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to augment that of the D-A blend,[���] to 
aid with transport (as an additional D 
or A) or as a compatibilizer to improve 
morphology.[����] Recently, a few groups 
reported the use of ferroelectric (FE) poly-
mers such as poly(vinylidene di�uoride)�
PVDF and poly(vinylidene di�uoride 
tri�uoroethylene)�P(VDF-TrFE) as addi-
tives to organic solar cells citing the pres-
ence of electric dipoles, which give rise to 
the FE properties, as the main cause of 
the observed enhancement in power con-
version e�ciency (PCE).[��,��] Afterward, 
Braz et�al. published another study on the 
photophysics of a family of poly�uorene-
based polymers, opining that the local 
electric �eld, created by the ferroelectric 
polymer induces a photoluminescence 
quenching, translated into a reduction 
of both photoluminescence intensity and 
lifetime.[��] The idea behind all these was 
that the presence of dipoles would have 
a favorable e�ect on the dissociation of 
excitons formed in the semiconducting 
part of the blend. Since several of these 
studies relied on separately dissolving 
SC and FE polymers to make blends; 

the hurdle of immiscibility of the main FE polymer used�PDVF, 
with other polymers and solvents for most SC polymers has been 
a major setback for this so-called FE-OPV research�in all cases, 
authors either utilized the Langmuir�Blodgett technique or spin-
coating from solvent mixtures to make �lms. In most cases, these 
�lms su�ered from large roughness due to phase segregation 
and the tendency of the FE polymer to crystallize upon thermal 
annealing, which is necessary to obtain the FE phase.[��]

Blends of semiconducting (SC) and ferroelectric (FE) polymers have been 
proposed for applications in resistive memories and organic photovoltaics 
(OPV). For OPV, the rationale is that the local electric �eld associated with the 
dipoles in a blend could aid exciton dissociation, thus improving power con-
version e�ciency. However, FE polymers either require solvents or processing 
steps that are incompatible with those required for SC polymers. To overcome 
this limitation, SC (poly(�-hexylthiophene)) and FE (poly(vinylidene �uoride-
tri�uoroethylene)) components are incorporated into a block copolymer 
and thus a path to a facile fabrication of smooth thin �lms from suitably 
chosen solvents is achieved. In this work, the photophysical properties and 
device performance of organic solar cells containing the aforementioned 
block copolymer consisting of poly(vinylidene �uoride-tri�uoroethylene): 
P(VDF-TrFE), poly(�-hexylthiophene): P�HT and the electron acceptor 
phenyl-C��-butyric acid methyl ester: [��]PCBM are explored. A decrease 
in photovoltaic performance is observed in blends of the copolymer with 
P�HT:[��]PCBM, which is attributed to a less favorable nanomorphology  
upon addition of the copolymer. The role of lithium �uoride (the cathode 
modi�cation layer) is also clari�ed in devices containing the copolymer, and it 
is demonstrated that ferroelectric compensation prevents the ferroelectricity 
of the copolymer from improving photovoltaic performance in SC-FE blends.
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Blends of semiconducting donor polymers (D) and fullerene 
derivatives as acceptors (A) have been studied over the past two 
decades as the highest performing con�guration for organic 
photovoltaics. At the same time, other materials with di�erent 
functionalities have been explored as useful additives to these 
D-A blends such as other polymers or small molecules[���] as in 
ternary blends; or metal (chalcogenide) nanoparticles as in hybrid 
blends in which the absorption of the added material is meant 
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On the converse side, Mehta et� al., Asadi et� al., and Naber 
et�al., published studies where they attempted clarifying the role 
of the FE functionality in such devices. They argued that the 
presence of a large depolarization �eld in the FE which cannot 
be stabilized by a SC with no photogenerated carriers leads to 
FE compensation that cancels out the e�ect of poling.[�����] In a 
later work, Asadi et�al. rather asserted that the function of the 
FE polymer in the reported devices is akin to that of lithium �u-
oride (LiF) in fully optimized solar cells; which has been known 
to modify the e�ective work function of the aluminum cathode. 
Their observation was supported by the use of another �uori-
nated but non-FE polymer, which gave rise to similar improve-
ment in device performance.[��]

