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Small molecule BHJ solar cells based on DPP(TBFu),
and diphenylmethanofullerenes (DPM): Linking
morphology, transport, recombination and
crystallinity

Daniel Fernandez,” Aurélien Viterisi,” James William Ryan,” Francesc Gispert-
Guirado,” Sara Vidal,® Salvatore Filipone,” Nazario Martin,** and Emilio
Palomares**

The effect of alkyl chains in substituted diphenylmethano[70]fullerenes (C70-DPM) on the
device characteristics of DPP(TBFu), small molecule-based bulk heterojunction (BHJ)
organic solar cell devices are investigated. By measuring charge carrier mobilities as well as
the morphology and crystallinity of each device we have been able to explain and
understand the differences found between solar cells made with the different C70-DPM
fullerenes despite the general lack of simple relationships between molecular structure,
orbital level positioning and power conversion efficiency. Our study then concludes with
some general rules for the future design of acceptors for DPP(TBFu), containing photoactive

layers in the search for efficient organic solar cells.

Introduction

The field of solution processed bulk-heterojunction (BHJ) solar
cells has been widely dominated by polymer or small molecule
donors and fullerene-based acceptors.! Of these fullerene
acceptors, the phenyl-butyric acid methyl ester substituted
series (PCsBM and PC;,BM) have been by far the most
commonly used. However, the ease of functionalization of the
fullerene core has driven the search for new alternatives as the
fullerene properties can be easily tuned by varying the
functional groups while retaining the core’s electronic
properties. Particularly, it is well known that solubility,
processability and HOMO-LUMO level positioning can be
tuned by adequate chemical functionalization. Numerous
alternatives have been published to date,” but surprisingly only
few structures have given better power conversion efficiencies
(PCEs) than devices made with their methyl esters
counterparts.”™® These new acceptors have shown to have a
strong effect on the crystallization process of the donor polymer
domains, in polymer-based OSC devices, and can in some cases
significantly impair device function.*

A diphenylmethano[60]fullerene (Cg-DPM) derivative bearing
two lateral Cy, aliphatic chains has previously been studied by
others’ and us in polymer-based devices.”* Although the
experimental HOMO-LUMO levels of this new fullerene

This journal is © The Royal Society of Chemistry 2013

derivative where essentially similar to those of PC4BM, it was
shown to induce some distinct changes in the device
performance. These properties were explained by the fact that
Ceo-DPM12 affects the crystallinity of the P3HT donor
domains. ** °* Similarly to polymer-based solar cells, the
properties of SM-BHJ OSC have shown to be dependent on the
crystallinity of the donor domains, and probably to a much
greater extent. It has been demonstrated that in such type of
devices crystalline growth of donor domains is either promoted
or impeded depending on the type of fullerene derivative used
in the active layer blend.® The crystallite’s growth seems to be
related to the ratio of aliphatic over the aromatic carbons of the
fullerene derivative, so that an optimum size of alkyl chain is
required to promote donor’s crystallite growth.*

Based on our previous work on the use of solvent annealing to
control the thin film nanomorphology ®® we describe herein the
preparation of solar cells devices based on a small molecule
DPP(TBFu), donor and a series of C70-DPM fullerene
derivatives bearing alkyl chains of a different length, varying
from 4, 6 to 12 carbons (Figure 1) with the aim to learn more
about the relation between nanocrystalline domains in the
photo-active layer and the device performance under working
conditions. The presence of alkyl chains in the fullerene is
expected to promote changes on the thin film nanomorphology
that may also induce changes on (a) device performance and (b)
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We have
carried out a thorough characterization of the devices, in order

charge transfer reactions at the materials interface.

to understand how the effect of fullerene substitution impacts
the crystallinity and how this change in crystallinity is
influencing the electronic
properties of the devices.

transport and recombination

C,DPM12

Lumo 37 -37 -37

HOMO

Figure 1. Molecular structure of the DPP(TBFu), donor and
the C;,-DPM series of fullerene used in the study, with their
experimental HOMO and LUMO levels derived from cyclic
voltametry and UV-Visible/steady-state
measurements.

