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ABSTRACT

The difference in aggregation size of the Cgo and Cy, fullerenes affect the photovoltaic performance of devices
assembled in the so-called bilayer architecture with poly[2,7-(9,9- dioctyl- dibenzosilole)- alt-4,7- bis(thiophen-
2-yDbenzo- 2,1,3- thiadiazole] (PSiF-DBT) as the electron donor material. Despite the better performance of the
Cyo devices, which is related to the high absorption coefficient in the visible range and the superior charge
transport properties, the short-circuit current variation upon annealing treatment at 100 °C is approximately
twice bigger when the Cgo is the acceptor. We attribute this effect to the tendency of Cgo in form smaller
aggregate domains relatively to the Cyo. The increased roughness on the polymeric surface after annealing results
in an enhanced donor/acceptor contact area and assists the fullerene diffusion deeper inside the polymeric layer.
This effect leads to a better mixing between donor and acceptor species and create a interpenetrating layer close
to the so-called bulk heterojunction. Since Cgo forms smaller aggregates, this mechanism is more pronounced for
this molecule. Therefore, a significant variation in the performance of the Cg( devices is observed after this kind
of treatment. Density Functional Theory calculations of the potential energy of interaction between two fullerene
molecules and X-Ray measurements gives evidences to support this idea. In addition, combining spectrally re-
solved external quantum efficiency measurements with optical modeling our results also indicate the occurrence
of the bilayer interfacial mixing for PSiF-DBT/Cgo.

1. Introduction

transfer from a photoexcited polymer to the fullerene by Sariciftci et al.
[15] these materials have been widely used as electron acceptor in

Organic photovoltaics (OPVs) are very promising compared to in-
organic based devices due to several advantages such as light weight,
flexibility and fast processing [1] as well as the possibility of printing
large areas using, for instance the roll-to-roll technique [2-4] . Usually,
a p-type semiconductor is blended with a n-type material that acts as
the electron acceptor, such as the functionalized fullerenes in the bulk
heterojunction (BHJ) devices configuration [5] . However, to gain in-
sights on the key processes that underlie the energy conversion, one
interesting approach is to process these materials in separated layers
configuring the bilayer geometry [6-11] . Furthermore, fullerenes (Cgo
and Cyo) [12] are significantly cheaper than its functionalized analo-
gues.

Fullerenes (Cgp and C;o) were discovered in 1985 by Kroto et al.
[13], Hare et al. [14] and since the discovery of the ultrafast electron
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organic solar cells [16-18] . Cgo is composed of twelve pentagons and
20 hexagons of carbon arrange and in a spherical shape with diameter
around 1 nm; its symmetry is the icosahedral point group I;. C;o has
additional hexagonal rings along an equatorial line, and thus is more
elongated belonging to the Ds;, symmetry [19] .

Kazaoui et al. [20] studied the charge transfer (CT) states based on
the absorbance and photocurrent spectra of Cgo and C;o materials. Al-
though the 0-0 electronic transitions are observed at very similar en-
ergies, (Frenkel excitons, exciton at the same molecule, 1.85 and
1.82 eV, respectively) the CT exciton (separated electron and hole over
neighboring molecules) are observed at lower energies in C,o (CT; at
2.35 and 1.85 eV for Cgp and Cyo, respectively). The reported photo-
current spectra show that the photo-carrier generation is more efficient
in C;o when compared to Cgy, which may contribute to improve the
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overall power conversion efficiency of organic solar cells. In addition,
C,q also presents a broader absorption spectrum which can improve the
power conversion efficiency (PCE) of organic solar cells, especially if
combined with a low-band-gap copolymer (see Ref [21]. and references
therein).

Si-bridging copolymers were tested as active layer as it has distinct
properties when compared to their carbon-bridging analogues [22-25] .
Several authors have studied the effect of the silole group on molecular
orbital shapes, energies or the interaction between the polymeric chains
[24] . Specifically, the poly[2,7-(9,9-dioctyl-dibenzosilole)-alt-4,7-bis
(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PSiF-DBT) has been used as
active layer in hybrid [26,27], inverted [28] or BHJ solar cells
[22,24,29] . The PSiF-DBT copolymer features by its good thermal
stability [30] and high degree of charge delocalization, leading to a
high field-effect mobility around 1 X 102 em?/(V.s) which decreases
the series resistance (R;) in photovoltaic devices [22] .