Due to these reports showing con�icting results, and the 
di�culty in obtaining smooth, pinhole free �lms from SC-FE 
polymer mixtures for photovoltaic devices, the present study 
was designed with the goal of incorporating an A-B-A type block 
copolymer: P�HT-b-P(VDF-TrFE)-b-P�HT into the active layer of 
a P�HT:[��]PCBM solar cell (b represents a triazole-based linker 
used to couple the SC and FE blocks). By a careful selection of 
solvents and optimization of the deposition recipe, smooth �lms 
of both the block copolymer and the block copolymer blended 
with P�HT:[��]PCBM were obtained by spin coating. Structural 
characterizations con�rm that the block copolymer �lms are 
smooth and pinhole free, which is an important requirement 
for device fabrication. Impedance spectroscopy experiments 
on fabricated parallel plate capacitors of the block copolymer 
yield dielectric constant values of �� and �.� for as-cast and 
annealed samples, respectively�con�rming the suitability of this 
copolymer as a high-�r additive for OPV blends. Furthermore, 
we show that the photophysical properties of the copolymer 
agree qualitatively with previously published work on blends of 
FE and SC polymers[��] exhibiting quenched PL and a decrease 
in PL lifetime relative to the one of pristine P�HT. This is a clear 
indicator that the presence of electric dipoles associated with 
P(VDF-TrFE) a�ects the exciton formation and dissociation in 
such �lms. When the copolymer is incorporated in a conven-
tional solar cell structure, it has a negative impact in terms of 
both PCE and photostability. We attribute this performance 
reduction to the variation of the nanostructure of the bulk het-
erojunction (BHJ) upon addition of the FE block copolymer.

Figure�� shows the chemical structure of the materials used 
in this study. In the copolymer: P�HT-b-P(VDF-TrFE)-b-P�HT, 
we have marked the ferroelectric component in red and the 
semiconducting one in blue, the triazole-based linker (b) is 
drawn in black. Figure� �a shows the absorbance and steady 
state photoluminescence (SS-PL) spectra of dilute solutions 
of P�HT and the copolymer in MeTHF�the almost identical 
spectra are an indication that the photophysical properties of 
the copolymer in solution are mainly dictated by P�HT; this 
conclusion is also supported by similar time-resolved photo
luminescence measurements (TR-PL) in Figure��b showing the 
PL decay lifetimes to be very similar in both cases.

As mentioned earlier, a challenge with using FE polymers in 
organic photovoltaics is the possibility to incorporate them into 
optimized BHJ blends without compromising the morphology 
in a manner that degrades their performance. For this reason, 
we �rst characterized thin �lms of the copolymer spin-coated 
from MeTHF, which is a good solvent for the block copolymer, 

Figure �.  Chemical structures of the materials used in this study: P�HT, 
[��]PCBM and the SC-FE block copolymer: P�HT-b-P(VDF-TrFE)-b-P�HT; 
b is the trizaole-based linker between the SC and FE blocks.

Figure �.  a) Normalized absorbance and steady-state photoluminescence 
spectra of P�HT (blue) and the P�HT-P(VDF-TrFE) (red) copolymer in 
MeTHF. b) Time-resolved photoluminescence spectra for the corre-
sponding samples.
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and also has the advantage of being a green, non-chlorinated 
solvent unlike those commonly used for deposition of SC poly-
mers. The absorbance and steady-state photoluminescence 
measurements in Figure� �a show similarities between the 
copolymer and pristine P�HT in solid state. The red-shifted 
absorption of the copolymer is attributed to an increase in pla-
narization of the P�HT chains contained within P�HT aggre-
gates in the copolymer. This can be understood in terms of 
the enhanced conjugation length and the resulting decrease 
in the energy gap.[��,��] The di�erent packing of the polymeric 
chains has also repercussions in the intensity of the vibronic 
features of both absorption and PL spectra. The time-resolved 
photoluminescence decays in Figure� �b show the most pro-
nounced di�erence between the copolymer and P�HT. P�HT 
exhibits a mono-exponential decay with lifetime around ����ps 
whereas the copolymer has a biexponential decay with lifetimes 
around �� and ����ps, respectively. This large di�erence in life-
times and the appearance of an additional fast decay channel 
in the copolymer is evidence that in solid state, the presence 
of the P(VDF-TrFE) in the copolymer opens new nonradiative 
channels for the recombination dynamics of P�HT. Similar 
results were recently reported by Braz et� al.[��] in blends of 

�uorine-based polymers with P(VDF-TrFE) where the addition 
of P(VDF-TrFE) resulted in a quenched photoluminescence and 
in the appearance of a shorter decay lifetime.