emission

The effect of the different C,-DPM fullerenes on the
crystallinity of the donor domains has been investigated both
quantitatively and qualitatively using 1D and 2D X-Ray
diffraction on active layers films. Space Charge Limited
Current (SCLC) electron and hole charge carrier mobilities
were measured on devices made from the different C,,-DPM
derivatives. Transient absorption spectroscopy (TAS) on active
layer films and charge carrier recombination measurements
carried out on complete devices wusing the transient
photocurrent/transient  photovoltage technique (CE/TPV)
combined with ideality factor analysis provided insights on
difference in band structure and energetic defects brought about
by the C;-DPM series with respect to the PC;,BM acceptor.

Results and discussion

The crystallinity of donor domains in SM-BHJ devices has
shown to be of capital importance to obtain good devices
characteristics. In a previous study from our group we
demonstrated that crystallite growth was very significantly
enhanced in active layer blends of DPP(TBFu),:PC,,BM
compared to films of pristine DPP(TBFu), SM donor. The
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enhancement of crystallite growth then attributed to the
presence of PC7,BM in the blend motivated us to investigate on
the influence of fullerene functionalization on crystal growth of
donor domains in SM-BHIJ devices. To do so we employed a
well-known structure depicted in Figure 2, where the active
layers consisted of blend of DPP(TBFu), and three different
fullerene derivatives to which solvent annealing (with CH,Cl,)
was applied as a post-deposition treatment. Such treatment has
shown to promote crystal growth in active layers made out of
small molecule:fullerene blends , particularly in devices using
the DPM’s fullerenes.

Prior to study the crystallinity of the different blends devices
were fabricated with each C;o-DPM derivative and PC,;,BM for
reference purposes, and optimised for donor/acceptor (D/A)
ratio, active layer thickness and annealing time. This provided a
broad trend in the J-V characteristics, where both FF and Jg¢ are

seen to decrease relative to the alkyl chain length of the
fullerene (Figure 2).
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Figure 2. J-V characteristics of solar cell devices fabricated
with PC,,BM and the C;)-DPM series acceptors. These curves
represent the average performance of devices made under
optimized conditions.

The Voc is however consistently higher in devices made from
the C,o-DPM fullerenes (Table 1).

Table 1: Device parameters (area 9mm?®) under 100mW/cm?
sun simulated irradiation with active layers made with C70-
DPM fullerene series and PC;,BM. The active layer thickness
was 80nm+10nm.
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Fullerene derivative

Voc Jsc FF PCE (%)
PC7BM 0.858 8.97 48 3.64
Cro-DPM4 0.933 5.10 43 2.06
C7o-DPM6 0.944 5.92 45 2.55
Cro-DPM12 0.954 3.13 40 1.21

The physics underpinning such feature will be explained below.
The decrease in Jgc is corroborated by IPCE measurements
showing a decrease in the overall IPCE value (Figure 3b) over
the all range of the visible region.

This journal is © The Royal Society of Chemistry 2012
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The change in the UV-Vis absorption measured (Figure 3a) in
active layers prepared using conditions of optimised devices
follows a previously described trend where the appearance of
blue shifted absorption bands typical of aggregation features is
observed in all cases.®® ’ The slight variation in the intensity of
the bands is attributed to the slight difference in device
thickness and D/A ratio in the blends.

—— DPP(TBFU),:PC;,BM; Jsc= 8.97; PCE=364%
—— DPP(TBFu),:70-DPM4; Jg.= 5.10; PCE=2.06%
—— DPP(TBFu),:C70-DPMS; Jg.= 5.92; PCE=2.55%
—— DPP(TBFu),:70-DPM; Jgc= 3.13; PCE=1.21%

o0 o0 Waveleer?gth (nm)
Figure 3. a) UV-Visible absorption spectra of CH,Cl, solvent-
annealed (solid line) and non-annealed (dotted line)
DPP(TBFu),:fullerene active layers films. b) IPCE curves of
solar cell devices whose J-V characteristics are shown in
Figure 2.