Nevertheless, the power conversion efficiency of polymeric photo-
voltaic devices also depends on the polymer's band-gap and on the
energy levels alignment between donor (polymer) and acceptor (full-
erene). Using this perspective, Zhou et al. proposed that an ideal co-
polymer for photovoltaic applications must have a highest occupied
molecular orbital (HOMO) level at around 5.4 eV and a lowest un-
occupied molecular orbital (LUMO) level at around 3.9 eV [21,31] . The
PSiF-DBT fits quite well those requirements since it has a HOMO energy
level at 5.40 eV and a LUMO energy level at 3.60 eV [22,30] . As a
consequence, the PSiF-DBT has a broad absorption spectrum that covers
the most intense part of the solar emission spectrum.

In this work, we report how differently aggregation properties of Cgg
and Cy fullerenes affect the photovoltaic performance of devices as-
sembled in the so-called bilayer architecture as depicted in Fig. 1. The
devices were prepared with PSiF-DBT as the electron donor material
and a comparative study of devices comprising Ceo or Cy as the elec-
tron accepting layer was performed from both experimental and theo-
retical perspectives. Despite the better performance of the C;q devices,
the variation of short circuit current (Jsc) after the annealing treatment
at 100 °C is approximately twice greater when the Cq is the acceptor.
We attribute this effect to the fact that the Cgo forms smaller aggregate
domains relative to the C;o. Density Functional Theory (DFT) calcula-
tions of the potential energy of interaction between two fullerene mo-
lecules and X-Ray measurements gives evidences to support this idea.
The differences in the size of the aggregate domains interfere in the
diffusion of the acceptor into the polymeric layer upon annealing. As a
consequence, the devices containing Ceo have a higher degree of mixing
at the polymer/fullerene interface in comparison to devices with Cyq
(that tends to preserve their bilayer-like character even after the
thermal treatment). This result is verified by combining spectrally
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resolved external quantum efficiency measurements (EQE) with optical
modeling as an indicator of bilayer interfacial mixing [32].

2. Experimental, optical modeling and computational procedures
2.1. Experimental methods

Photovoltaic devices were fabricated using a commercial indium tin
oxide (ITO) coated onto glass substrates (Delta Technologies, with sheet
resistance 5-15 Q), which were previously cleaned in ultra-sonic bath
with acetone and isopropanol. To improve the wettability an additional
treatment was done in ultra-sonic bath with methanol. A poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS - pur-
chased from Sigma-Aldrich, 1.3 wt% dispersion in H,O, conductive
grade) layer were spin-coated and annealed at 100 °C for 40 min in
vacuum. The active layer was spin coated from a PSiF-DBT, purchased
from Lumtec Technology Corp with number average molecular weight
(Mn) > 10 000 g mol~'. The polymer layer was deposited by spin-
coating from solution prepared in o-dichloro-benzene [33], and after
the film deposition, annealed at 100 °C or 200 °C for 20 min in vacuum.
After the polymeric layer be annealed, the acceptor layer was thermally
evaporated forming a film with 30 nm of thickness. As mentioned be-
fore, two different fullerenes as electron acceptor layer were con-
sidered, Cgo and Cyo, both purchased from Sigma-Aldrich. Finally, a
70 nm thickness of aluminum were evaporated using a shadow mask to
form the metallic electrode. Both evaporations were done under a va-
cuum pressure of 5 x 10~ * Pa. After the complete assembled, the
devices were post-annealed at 70 °C for 5 min in vacuum to ensure a
deep polymer:fullerene contact. Current-voltage characteristics were
acquired with a solar simulator (lamp) with AM 1.5 G filters. The
polymer absorption spectrum was collected directly from the film de-
posited on quartz substrate in a Shimadzu UV-2450 spectrophotometer,
using quartz/air as the reference, in the range of 190-800 nm and the
fullerenes spectra were obtained from the film deposited onto glass
substrate using glass/air as the reference. X-ray diffraction was per-
formed on a PANalytical X'Pert PRO MPD instrument using Cu Ka ra-
diation. Debye-Scherrer geometry in a grazing incidence mode was
exploited by fixing the incident wave at an angle of 2.5° with respect to
the sample surface. Diffraction patterns were collected between
20 = 7-24° on samples annealed at 70° for 15 min. Atomic Force Mi-
croscopy (AFM) images were obtained from a Shimadzu SPM-9700.
AFM intermittent mode (dynamic mode) measurements were carried
out in air using a standard silicon doped cantilevers (metallic reflex
coating, nominal spring constants k ~ 21-78 N/m and resonant fre-
quency wo ~ 250-390 kHz).

