methyl
ester)-alt-[1,4-bis(bromomethyl)-2,5-bis(octyloxy)benzene] }
(OPCBMMB) is derived from PCBM and is capable of
producing more homogeneous films than PCBM. It was
shown to have very similar electronic and optical properties
to PCBM. This was found to be due to there being quite a
large part of unreacted PCBM still in the mixture (around
35%) but also because the PCBM was incorporated into the
oligomer by way of a symmetrical addition which does not
greatly change its optical absorptions. Most importantly, the
oligomer was found to form much smoother films than those
made from PCBM alone, even when using drop-casting, which
does not favor the structural organization of the film'-'3.

In this work we examine closely the impact of the addition
of P3HT and P30T to OPCBMMB to better understand the
electrical and photo-electrical behaviors of these important
classes of materials.

2. Methodology

In this work, a fullerene derivative oligomer was studied,
along with two polythiophene derivatives. The fullerene used
was oligo{(phenyl-C, -butyric acid methyl ester)-alt-[1,4-
bis(bromomethyl)-2,5-bis(octyloxy)benzene]} (OPCBMMB)
and the two P3ATs were poly(3-hexylthiophene-2,5-diyl)
(P3HT) and poly(2-octylthiophene-2,5-diyl) (P30T). Both
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P3HT and P30T were obtained commercially from Sigma
Aldrich, while OPCBMMB was prepared as detailed by
Ramanitra et al.”>. The same material prepared in the referenced
work is used here, and the reader is referred to that publication
for full experimental details on material preparation and
characterization. The OPCMMB was made by a relatively
large scale atom transfer radical addition polymerization
(ATRAP) of PCBM (3 g) with 1,4-bis(bromomethyl)-2,5-
bis(octyloxy)benzene in the presence of CuBr and bipyridine.
It was found to contain oligomers with 1 to 4 repeating
units and about 35% unreacted PCBM. Figure 1 presents
the chemical structures for the materials used in this study.

For optical characterization (UV-vis measurements),
the films were deposited onto glass substrates. For electrical
characterization in direct current and photoconductivity
measurements, glass substrates with interdigitated gold
electrodes (IDE/Au) with 50 digits were employed. The
electrodes have each digit is 110 nm in height, 8 mm in
length and 100 .~ wide and the spacing between each digit
is 100 . . These IDEs are essential for this work, because
each pair of digits amplifies the total current measured',
which facilitates the electrical characterization in materials
with a low electrical conductivity, such as fullerenes and
its derivatives.

The drop casting deposition technique, employed in this
work, shown in Figure 2, is one of the simplest deposition
techniques from solution'”. In this technique, the solution
is dripped onto a horizontally stable substrate, aided by an
electronic pipette. After the deposition, the solvent evaporates,

C CHy(CH,)sCHs

Figure 2. Drop casting deposition onto an IDE.
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allowing only the material to remain on the substrate, due
to Van der Waals forces'®.

However, this technique does not allow control over the
film formation, facilitating the formation of agglomerates
in the structure, which results in films with a heterogeneous
surface. This also limits the control over the film’s thickness,
however, factors such as deposited volume and solution
concentration can help to regulate the final film thickness,
but with a low accuracy'™".

For the film deposition, a volume of 0.2 mL of the
solutions was spread onto different substrates. Solutions
were prepared using chloroform as the solvent, with
concentrations of | mg mL™" and a ratio of 1:1 in mass for
both OPCBMMB:P3HT and OPCBMMB:P3OT. The films
were left to dry naturally at room temperature (22 °C) for
24 h to ensure a complete evaporation of the solvent.

Solvent evaporation is one of the most important parts
of this process, where we can choose to let it dry naturally
or use a thermal process to accelerate the evaporation,
however, disturbing the system during the evaporation can
cause impacts on film morphology'4%.

By studying the processes of electronic transitions that
happen within the ultraviolet-visible range, we can obtain
important information about the materials, regarding the
absorption in this spectrum, as well as obtaining information
about the internal structural organization of a film. The UV-
vis spectroscopy measurements were performed in the range
300 to 900 nm. Lower wavelengths were avoided due to glass
opacity for ultraviolet light. The morphology of the films was
studied by Atomic Force Microscopy (AFM) and profilometry,
in order to observe the roughness and thickness of the samples.