Another important property in organic photovoltaic blends 
is the dielectric constant (�r). Some authors have argued that 
increasing the dielectric constant of the active layer blend 
could potentially help to improve the e�ciency of organic solar 
cells.[�����] There are several notable examples of polymers and 
fullerene derivatives with improved dielectric constants in lit-
erature which perform better than similar lower-�r reference 
materials.[�����] P(VDF-TrFE) is intrinsically a high dielectric 
constant material, and for this reason is often used as a polymer 
gate in �eld e�ect transistors owing to the high capacitance 
determined by the dipolar character of the C�F bonds.[��,��] To 
estimate the dielectric constant of the copolymer we fabricated 
parallel plate capacitors and we perform impedance spectros-
copy. From the capacitance measurements using the expression

/0 r� ��C A
L � (�)

where C is the measured capacitance, �� and �r are the permit-
tivity of free-space and the dielectric constant of the copolymer, 
respectively; A is the area of the capacitor and L is the thickness of 
the copolymer layer. In this manner, we obtained a value of �� for 
the dielectric constant in as-cast �lms. Upon thermal annealing 
at �����C for �� min, which is the standard treatment for P�HT 
solar cells; this value drops to around �.�. The analysis of a sim-
ilar work on block copolymer-based capacitors for high break-
down strength dielectrics carried out by Samant et�al.[��] leads us 
to conclude that the �r values we measure follow a rather simple 
rule-of-mixtures for the as cast copolymer, but upon thermal 
annealing, changes in the nanostructure may lead to phase sepa-
ration which causes the decrease of the observed dielectric con-
stant.[��] It is also important to underline that the �lm roughness 
can contribute to the imprecision of the measurement.[��]

As a further step, following the work of Nalwa et� al.,[��] we 
aim to investigate what the e�ect of the FE-dipoles of P(VDF-
TrFE) is on the operation of a P�HT:[��]PCBM based BHJ solar 
cell. To do this; we prepared the following blend solutions of 
P�HT:[��]PCBM in a ratio of �:�.� with increasing amount of 
the copolymer in a solvent mixture as shown in Table�� below.

The samples labeled �Ref� and �Ref/MeTHF� only contain 
P�HT and [��]PCBM but with a solvent mixture in the latter 
case to enable us evaluate the e�ect of the addition of MeTHF 
necessary to solubilize the block copolymer on the perfor-
mance of the solar cells. Samples �� wt%� to ��� wt%� contain 
increasing amounts of the copolymer relative to P�HT. In this 
manner, all samples are fully comparable, because they all con-
tain the same mixture of solvents and the same total P�HT:[��]
PCBM concentration (�� mg mL��). However, the addition of 
the block copolymers inserts some extra absorbing units.

According to previous studies on FE-OPV, the addition of 
electric dipoles in the form of P(VDF-TrFE) or similar poly-
mers can increase the performance of solar cells by one or 
more of the following mechanisms: a) di�erence in refractive 
index between the copolymer and P�HT:[��]PCBM mixture can 
lead to scattering which may be advantageous for light absorp-
tion b) the presence of dipoles and the attendant electric �eld 
can improve dissociation of both singlet and charge transfer 

Figure �.  a) Normalized absorbance and thin �lm PL spectra of P�HT 
(blue) and the P�HT-P(VDF-TrFE) (red) copolymer �lms. b) Time-resolved 
photoluminescence decays for the corresponding samples.
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excitons in the devices and c) the aggregation of P(VDF-
TrFE) might cause changes in the nanoscale domain sizes of 
P�HT and/or [��]PCBM resulting in a more favorable nano
morphology for charge transport and extraction.[��,��]

Figure��a and Table�� show the results of the best-performing 
devices (structure: ITO/PEDOT:PSS/Active Layer/LiF/Al, see 
Figure� �b, inset) in each category (out of �� devices for each 
sample). We found that the addition of MeTHF as a co-solvent 
(necessary for the solubilisation of the SC-FE copolymer) 

negatively impacts the PCE of the solar cells, from �.�% to 
�.�%, which is altogether not very surprising since the �nal 
nanomorphology of BHJ blends is intimately tied to the pro-
cessing solvents used.[��,��] Furthermore, the addition of the 
SC-FE copolymer from �% till ��% by weight also negatively 
a�ects the PCE of the solar cells, which decreases from �.�% to 
�.�%, then to �.�%; a total of almost ��% decrease in e�ciency. 
This variation appears as determined by a simultaneous decrease 
of all the partial �gures of merit, namely, Jsc, Voc and FF. To eval-
uate the �rst two proposed mechanisms above, we measured the 
absorption (Figure��a) and photoluminescence (Figure��b) of the 
devices; the absorption should scale linearly with the measured 
short circuit currents and any improvement in exciton dissocia-
tion should be observable in the PL lifetime. Our results indi-
cate that although the optical absorption is slightly improved 
by the addition of the copolymer, the observed short circuit cur-
rent, however, decreases with increasing amounts of copolymer. 
In addition, both steady state and time-resolved PL (Figure� S�, 
Supporting Information) do not show signi�cant di�erences 
between the reference blends and copolymer-containing blends. 
In steady state measurements we merely observe a modula-
tion of the intensity of the vibronic features which we believe is 
related to the conformation of the P�HT aggregates in the �lms 
which is a�ected by both the choice of solvents and the �nal 
nanomorphology.[��] This proposal is endorsed by the absence 
of a trend with the amount of copolymer inserted into the thin 
�lms. The recombination dynamics of polymer-fullerene blends 
for OPV are useful to understand relevant physical processes 
such as exciton di�usion, exciton separation and recombination. 
Time-resolved PL measurements are identical for all samples, 
which indicates that the samples are photophysically similar and 
that di�erences in device performance are not linked to di�er-
ences in recombination mechanisms.