This aggregation characteristic in the solid state had been
related to a crystallization process and well characterised using
XRD experiments.®® Similarly, we first utilised out-of-plane
grazing incidence XRD (GIXRD) setup with area detector to
obtain qualitative information on the orientation of crystallites
of donor in the active layer. Subsequent measurements with a
point detector in reflection mode allowed for a quantitative
analysis. The area detector images taken from active layers
prepared on glass substrates in the same conditions as
optimised devices, are in agreement with previously reported
results, with the appearance of a diffraction spot upon annealing
in all active layers at 20=6.1° with interplanar spacing of 14.5 A
attributed to crystalline domains of the donor material (Figure
4).6b’ " The texture in the annealed films shows a rather similar

trend as in the reference DPP(TBFu),:PC,,BM where the

This journal is © The Royal Society of Chemistry 2012
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crystallites adopt a rather homogenous orientation. However,
the appearance of additional well resolved Debye rings
superimposed on the main diffraction spot in the case of Cyo-
DPM6 and C,,-DPM12 active layer is strong evidence for the
presence of two different populations of crystallites, one very
well oriented (along the out-of-plane direction) and the other
randomly oriented.
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Figure 4. Area detector image in the out-of-plane direction of
non annealed and solvent annealed films of a) and b)
DPP(TBFu),:PC;,(BM blend (t,= 60 sec.) c) and d)
DPP(TBFu),:C;-DPM4 blend (t,= 60 sec.) e) and f)
DPP(TBFu),:C;-DPM6 blend (t,= 60 sec.) g) and h)
DPP(TBFu),:C;-DPM12 blend (t,= 60 sec.) obtained in
reflexion mode with an incident angle of ©=0.5° at a distance of
30 cm.

The point detector diffractograms (Figure 5) confirm the
crystalline growth triggered by SVA, and, using the diffraction
peak parameters such as the FWHM and integrated area an
approximate relative quantification was possible. However due
to the out-of-plane set up limitation only the fraction of oriented
crystallites could be quantified. Out of that fraction the data
show that the largest crystallites of donor grow when PC,,BM
is part of the blend and the crystallite size decreases upon
increasing the alkyl chain length in the case of C;-DPM
fullerenes. It appears that crystalline growth is very much
limited in the C;-DPM-based devices and crystallite size
remains in the range of those of pristine DPP(TBFu), films®® as
seen by the values of FWHM in Figure 5. The integrated area
of the diffraction peaks accounts for a larger fraction of
crystalline material in the active layers of C,;-DPM4 and
DMPG6 relative to PC;(BM, where the integrated area is greater
for C;o-DPM4 and C,,-DPM6 while the lowest value is seen for
C;-DPM12.
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Figure 5. Point detector diffractograms of annealed and non-
annealed active layers taken in reflexion mode. The peak
parameters are reported in the legend.

The AFM images of un-annealed and annealed devices (Figure
6) corroborate the crystallisation process characterised by X-ray
diffraction, nonetheless some striking differences were seen
between the fullerene blends studied. The active layers of C;qo-
DPM6 and PC,(BM fullerenes display a rather flat morphology
with smooth surface when un-annealed as seen by the RMS
roughness value, while those of C,;;-DPM4 and C,;,-DPM12
display very large ‘aggregate-like’ features giving rise to much
higher roughness values. Interestingly, all layers rearrange to a
very similar morphology upon SVA, with roughness value in
the same range for all active layers, showing the effect of SVA
in providing thermodynamic freedom by locally dissolving
molecules and allowing them to rearrange at the nanoscale.®

14.83 nm

0.00 nm

11.56 nm

0.00 nm

Figure 6. 2D AFM micrographs non annealed (5%5 pm) and
solvent annealed (2x2 pm) films of a) and b)
DPP(TBFu),:PC;(BM blend (t,= 60 sec.) c) and d)
DPP(TBFu),:C;-DPM4 blend (t,= 60 sec.) e) and f)
DPP(TBFu),:C;-DPM6 blend (t,= 60 sec.) g) and h)
DPP(TBFu),:C;,-DPM12 blend (t,= 60 sec.).