PSiF-DBT

Fig. 1. — Schematic representation of the bilayer device fabricated with PSiF-DBT as electron donor and the electron acceptor materials Cgo and Cyo.
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Fig. 2. — Optical parameters of (a) PSiF-DBT and (b) Cyo.

2.2. Optical modeling and computational methods

We carried out numerical simulation to calculate absorption of
multilayer structures following the transfer matrix method [34-36]
which assumes a perfect bilayer with a sharp interface and depends on
the optical constants of the materials. The Cso and PEDOT-PSS optical
constants were taken from [34,37] whereas the optical constants for the
ITO and Al layers were obtained from Ref [38]. The optical constants of
the PSiF-DBT and C;, layers were determined by variable angle spec-
troscopic using a Horiba UVISEL 2 Spectroscopic Phase Modulated El-
lipsometer (Fig. 2). Following the transfer matrix method, we obtain the
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contribution of each layer in the absorption of the device. Using the
one-dimensional exciton diffusion equation, we also obtained the the-
oretical External Quantum Efficiency (EQE) considering that the pho-
tocurrent is formed by the excitons that dissociate near the PSiF-DBT/
fullerene and fullerene/Al interfaces. The theoretical EQE curve is fitted
to the experimental result by varying the diffusion length of the ex-
citons (L) in the polymer and fullerene layers. This fitting is used to
evaluate the degree of polymer/fullerene intermixing at the interface of
the bilayer device [32] .

In relation to the quantum chemical calculations, the fullerene
molecules and the model clusters were simulated as follows: first the
structure of the isolated fullerenes was fully optimized using Hartree-
Fock (HF) method and the 3-21G** basis set. After this previous geo-
metry optimization the cluster were built, containing 4 and 8 fullerene
molecules, and submitted to a molecular dynamics (MD) simulation
using Andersen thermostat [39] and van der Waals dispersion correc-
tion[40], as implemented in density functional-based tight binding code
[41] . Electronic transitions were obtained using the Zerner's Inter-
mediate Neglect of Differential Overlap (ZINDO) semi-empirical
method as implemented in the ORCA package [42] . The same proce-
dures were used to calculate the electronic transition for a model
structure (containing 5 repeated units) of the PSiF-DBT copolymer.

Noncovalent interactions between two fullerene molecules were
analyzed using density functional theory (DFT) with the dispersion
corrected wB97XD [43] functional and 6-31G* basis set [44,45] as
implemented in the Gaussian 09 package [46] . The distance between
the molecules (with the frozen geometry derived from HF/3-21G**
optimization step described above) was varied to calculate the inter-
action energy profile as a function of the separation distance between
the fullerenes. Those calculations were performed assuming different
relative orientations of the two fullerene molecules in the complex.

3. Results and discussion

In this section we briefly revise relevant characteristics of the PSiF-
DBT and Ceo(70y layers. As well as show and discuss some results that
further stress the key differences between the Cgy and C,, fullerene
films. Those discussions (together with optical modeling assuming ideal
bilayer devices) will base our understanding of the main phenomena
that affects the photovoltaic characteristics of the PSiF-DBT/Ceoc70)
devices.