Atomic force microscopy (AFM) measurements on typical 
blends for the devices corroborate the trends in device perfor-
mance. Sub-micron sized aggregates of what is probably P(VDF-
TrFE) become increasingly visible going from the � to �� wt% 
blends causing an increase of the root-mean-square roughness 
in ���m by ���m micrographs, from ��nm (in the � wt% blend) 
to �� nm (in the �� wt% blend). Representative images of the 
�lm surface are shown in Figure��a�e. It is immediately clear 
that in the extreme case of �� wt%; the morphology is severely 
degraded, a fact that correlates with the poorer performance of 
the �� wt% device. It is likely that at this amount, phase sepa-
ration in the active layer occurs and the copolymer begins to 
aggregate thereby disrupting the active layer morphology and 
the transport properties.

Table �.  Composition of the polymer blends used for the preparation 
of BHJ solar cells. CB � Chlorobenzene, MeTHF � �-methyltetrahydro-
furan. Total mass concentration of P�HT:[��]PCBM in all samples was 
���mg mL��.

Name/Alias Composition Solvent

Ref P�HT:[��]PCBM (�:�.� w/w) CB

Ref/MeTHF Same as Ref CB�MeTHF (�:�, v/v)

� wt% Ref � �.��mg of copolymer CB�MeTHF (�:�, v/v)

�� wt% Ref � �.��mg of copolymer CB�MeTHF (�:�, v/v)

�� wt% Ref � �.��mg of copolymer CB�MeTHF (�:�, v/v)

Figure �.  a) J�V characteristics of the best-performing devices with 
LiF/Al as the cathode. b) E�ciency ranges for �� devices showing min-
imum, maximum, and average e�ciency values; (inset) solar cell device 
structure.

Table �.  J�V parameters for the best performing devices. Structure: 
ITO/PEDOT:PSS/Active Layer/LiF/Al.

Sample Jsc [A m��] Voc [V] FF [%] PCE [%]

Ref ��.� �.�� ��.� �.��

Ref/MeTHF ��.� �.�� ��.� �.��

� wt% ��.� �.�� ��.� �.��

�� wt% ���.� �.�� ��.� �.��

�� wt% ��.� �.�� ��.� �.��
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To gain additional information about the crystallinity, ���* 
stacking, and the relative orientation of the polymer chains with 
respect to the substrate in our samples, we performed GIWAXS 
measurements (see Figure� �f�j). �D GIWAXS patterns are 
reported as a function of the near out-of-plane qz and in-plane 
qy scattering vectors. The GIWAXS results reveal two important 
details: �rstly, the use of a solvent mixture as opposed to chlo-
robenzene leads to a large crystallization of [��]PCBM as evi-
denced by the increased intensity and reduced width of the peak 
at ��.� nm��. This indicates a high level of [��]PCBM aggrega-
tion�which is expected to have a negative in�uence in the hole 
transport properties of the active layer in agreement with the 
observed decrease in PCE of the reference sample cast from 
the solvent mixture.[��,��] Second, the signal intensity from the 
P�HT crystals gradually increases upon addition of the P�HT-b-
P(VDF-TrFE)-b-P�HT copolymer up to �� wt% (see Figure�S�a, 
Supporting Information). At the same time, copolymer addi-
tion seems to promote �at-on orientation of the P�HT crystals, 
as shown by the scattering intensity increase in the horizontal 
qy direction upon copolymer addition (see Figure� S�b, Sup-
porting Information). Due to this, the �uorine atoms along 

the P(VDF-TrFE) chain are most probably not stacked vertically 
with respect to the substrate, which is unfavorable for dipole 
shifting induced by the electric �eld. An additional point to note 
is that the annealing treatment at �����C leads to a (re)crystal-
lization of the copolymer from the melt state[��] (Tm of P(VDF-
TrFE) ���� �C). This results in randomly oriented P(VDF-TrFE) 
crystals which have a detrimental e�ect on the �nal induced 
internal electric �eld in the layer.[��,��] Increasing the copolymer 
concentration above �� wt% does not improve the ordering 

Figure �.  a) Absorption and b) PL measurements for reference and 
copolymer-containing devices.

Figure �.  a�e) AFM micrographs and f�j) GIWAXS frames for the refer-
ence samples and copolymer-containing devices
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