The formation of large domains in C;p-DPM4 and C,,-DPM12
films before the annealing process (Figure 6 c¢) and g)) may
stem from the high level of incompatibility between the donor
and these two acceptors. A presumably strong repulsion
interaction in solution between these fullerenes and the donor
molecule could lead to a strong segregation upon the fast drying
conditions of the spin coating processing of the active layer.
Subsequently when the active layers are submitted to SVA,
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thermodynamic freedom is brought to the system for it to
equilibrate in such a manner that the interface energy lowers
leading to a more or less rapid growth of crystalline donor
domains limited by the magnitude of the interactions between
the different materials at their interface. Analogously to
crystalline growth on a macroscopic scale, the surface energy of
the crystallites is believed to increase proportionally to the rate
of crystallite growth and will eventually define the size of the
final crystallites. In the case of the active layers studied herein
the surface energy is believed to be directly related to the
crystallite/amorphous-material® interaction, thus explaining the
difference in crystallinity of the active layers made with the
different fullerene derivatives. Varying the SV annealing time
supposedly allows trapping the morphology in this equilibration
path, affording active layers with different crystallite size and
different crystalline volume as previously demonstrated. It is
likely that the solvent in the SVA step merely acts as a
‘catalyst’ lowering the activation energy of the process, which
would otherwise happen on a much slower time scale. Such
hypothesis is supported by the fact that some of the active
layers made with C,;,-DPM derivatives show a tendency to
‘self-anneal’, whereby a non-annealed film of the active layer
undergoes a colour change consistent with crystalline growth
within a mater of hours. Thus the faint diffraction peaks
observed in non-annealed films in Figure 4 (picture c, e, g) are
simply arising from this ‘self-annealing’ process. Those peaks
are not observed in the point detector diffractogram as this data
could be acquired just a few hours after active layer deposition.
For the case of C;-DPM12-based active layer the diffraction
peak appears in the point detector data of the un-annealed film
as the kinetics of self-annealing at room temperature are much
faster than for the active layers of other fullerenes ( See
Supporting Information).

As previously demonstrated, the crystallinity features explained
above (Figure 4 and Figure 6) are reflected in the device’s
characteristics. Additionally, the difference in crystallinity of
the active layer has a significant impact on the D/A interface
and thus on polaron pair generation and recombination.
Transient absorption spectroscopy provides for a practical
method to approximately quantify the generation yield of
polaron pairs that have escaped the CT coulombic attraction.
By comparing the amplitude of the decay transients of the
different active layers where the laser pulse is held at a constant
distance from the substrate and at constant intensity one can
obtain valuable information of the efficiency of the overall
charge generation process since the magnitude of the polaron
light absorption is proportional to the density of generated
polarons in the blend film.'° Therefore, TAS was measured on
samples of DPP(TBFu),:fullerene blends deposited on glass
substrates and annealed in a vapour of CH,Cl, similarly to
optimised devices. The films were excited with an incident
laser pulse with wavelength of 580 nm and the transients
recorded at a wavelength of 990 nm the absorption maximum
of the DPP(TBFu), polaron absorption band ( see Supporting
Information), determined from the reference sample of
DPP(TBFu),:PC;BM active

layer film. Interestingly the

This journal is © The Royal Society of Chemistry 2012
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decays of all blend film show strong similarities in both,
amplitude of the signal and decay life-time, the slight difference
in signal intensity being attributed to the slight difference in
absorption of the films (see Figure 7). Therefore the data
suggests a similar polaron generation yield.

Figure 7. Photo-induced laser transient absorption decays of
DPP(TBFu),:fullerene films. Laser excitation wavelength was
set at 580 nm and decays were registered at Aprobe = 990nm

It should be noted, however, that the generation yield measured
in blend films from the TAS measurement does not take into
account the presence of electrodes as in complete devices,
which could potentially contribute to the CT (charge transfer)
separation yield. In the present case the structure of the
complete devices being similar and varying only from their
active layers, the effect of the electrodes is expected to have a
similar contribution on the CT separation yield in all the
devices and thus are not expected to induce any change in the
relative overall free polaron pair generation in devices.
Consequently, since a similar density of free polaron pairs are
generated in all devices it could be assumed the differences in
the devices’ characteristics, particularly Jgc, is likely to be
principally left to charge collection properties.