3.1. The PSiF-DBT layer

In a previous work, we reported the main electronic transitions that
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Fig. 3. — UV-Vis spectra for PSiF-DBT thin film as cast (black line) and annealed at 100 °C (blue line). Dashed line shows the simulated absorption spectrum of a
model oligomer of PSiF-DBT containing 5 units. This result was obtained using the ZINDO approximation as implemented in ORCA package. In the left we show the
principal molecular orbital contributing to S1 and S2 absorption bands. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)



L. Benatto, et al.

contribute for the absorption spectrum of the PSiF-DBT which is
showed in Fig. 3 [47] . The absorption band at 390 nm (3.18 eV) band
has a strong m-t* character and mainly corresponds to electronic
transitions involving orbitals which are delocalized along the PSiF-DBT.
On the other hand, the absorption band at 560 nm (2.21 eV) has an
internal charge transfer (ICT) characteristic since this electronic tran-
sition involves unoccupied molecular orbitals centered around the
benzothiadiazole group (internal acceptor group) and occupied mole-
cular orbitals more delocalized over backbone of the polymer (see
Fig. 3). The strong ICT character of this lower-energy absorption band
(that has a higher overlap with the solar spectrum) may contribute to
efficient exciton dissociation since this kind of transition produces a
longer intrachain separation between the photoexcited electron-hole
pair [7,48-50] . Those properties thus indicate that the PSiF-DBT is
indeed a very promising material for photovoltaic applications.

Another key-point to understand the photovoltaic properties of our
devices is that the PSiF-DBT is able to form very packed thin films even
without any thermal annealing treatment. Using the Positron
Annihilation Spectroscopy (PAS) technique, [51] we showed recently
that the material packing does not change even when the PSIF-DBT
films are submitted to annealing at temperatures up to 200 °C. As a
consequence, the thermal annealing is able to induce only a modest rise
of the effective hole mobility in the PSIF-DBT film. This behavior was in
contrast to what is observed in a similar donor-acceptor copolymer in
which the hole mobility increases by several orders of magnitude after
the thermal treatment [8] . However, an improvement in Jgc of pho-
tovoltaic devices (and consequently in PCE) was achieved when the
PSiF-DBT layer was submitted to the annealing process prior to the
acceptor deposition. This effect was attributed to the roughness in-
crease of the polymeric surface which (i) provides an enhanced donor/
acceptor contact area and (ii) assists the fullerene diffusion creating an
mixed layer close to the so called bulk heterojunction [51] . The surface
roughness enhancement after annealing will be revisited here to discuss
the effects originated from different diffusivities of the Cg¢ and C,q into
the polymeric layer.

3.2. The Cgp and Cy, layers

As a result of the distinct symmetries, the electronic, vibrational and
dynamic properties of the two fullerenes are quite different. For in-
stance, Cgo has a low absorption coefficient in the visible range of light
exhibiting a weak contribution to the generated photocurrent in pho-
tovoltaic devices. On the other hand, C;, has a stronger absorption in
this spectral range, leading to a higher exciton generation and conse-
quently an increase of photocurrent. This effect happens despite both
fullerenes have approximately the same optical bandgap (around
1.76 eV). The explanation resides in the lower symmetry of the C,, that
lifts the degeneracy of many electronic transitions in the absorption
spectrum of the Cgo [52] . Moreover, electronic transitions with low
energy derived from the HOMO—-LUMO excitations are symmetry
forbidden in the Cg( because they involve states with the same parity
(hy for HOMO orbital and t;,, for LUMO orbital) [52] . In contrast, the
symmetries of the two HOMOs and the two LUMOs of the C,q give rise
to dipole allowed low energy excited states. Hence this molecule has a
higher number of dipole-allowed transitions in the visible range when
compared to the Cgo. Those features are clear in Fig. 4 where we
compared the measured absorption spectra of both fullerenes films to
the calculated vertical electronic transitions of isolated molecules. As
we show in Fig. 4, there are many electronic vertical transitions in the
Cyo molecule that are not observed in the Cgy molecule. One can also
see that the transitions calculated for the isolated fullerenes do not
correspond to many structures of the measured spectra for wavelengths
longer than 400 nm in Cgy and 600 nm in Cy,. Those structures are
derived from intermolecular interactions on the electronic transitions of
the isolated molecule.