Current versus Voltage (I versus V) measurements were
performed on a Keithley Semiconductor Parameter Analyzer
mod. 238, in a range from -10 to 10 V in steps of 0.5 V. To
calculate the electrical conductivity and resistance, Ohm’s
law equations were used, where the cell constant, for the
IDE used, has a value of 5.1 m’', as defined in previous
works of the group, following Olthuis’ method*'*. The
photoconductivity of the films were studied through Current
versus time (I versus t) measurements, with a Keysight B2912A
precision Source Measure Unit (SMU) and a solar simulator
Oriel VERASOL, AM1.5. A constant voltage of 5 V was
applied during the whole experiment and the experiment
was carried in cycles of 10 minutes, alternating between a
dark environment and the light incidence.

3. Results and Discussions

3.1. UV-vis absorption

Figure 3 shows the UV-vis absorbance results obtained
to the drop casting films and solutions of OPCBMMB:P3HT
and OPCBMMB:P30T, where we observe a peak in 333
nm, characteristic to fullerenes, corresponding to excited
singlet transitions®.

Inboth solutions, a peak at 450 nm is observed, corresponding
to the thiophenes®. This peak is red-shifted in the film’s
spectra, which is related to a higher packing and ordering of the
molecules when processed as thin films?. This packing results
in the displacement containing the vibronic peaks and shoulders
observed in the films, at ~512 nm, ~550 nm and ~602 nm?.
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Figure 3. UV-vis spectra of solution and drop casting films of
OPCBMMB:P3HT and OPCBMMB:P30T.

The higher energy peaks (~512 nm and ~550 nm) have
contributions from an intrachain exciton, while the lowest
energy peak (~602 nm) is related to interchain interactions,

associated with the 7—7 transitions from carbon atoms on
the double bonds in the aromatic rings in the polythiophene
structures?’.

Furthermore, we highlight that the peaks observed in
the mixed films are the same observed in pristine samples,
as stated in previous works. The peak obtained at 333 nm
is a characteristic peak obtained from fullerenes, related to
excited singlet states'* and the peaks at 512 nm, 550 nm and
602 nm are also found in pristine P3HT and P30T samples,
as stated in previous works??".

3.2. Morphological characterization

Through the AFM study, shown in Figure 4, it is possible
to obtain data about the film roughness (RMS), as well as
observe the surface structure of the measured samples

In both films, it is possible to observe the presence of a
mostly smooth surface, with RMS measured on 3.56 nm for
OPCBMMB:P3HT and 17.12 nm for OPCBMMB:P30T,
with few, but large aggregates, representing the brighter
areas of the images. These randomly generated aggregates
are a consequence of the drop casting technique employed
at the deposition, which allows a very limited control over
the morphology of the films.

In addition, profilometry measurements allowed us
to estimate the thickness of both samples, obtaining the
values of 115 nm for OPCBMMB:P3HT and 191 nm for
OPCBMMB:P30T. The thickness of the films is measured in
order to ensure that the films completely cover the substrate’s
interdigitated electrodes.

3.3. Electrical characterization in direct current

Figure 5 shows the electrical characterization performed
in direct current on the drop-cast films, aiming to analyze
their electrical properties. It’s possible to observe the linear
dependence of the electrical current versus applied voltage,
indicating the absence of interface barrier between Au/active
layer/Au, due to the electrode work function of ~5.1 — 5.4
eV and the HOMO of the fullerene:thiophene of 5.57 e V4%,
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Figure 4. AFM images obtained from OPCBMMB:P3HT and OPCBMMB:P30OT drop casting samples.
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Figure 5. Current versus Voltage measurements for the drop
casting films.

Applying the data obtained by this experiment in Ohm’s
laws (¥ =RI and R=kp)itis possible to estimate the films’
electrical resistance (R) and electrical conductivity (p). The
cell constant x was obtained in previous works, as stated
previously in the methodology section. The values obtained
to the resistance and conductivity are shown in Table 1.

Pristine OPCBMMB films have a very low electrical
conductivity, as stated in previous works, around 101° S m13%,
This happens due to the PCBM present in the OPCBMMB
structure, which often does not allow the creation of paths
necessary to charge transport*. Examining the values of the
mixtures in Table 1, around 10° Sm™ and 10° S m', for P3HT
and P30T, respectively, a strong increase in the conductivity
were observed. This increase can be explained when we
consider OPCBMMB being an acceptor and combining it
with a donor material, such as the polythiophenes, contributes
to the charge transport process. In addition, due to P3HT
and P30T having a high solubility in chloroform, their
addition in the mixture with pristine OPCBMMB result in
an extension in the conjugation length, which also provides
a greater charge mobility to the film?'.