To address this issue, space charge limited current (SCLC) hole
and electron carrier mobilities were measured on all devices.
Hole and electron only devices, were fabricated according to
standard reported procedures, and the SCLC region was
recorded by sweeping the forward bias to large values of
potential (see SI). Hole and electron SCLC could not be fitted
to the conventional Mott-Gurney equation, nonetheless it was
fitted to a field dependent equation.'' Table 2 shows that the
values of the zero field mobilities, from which electron
mobilities for DPM-based acceptor are in good agreement with

values reported for polymer and small molecule blends.” !?

This journal is © The Royal Society of Chemistry 2012
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Table 2: Hole and electron mobility values for devices with
active layers made with C70-DPM fullerene series and
PC,BM.

Fullerene derivative

u hole u electron

PC7BM 1.2x10° 0.8x10°
Cr-DPM4 0.6x 10° 46x10°
Cro-DPM6 1.5 x10° 3.4x10°
Cr-DPM12 2.2x10% 2.8x 107

Electron mobility is seen to be higher for devices made using
C70-DPM6 and PC,,BM while the value decreases significantly
for devices C;-DPM4 and C,,-DPM12. The mobility results
also show an important difference between the C,,-DPM4 and
C;-DPM12 fullerenes as in the case of C;-DPM4 only hole
mobility is slightly reduced while in the case of C;,-DPM12
both hole and electron mobilities are of lower magnitude. The
hole mobility of C;-DPM6 and PC,,BM have a very similar
value, showing that the limiting factor in the case of C;-DPM6
appears to be solely electron mobility. It seems clear from these
results that the drop in performance of devices made with Cy-
DPM fullerene derivatives is partly explained by a difference in
crystalline size and crystalline volume of the donor’s material
domains inducing a change in hole mobility, but also —equally
as important— by a decrease in electron mobility inherent to the
functionalization of the fullerene derivative. Therefore,
although the active layer incorporating C,;-DPM4 and Cy-
DPM6 fullerenes account for a higher volume of donor’s
crystallites respect to DPP(TBFu),:PC,,BM, and that polaron
pair generation is of similar magnitude, Jgc remains below that
of devices incorporating PC;BM in their active layer, in
agreement with the lower electron mobilities measured for C;o-
DPM4 and C;(-DPM6.

Now we turn on to the study of the Vgc, which origin is
generally thought of being proportional to the difference
between the LUMO energy level of the acceptor and the
HOMO level of the donor. However, in the present case the
LUMO level of the fullerene are not shown to vary with
chemical functionalization and the experimental difference in
Voc between the different devices is more likely to be
determined by recombination kinetics.'> In order to identify
how the latter contributes to Voc and to some extent to the
shape of the J-V characteristics, a qualitative recombination
study was carried out using a well-established charge extraction
and transient photovoltage method (see SI for experimental
details)."” ' The CE measurements allow measuring the
average charge density at open circuit in the devices. Figure
8a shows the plot of the charge density (n) vs. open circuit
voltage obtained from CE for the all devices where n was
corrected for the electrode capacitance (see SI). The data shows
to be in good agreement with the charge density being of
similar magnitude in all measurements, reaching about 2 x 10'°
charges/cm® at values close to Voc similarly to what has been
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reported earlier for such type of devices.'*> ¥ In all the devices
the total charge is seen to increase almost linearly with V¢ up
to a certain value where the variation becomes exponential a
feature that has been observed earlier in SM BHJ and SM
bilayer devices linked with the extreme thinness of the active
layer respect to polymer based devices.'** 14& 1415 Nonetheless,
the exponential variation over the higher values of charge
density (greater light bias) is evidence of charges accumulated
in the bulk of the device.