The molecule shape significantly interferes on the electronic
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structure of the fullerenes. The additional belt of planar hexagonal rings
around the C, equator increases the si-character of this molecule when
compared to the spherical Cgo. This effect may increase the electronic
coupling among aggregates of C;o molecules. The optical properties of
the Cgp and C;q films measured by Kazaoui et al. [20] using several
spectroscopic measurements are in agreement with this hypothesis.
They showed that the 0-0 electronic transitions corresponding to
Frenkel excitons (intramolecular electronic transitions) are observed at
energies with approximated values in both fullerenes. Yet the CT ex-
citons are observed at lower energies in C,, compared to the Cgo. The
lower excitation energy necessary to create a CT exciton in C,q indicates
that the intermolecular electronic couplings are higher in this kind of
fullerene. This property favors electronic transport which results in
lower R; in photovoltaic devices using Co.

An indication of this effect is found in Fig. 5 that shows the ab-
sorption spectrum of Cgo and Cy films for wavelengths above 400 nm.
In this figure, it is also included the vertical electronic transitions of
model clusters of Cgo and C;o molecules calculated using the semi-
empirical ZINDO approximation. The structures of those aggregates are
shown in the up-right corner of the respective figure. The electronic
transitions calculated for a cluster composed by four Cgo molecules is
enough to reproduce the main features of the Cgq film spectra at longer
wavelengths. Nevertheless, it is necessary a cluster of at least eight
molecules to reproduce the absorption features of the Cyq film in the
same range of wavelengths. The bestnumber of coupled molecules to
reproduce the experimental result were found performing a systematic
study where we compared the theoretical transitions for a growing
number of Cgo and C,, aggregates with the respective experimental
absorption spectrum. For simplicity we did not showthose results here.
We point out that thiscomparison was not made to estimate the cluster
size of the molecules, but rather to verify the number of electronic
coupled C;o and Cgy molecules in each aggregate, as mentioned in the
discussion of the previous paragraph.

In order to verify if indeed the intermolecular interactions are
stronger for the C,o molecules, we computed the potential energy curve
(PEC) between two Ceoc70y molecules at the DFT/WB97XD/6-31 g*
level of theory. The distance (d) between two fullerenes was varied in
0.1 A steps to construct the interaction profile assuming three different
relative orientations of the fullerene molecules. Those orientations are
illustrated in Fig. 6a. For the C;, complex they are built so that (i) one
hexagonal ring at the equator of the first molecule is facing one hex-
agonal ring at the equator of other molecule (HE—HE complex); (ii) one
hexagonal ring at the equator of the first molecule faces a pentagonal
ring at the pole of the other molecule (HE—PP complex) or (iii) when
the pentagonal ring at the pole of the first molecule is facing the pen-
tagonal ring at the pole of the other fullerene (PP—PP complex). By the
same token, we calculated the PEC for the C¢o dimers when the (i) one
hexagonal ring of the first fullerene faces the equivalent ring of the
other fullerene (H—H complex); (ii) one hexagonal ring of the first
molecule faces one pentagonal ring of the second fullerene (H—P
complex) or (iii) one pentagonal ring of the first C4o faces the equiva-
lent ring of other fullerene (P—P complex).

The depths of the potential wells in Fig. 6b are around 0.35 eV
which is general agreement with symmetry-adapted perturbation
theory calculation performed for Cgy molecules [53] . Yet potential
depths between two C;o molecules tend to be higher compared to the
Ceo complex with the equivalent orientation. For instance, the C;o—Cq
interaction in the HE-HE orientation is approximately 0.05 eV more
stable than the Cgo—Cgo interaction in the H—H orientation. Once the
Cyo fullerene has five more hexagonal sp? rings at the equator than does
the Cgp molecule, the surface of C;q is more graphitic like than that of
Ceo- As expected, this property increases the m-;t interaction between
the Cyq fullerenes in the HE—HE orientation.