Furthermore, the difference in conductivity values obtained
in Table 1 can be attributed to the presence of different alkyl
groups in the side chain of the polythiophene, since the size
of the side chain influences the 7 -stacking interactions of the
thiophene rings, potentially altering the structure of the thin

Table 1. Electrical resistance and electrical conductivity of the
drop casting films.

. Conductivity
Resistance (Q) (S m)
OPCBMMB:P3HT 5 -5
2.32x10 2.20x10
OPCBMMB:P30T 1532108 3.34x10 ©

films deposited. These changes in the structure are capable
of influencing the charge transfer mechanisms of the films,
altering its electrical properties, with longer alkyl chains
often resulting in lower conductivity values®.

3.4. Photoconductivity

The drop casting films were also subjected to
photoconductivity measurements, in order to evaluate their
response when exposed to photon excitation. The results
obtained are shown in Figure 6.

The films were subjected to a constant voltage of 5 V
throughout the experiment, initially in the dark and, in regular
intervals of 10 minutes, the samples were exposed to light.
These cycles were repeated in order to verify whether the
responses were reproducible. The voltage of 5 V was chosen
according to the electrical characterization in electrical current,
as seen in Figure 5, at 5 V the curves show a considerable
difference between the current values observed.

During the photoexcitation process, incident light can
generate an electron-hole pair, linked by Coulomb attraction.
The external electrical voltage applied throughout the
experiment provides the energy necessary to dissociate the
electron-hole pair, generating free charges® .

Comparing the photoconductivity curve obtained for the
pristine OPCBMMB film, with the ones from the mixtures
wields interesting results, in which is clear the increase in
the order of magnitude of the photocurrent when the P3ATs
are present.

Furthermore, it is noticeable that, in the pristine
OPCBMMB film, there is a steady decrease in response
to light throughout the experiment. Such behavior is not
present in the films where the oligomer is mixed with the
P3ATs, on the contrary, the mixture drop casting films show
an increase in the photocurrent at each illumination cycle.
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Figure 6. Photoconductivity results of the drop casting films; a) OPCBMMB:P3HT; b) OPCBMMB:P30T: ¢) OPCBMMB.

Such results might indicate an increase in the charge carriers
density, that can be attributed directly to the presence of the
poly-thiophene derivatives in association with the oligomer,
as seen in other cases for fullerene/poly-thiophene blends
in the literature®.

The increase observed in the photocurrent may be
attributed to the presence of poly-thiophenes in both films,
since both P3HT and P30T have a light absorption peak
in the visible region (510 nm). Furthermore, literature has
proven that mixed films of PCBM:P3HT are efficient in
generating an elevated photocurrent”~’. Previous works from
our group also showed that OPCBMMB and PCBM share
various electronical properties, which is caused by the large
portion of PCBM present in the OPCBMMB structure'®!®, In
addition the mixed OPCBMMB:P3AT films also revealed a
much better current recovery at each cycle when compared
to pristine P3AT, as stated previously in previous works*.

It is also possible to observe a difference between the
current measured in DC conductivity and the photo response
on the OPCBMMB:P3OT sample. This happens due to the
low reproducibility between drop casting samples, since
there is no control in the morphology of the films, often
resulting in different samples with slightly different values.

4. Conclusions

This work describes the fabrication of mixed drop
casting films of OPCBMMB:P3HT and OPCBMMB:P30T
in order to perform their characterization and verify their

photoconductivity properties. The UV-vis results showed two
major peaks in the films, at 333 nm, corresponding to the
OPCBMMB and 510 nm, corresponding to the thiophenes.
The DC electrical characterization showed that conductivity
is largely improved when compared to pristine OPCBMMB
samples, with OPCBMMB:P3HT films resulting in higher
conductivity values. The polythiophenes in the samples are
primarily responsible for the measured photocurrent, which
correlates with the UV-vis results showing the thiophenes’
interaction with visible light. Furthermore, an acceptor-donor
pair such as fullerenes and polythiophenes are known for
vastly improving their electronical properties when used
together in devices.
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