Table 2: Values of recombination parameters derived from
CE/TPV measurements for devices with active layers made
with C;-DPM fullerene series and PC,,BM.

Fullerene

derivative Mo \ B A J

PC70BM 7.5x10" 35 229 74 8.4
C70-DPM4 4.5x10™ 38 217 5.4 6.4
C70-DPM6 4.8x10" 37 209 54 6.4
C70-DPM12 2.6x10™ 42 19.7 47 57

The plots of n vs. Voc were fitted to single exponentials of the
form of Equation 1, analogously to the splitting of the quasi-
Fermi levels in intrinsic semiconductors, where the value of y
(from =3.8V"' for DPP(TBFu),;DPM4 to =~42 V' for
DPP(TBFu),:C;-DPM12, see Table 2) is lower than that
expected for ideal semiconductors, an effect that has been
attributed to the presence of an exponential tail of trap states
extending into the band gap of the active layer.'®

yVoc

n=nye Equation 1

(a)

15

® DPP(TBFu),:PC,;BM
® DPP(TBFu),:DPM4
® DPP(TBFu),.DPM6 .
® DPP(TBFu),:-DPM12 o

niem’) 8
>

o
1

Charge carrier density (
>
|

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Open circuit voltage (V)

—pVoc

Ty =7T0€ Equation

The carriers life time (z4,) versus open circuit voltage (Voc)
plot for all the devices is shown in Figure bb, where the curves
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were fitted to single exponential decays of the form of

Equation 2.

(b)

® DPP(TBFu),:PC,,BM
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Small perturbation life time (s)

R e e L e e L R
0.7 0.8 0.9 1.0 11

Applied bias (V)

o il
> ]

Figure 8. a) Comparison of the charge density (n) as a function
of the open circuit voltage determined from CE measurement.
The curves are fitted to an exponential grow of the form
n=nge”’°% (dotted line) whose parameters are reported in
Table 2.
function of device open circuit voltage. The curves are fitted to
an exponential decay of the form Tan=T e 7" (dotted line)

b) Carriers lifetime measured using TPV as a

whose parameters are reported in Table 2.

The plots in Figure 8a and Figure 8b were combined as shown
in Figure 9a and used to determine the overall order of
recombination [], defined by Equation 3, which can be
approximated to [J = A+1, in our TPV experimental conditions
(4n<<n)."™ The parameter A is obtained experimentally by
fitting the curve of the small perturbation carrier life time 7,
vs. n to a power law of the form of Equation 4.

dn
—= —kn¢ Equation 3
dt
-1 .
Tan = Tanolt Equation 4

Interestingly the recombination order varies significantly from
device to device, with unexpectedly high values (¢ = 8.4) for
the devices displaying lower Voc. Such high values, as opposed
to a value of 2, which is to be expected in a strictly bimolecular
recombination process in the

recombination, have been measured several times in earlier
14h, 16c, l6d, 17

case of Langevin type
and were attributed to recombination
through trap states in the band gap of the active layer
materials.'” Therefore the non-geminate recombination process

reports,

is described as an essentially bimolecular process where the
recombination coefficient is allowed to be charge dependent

This journal is © The Royal Society of Chemistry 2012
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accordingly to the presence of trap states in the band gap.'* 4

14h
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Figure 9. a) Small perturbation carrier life time vs. open circuit
voltage plot for devices made with the C,-DPM series and
reference DPP(TBFu)2:PC,,BM blends. Curves are fitted to
power law decays of the form ta,=74, n”, whose parameters
are reported in Table 2. b) Open circuit voltage vs light
intensity for all devices used in this work.