The variations in the equilibrium distance (the position of the PEC's
minimum) between the fullerene molecules are mainly determined by
differences in the exponential increase of the PEC at small distances.
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This part of the PEC is related to the exchange-repulsion energy when
there is a significant overlap of occupied orbitals between the two
molecules [53] . The increase of the PEC happens then at smaller dis-
tances when the electron-deficient pentagonal rings of each molecule
are interacting more directly (P—P orientation). This effect also explains
why the exponential rise of the PEC for the Cgy happens at longer dis-
tances than that of C,¢: the degeneracy of the occupied frontier orbitals
due to the higher symmetry of the Cg( fullerene enhances the exchange
repulsion. Hence (with the exception of the C¢g P—P complex) this re-
pulsive part of the PEC tends to rise at smaller distances for the com-
plexes with C;o which indicates not only a tighter packing but also a
closer packing for C,, the aggregates.

These results are further supported by X-ray diffraction measure-
ments of the fullerene films. Rietveld refinement was performed for the
[111] reflection [54]; this particular peak was selected because it ap-
pears at a low value of 20 and should thus be the most unaffected by
any broadening induced by the geometry of the measurement (see
Fig. 7a)). The experimental resolution was modeled with an angular
dependence of the peak width according to Caglioti's formula. We ex-
tracted the crystallite size according to Scherrer's formula simplified for
cubic symmetry: A(20) = A/Lecos(0), where A(20) is the crystallinity-
related broadening, A the wavelength and L the size of the average
crystalline region [54] . The peak profile presents a low-26 shoulder,
which is commonly observed in fullerenes and is due to stacking faults

that are not indexed by the Fm-3 m symmetry [55] . We considered thus
the high-26 region of the peaks only and the results of the refinements
indicate crystallite sizes of 16.9 and 18.7 nm for Cg and C;o, respec-
tively. AFM topography images, Figs. 6b and 6c, indicate that indeed
Cyo tends to form bigger crystalline domains than the domains of Cgg
molecules.

3.3. PSiF-DBT/Ceo(70y organic photovoltaic devices

We will now analyze the photovoltaic response of the devices using
PSiF-DBT as donor and Cgg or Cy( as acceptor. Fig. 8a shows the J X V
characteristics under illumination of 100 mW/cm? for PSiF-DBT/Cgo
and PSiF-DBT/C,, devices whereas the polymeric layer was annealed at
100 °C. The photovoltaic parameters of these devices are summarized in
Table 1. It is clear that the devices based on C,, have better perfor-
mance when compared to the respective devices based on Cg. There is
an increase in Jsc when Cyq is the electron acceptor which agrees with
previous works that compared the performances of these fullerenes in
small-molecules based solar cells [56-58] . The improved performances
of the devices containing Cyq are attributed to the higher absorption
coefficient of this fullerene in the visible range. For instance, an ele-
mentary optical analysis using the transfer matrix method [34] and
assuming a sharp transition between the polymer and the fullerene
layers agrees with this hypothesis as shown in Fig. 9. It also indicates
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that the C;¢ device would absorb a higher fraction of light in the wa-
velengths between 525 and 650 nm than the respective Cgo device with
the same thicknesses of the multilayered structure. It follows then that
the device with C,, reflects a lower fraction of the incident radiation
which improves the photons harvesting in the visible range. The key
role played by the C,, optical properties is also supported by the

External Quantum Efficiency (EQE) of the PSiF-DBT/Cg and PSiF-DBT/
C;o devices (see Fig. 8). One can see that around 550-600 nm the
photocurrent generation is mainly dominated by the absorption prop-
erties of the copolymer in both kind of devices. Nevertheless, the device
with C,o has a broad activity in visible range of the spectrum with
additional contributions to the EQE in the interval between 600 and
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Fig. 7. — (a) X-ray diffraction measurements of the fullerene films (Rietveld refinement was performed for the [111] reflection). AFM topography images of b) Cg and

c) Cyo.

700 nm. This result is in trend with the absorption profiles of both PSiF-
DBT and Cq (see Fig. 8b dashed line and inset). C,, presents a higher
absorption than the Cgp in the range that corresponds to the wave-
lengths between the main absorption bands of PSiF-DBT. As con-
sequence, the EQE of the C,, based device exhibits a flatter plateau in
the vicinities of the 50% efficiency for a wider range of light fre-
quencies.

Furthermore, the comparison between the ZINDO simulations and
the experimental spectra of the Cyq film showed in Fig. 5 indicates that
a significant contribution to light absorption above 525 nm comes from
the excitonic splitting of the single molecule transitions induced by
molecular aggregation. Hence the capacity of the C,, to form larger
molecular aggregates is a characteristic that improves its photovoltaic
properties by producing broad photon absorption along the visible
range of the solar spectrum.

The annealed devices based on Cgo as acceptor have a Jsc of
10.64 mA/cm?, open circuit voltage (Voc) of 0.79 V and fill factor (FF)
of 47% resulting in a PCE of 3.99%. The annealed devices based on C,¢
have a Jgc of 16.85 mA/cm? and Vo of 0.72 V with FF of 47% resulting
in a PCE of 5.75%. The improvement of solar cell performance after the
thermal treatment at 100 °C is more pronounced for the device using
the lighter fullerene (see Table I). The reasons behind this effect are not
clear. For instance, Jsc increases by 92% for the device with Cgo upon
annealing. On the other hand, the increase of Jsc is considerably lower
for the device with C;o (62%). The rise of Jsc upon annealing can be
attributed to the increase in the PSiF-DBT film's roughness [51] . The
easier diffusion of the acceptor into the polymeric film increases then
the donor/acceptor (D/A) contact area for exciton dissociation. Since
the Cgo aggregates are smaller than C,, aggregates, Cgo has a greater
capacity to penetrate into (the thermally treated) polymeric film during
the evaporation process. The increase of the Jsc induced by the thermal
treatment is then higher for the PSiF-DBT/Cg, solar cells.

The EQE measurements in combination with optical modeling give
support to this interpretation. As proposed in Ref. [32], this method can
be used as an indicator of the bilayer interfacial mixing. In Fig. 10, we
show that theoretical EQE calculated using the optical field distribution
for a sharp polymer/fullerene interface and the one-dimensional ex-
citon diffusion is not able to successfully reproduce the profile of the

experimental EQE measured in PSiF-DBT/Cgq device treated at 100 °C
(even if one assumes an unrealistic value for exciton diffusion length
around the same order of the thickness of the fullerene layer,
Lceo = 34 nm). The thermal treatment assists the Cgq diffusion into the
polymeric layer so those device does not behave as a bilayer one. On the
other hand, using exciton diffusion lengths in agreement with values in
the literature (L¢;o = 17 nm) [59], theoretical EQE follows closely the
experimental EQE of PSiF-DBT/C,, devices. This result indicates that
the Cyo devices preserve their bilayer-like morphology due to the
smaller depth of C;, penetration induced by the thermal annealing. This
is consistent with the hypothesis that the C;, aggregates are bigger than
the Cqo aggregates which considerably reduces their diffusion in the
polymeric layer during the deposition process.

In Table 1 one can also see that there is a small increase of V¢ in
Ceo devices in contrast to a loss of V¢ in the C,o-based devices after the
thermal treatment. Those results confirm that the thermal treatment is
more effective to improve the photovoltaic performance of the devices
based on Cgp. As a result, the PCE of the Cg solar cells almost double
whereas the PCE of the C,, devices increases only by a 1.69 factor with
the annealing process. This result gives further support to the idea that
the lower sizes of the Cq aggregates produce a deeper penetration of
these molecules inside the annealed polymeric film. Yet the solar cells
using the Gy, still have a higher PCE (as for the as cast devices) mainly
due to its improved optical absorption in the long wavelength range of
the solar spectrum.

The gain of performance observed in the C, is not produced only by
the superior optical properties of this fullerene. Improved transport
properties of the Cy( film play an important role as well.