It is interesting to note that the devices made with DPM4 and
DPMG6 derivatives both show a similar apparent recombination

order of about 6 and that devices made with
DPP(TBFu),:PC;BM blends have a higher recombination
order (8.4). Nevertheless, the recombination life times

measured through CE/TPV correspond to a total charge carrier
recombination and therefore it is difficult to attribute the
experimental reaction order ([]) obtained using this method to a
specific recombination mechanism. Indeed it has been showed,
that, especially in thin active layers as in our case, surface
recombination or doping can have a very significant influence
on the apparent recombination order.'® To gain more insight on
this matter we calculated the ideality factor (n;;) of all devices
by fitting the Voc vs. Light bias plot to a logarithmic function
as depicted in Figure 9b. The values of n,, obtained are in the
range of expected value for thin devices (d<100 nm) where
surface recombination is significant and where a moderate
concentration of deep traps is present.'® Given that the
thickness is similar in all the devices, the lower n;; for the
device made with PC,(BM would then be explained by a higher

This journal is © The Royal Society of Chemistry 2012
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mobility as observed experimentally. In the case of DPM-based
devices the higher n,;, would be consistent with a slightly higher
density of deep trap states, corroborated by the lower apparent
recombination order, and consistent with lower crystallinity of
the active layer. Those deeper traps could be the result of the
presence of a population of disorientated DPP(TBFu),
crystallites in the case of DPM-based devices (vide supra)
creating inhomogeneous crystallites boundaries. The presence
of a larger population of oriented crystallites in DPM4 and
DPM6-based devices respect to the PC;,)BM-based ones does
not compensate for the defects brought by the ill-oriented
fraction since although the total crystalline volume is greater,
the crystallites are smaller in size thus generating more
boundaries than in PC;yBM-based active layer.

The slopes of the n vs applied bias plots combined with the
recombination lifetime follow the trend observed for the Vg of
That is, with broader DOS
(qualitatively estimated through the parameter y in the n vs.

the devices. the devices
applied bias plot) and faster recombination kinetics display the
lowest Vgc as in the PC;(BM or DPM-based devices, whereas
the opposite trend is exemplified by DPP(TBFu)2:DPM12
devices. A similar trend had been observed in polymer-based
OSC devices comprising C;-DPM fullerene derivatives,
whereby the HOMO-LUMO energy levels of the fullerenes
derivatives could not explain the difference in the experimental
Vo, 40 5

Conclusions

The present study has allowed the in-depth understanding of the
very limiting factors of the PCE in small molecule BHJ devices
based on DPP(TBFu),.

By using an extensive set of characterisation techniques we
insights into the
morphological changes induced by different fullerene acceptors
on the active layer of DPP(TBFu),-based BHJ devices. First X-
Ray diffraction and AFM have shone light on the kinetics of the
crystalline growth triggered by SVA in the active layers,

have been able to obtain important

demonstrating that the fullerene acceptors have a strong impact
on the quantity and size of crystallites of donor material
formed. A broad trend could be drawn where the crystalline
features decrease with longer alkyl chain functionalization of
the fullerenes. Subsequently, transient absorption spectroscopy
revealed that those changes in crystallinity have an apparently
insignificant effect on polaron pair generation; however hole
mobility was very significantly affected as measured by SCLC.
Additional data on electron mobility showed that the fullerene
functionalization is critical in providing high electron mobility
and that excessive alkyl chain length functionalising group
leads to extremely low mobilities.

Finally, data on non-geminate recombination kinetics obtained
by CE/TPV  methods qualitative
information on the variation of the band structure and the

provided important

recombination kinetics of the devices incorporating the
different fullerenes. Indeed, although all fullerene derivatives

showed very similar LUMO levels the change in crystallinity
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they cause on the donor domains and their intrinsic solid-state
the
hole/electron averaged DOS distribution and on the non-

band properties, induce a significant change on

geminate recombination order. Such changes explain the
difference in Ve observed experimentally. Additionally,
simple ideality factor comparison between devices allowed
withdrawing information on the band structure difference
brought about by the different fullerenes.

All in all, this study provided important insights for the design
of new fullerene-based acceptors, whereby, to provide
improved devices’ characteristics not only should they display
the highest possible electron mobility, but as importantly, must
interact with the donor in a favourable manner in order to
induce the formation of large and numerous donor crystallites
in the active layer. The nature of such type of weak interaction

is currently being investigated in the laboratory.
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