It is known that the charge transport in organic solar cells is un-
balanced due to the higher magnitude of the hole mobility compared to
the magnitude of the electron mobility in the fullerene layer. This un-
balanced charge transport tends to increase the R of the devices. It can
be seen in Table 1 that the C;( devices always have a lower R, than does
the Cqp devices. Since the acceptor layer evaporated in both kind of
solar cells have approximately the same thickness, this indicates that
the charge transport is probably more balanced when the Cq is used as
acceptor. A closer look to the PEC's of Fig. 6b helps to explain this
effect. In this Figure it is clear that the equilibrium distances between
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fullerene dimers tend to be slightly smaller for C;o molecules. As a
consequence, the better overlap of the molecular orbitals favors the
electronic transport in C,o which partially compensates the higher hole
mobility along the polymeric layer. The improvement of the electronic
overlap is also one possible reason behind the strong reduction of the Ry
for C,o devices submitted to thermal annealing. In those samples, Rg
drops by 1/3 which compensates the simultaneous reduction of the
shunt resistance (Ry,) (that drops by 1/2). This result is in agreement
with measurements that found higher electrical conductivity values for
the C;q film compared to Ce( film both in dark and under illumination
[58] . As a result of the improved charge carrier transport, the fill factor
of the Cy samples submitted to the annealing process is higher than the
FF of as cast devices.

5. Conclusions

We have studied the photovoltaic properties of devices using PSiF-

Thin Solid Films 697 (2020) 137827

DBT as donor layer and Cgo or Cyo as acceptor layer. The C;o based
devices showed a superior photovoltaic performance compared to the
Ceo devices with and without thermal annealing treatment of the
polymeric layer. We highlight two crucial points to explain those re-
sults: (i) C,q is able to absorb a bigger portion of the incoming photons
from the solar spectrum. (ii) The improved s-nt character of the C,o
increases the inter-chain coupling between molecules that enhancing
the charge carrier transport along the acceptor layer which results in
lower R; of the devices. Despite the better performance of the C,o based
devices, after the annealing treatment at 100 °C, the increase of Jsc is
approximately twice greater when the Cg is the acceptor. This happens
because morphological changes of the PSiF-DBT film surface after an-
nealing might facilitate the penetration of Cso aggregates inside the
polymer layer leading to a better mix between donor and acceptor
species. Therefore, from the comparison of photovoltaic devices using
Ceo or Cyo as acceptor, it is clear that the use of an acceptor with a
complementary absorption profile to the polymer's absorption spectrum
can significantly improve the spectral response of photovoltaic devices.
This match of optical properties of the donor and the acceptor species
together with a better control of the size of the fullerene aggregates
relative to the roughness of the polymeric layer may be a promising
approach to further enhance the efficiency of fullerene-based solar
cells.
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Table 1
— Photovoltaic parameters measured in the C70 and C60 devices as cast and after annealing at 100 °C.
Device Vo(V) Jse(mA/cm?) Ry(Q.cm?) Rn(Q cm?) FF(%) PCE(%)
PSiF-DBT/Cgo As cast 0.77 5.55 30.25 446.77 47 2.00
100 °C 0.79 10.64 15.23 241.23 47 3.99
PSiF-DBT/Cyq As cast 0.76 10.37 21.82 203.97 43 3.40
100 °C 0.72 16.85 6.87 116.82 47 5.75
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Ceo/Al and (b) ITO/PEDOT:PSS/PSiF-DBT/C,/Al devices annealed at 100 °C.
The calculated EQE was obtained using the transfer matrix method and the one-
dimensional exciton diffusion equation. We assume that the excitons are
quenched at PSiF-DBT/Cgo(70y interface and at the Cgo70)/Al interface. The
continuous curves were calculated using the exciton diffusion length (L) at the
polymer and fullerene layers as adjustment parameters. The best theoretical fit
of the experimental EQE were obtained for (a) with L, = 18 nm and
Leeo = 34 nm and for (b) with L, = 11 nm and L¢yo = 17 nm.
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